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Personal Wireless Communication System

This data book collects into one complete reference Nation-
al Semiconductor products that meet the needs of OEMs

Future revisions of this data book will include new individual
products as well as total system solutions for wireless com-

for the wireless industry. This data book includes existing munications.
products as well as some products that are in advanced The data book is organized around the seven blocks shown
design stages. in the figure. o
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Personal Wireless Communication System

Radio Transceiver

The PLLatinum™ phase-lock-loop product family consists
of single and dual PLLs that operate up to 2.5 GHz. Each of
the single and dual mode PLLatinum PLLs was designed
with a dual modulus prescaler with 64/65 and 128/129 di-
vide ratios available. PLLatinum PLLs generate a very stable
low noise signal making them ideal for AMPS, DECT, GSM,
IS-136, and 1S-95. Because the PLLs were designed with
wireless communication requirements in mind, their use can
lead to significant savings in integration time.

The LMX3160 is a single chip transceiver solution for DECT
applications, The LMX3160 transmitter includes a 1.1 GHz
PLL, a frequency doubler, and a high frequency doubler.
The receiver consists of a 2.0 GHz low noise mixer, an inter-
mediate frequency amplifier, a high gain limiting amplifier, a
frequency discriminator and a received signal strength indi-
cator (RSSI). The LMX3160’s high level of integration and
low current consumption make it ideal for DECT and PCS
applications.

Baseband Processing

The LMX2240 Intermediate Frequency Receiver and the
LMX2411 Baseband Processor are designed for use in
DECT as well as other digital cellular telephone designs.
The LMX2240 consists of a high gain limiting amplifier, a
frequency discriminator, and a received signal strength indi-
cator (RSSI). The LMX2240 supports single conversion re-
ceivers which reduces power requirements, size, and cost.

The LMX2411 contains both transmit and receive functions. -

The transmitter utilizes a low power high speed digital-to
analog converter (DAC) and a mask programmable ROM to
generate a Gaussian filter pulse shape. The receiver in-
cludes a high speed, low power voltage comparator with DC
compensation.

Control and Signal Processing

The COP-8 family of microcontrollers offers a wide variety of
RAM size, ROM size, UART and WATCHDOGTM functionali-
ty and interrupt sources. All COP-8 microcontrollers are
based on the same CMOS process, use MICROWIRE™ se-
rial communication, and have the same development tools
which allow for significant reductions in design and integra-
tion time.

The NSAM265SF Digital Speech Processor with Compact-
SPEECH provides digital answering machine functionality
by integrating a 16-bit RISC processor and a Digital Signal
Processor (DSP) into one chip. CompactSPEECH imple-
ments voice compression and decompression, tone detec-
tion and generation, time and date stamp and other answer-
ing machine functions in firmware to reduce the cost and
complexity associated with designing a digital answering
machine.

Non-Volatile Memory

National Semiconductor has a complste line of low voltage
EEPROM devices to meet the needs of the wireless com-

munications market. All EEPROMs are designed using a 0.8
micron CMOS process that allows for access times as low
as 100 ns with 3.0V operation.

The EEPROM family is a complete line of low voltage low
power memory devices. With memory sizes between 2k and
16k and access times between 120 ns 200 ns.

Audio Interface

National Semiconductor’'s Boomer® family of audio prod-
ucts includes the LM4861 low voltage CMOS audio amplifi-
er. The LM4861 is rated at 0.5W into 80 with less than 1%
Total Harmonic Distortion (THD). With a voltage range of
2.7V to 5.5V, the LM4861 is ideal for low voltage wireless
communication units.

Support Circuitry

The Tiny CMOS line of rail-to-rail operational amplifiers and
the dual and quad rail-to-rail CMOS operational amplifiers in
this book are ideal for mobile communications. The Tiny
CMOS family provides rail-to-rail input and output, high open
loop gain, and low distortion in a SOT 23-5 package. The
dual and quad operational amplifiers provide multiple rail-to-
rail input and output operational amplifiers and a high Com-
mon-Mode Voltage Range that make them unique and prac-
tical for wireless communication designs. This data book
includes a listing of the SO-8 family of single and dual
CMOS FETs as well as other N and P-channel FETs that
are suited for wireless communication products.

Power Management

National Semiconductor’s line of Temperature Sensors,
Voltage References, and Low Drop Out Voltage Regulators
are ideal for wireless applications. Precision Centigrade
Temperature Sensors do not require calibration or trimming.
Their accuracy, +2°C at room temperature, low power, and
their small packaging, SOT-23, make them ideal for wireless
applications. .

Precision Micropower Shunt Voltage References are avail-
able in a SOT-23 surface mount package. The LM4040 re-
duces design complexity by eliminating the need for any
external stabilizing capacitor and by being available with
several fixed reverse breakdown voltages between 2,500V
and 10,000V.

National Semiconductor has a line Micropower Voltage
Regulators. Micropower voltage regulators are available
with fixed 3.0V, 3.3V and 5.0V outputs or with adjustable
output voltages. The LP2950 line guarantees 100 mA output
current while the LP2980 line guarantees 50 mA output cur-
rent.

Complete Cordless Phone Solution

National Semiconductor has developed a CMOS chipset
that includes all major functionality for 46/49 MHz cordless
phones. The chipset offers OEMs a compact, low power
cordless phone solution that significantly reduces time to
market.
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&National Semiconductor

LMX1501A/LMX1511 PLLatinum™
1.1 GHz Frequency Synthesizer
for RF Personal Communications

General Description

The LMX1501A and the LMX1511 are high performance fre-
quency synthesizers with integrated prescalers designed for
RF operation up to 1.1 GHz. They are fabricated using Na-
tional's ABIC IV BiCMOS process.

The LMX1501A and the LMX1511 contain dual modulus
prescalers which can select either a 64/65 or a 128/129
divide ratio at input frequencies of up to 1.1 GHz. Using a
proprietary digital phase locked loop technique, the
LMX1501A/11’s linear phase detector characteristics can
generate very stable, low noise local oscillator signals.
Serial data is transferred into the LMX1501A and the
LMX1511 via a three line MICROWIRE™ interface (Data,
Enable, Clock). Supply voltage can range from 2.7V to 5.5V.
The LMX1501A and the LMX1511 feature very low current
consumption, typically 6 mA at 3V.

The LMX1501A is available in a JEDEC 16-pin surface
mount plastic package. The LMX1511 is available in a :
TSSOP 20-pin surface mount plastic package.

Features
m RF operation up to 1.1 GHz
m 2.7V to 5.5V operation
m Low current consumption:
lcc = 6 mA (typ) at Vgc = 3V
m Dual modulus prescaler: 64/65 or 128/129
m Internal balanced, low leakage charge pump
m Small-outline, plastic, surface mount JEDEC, 0.150"
. wide, (1501A) or TSSOP, 0.173" wide, (1511) package

Applications

m Cellular telephone systems
(AMPS, NMT, ETACS)

m Portable wireless communications
(PCS/PCN, Cordless)

m Advanced cordless telephone systems
(CT-1/CT-1+, CT-2, ISM902-928)

m Other wireless communication systems

Block Diagram

0SCy —» ose { 14-BIT ,l > > i
" R COUNTER LR
0SCqy; 4+ —
ﬁ > o
CLOCK =
19-BIT 1-BIT PHASE CHARGE
LE M 0aTA REGISTER S LATCH COMP. PUMP > 0,
(Y} 7 Y— T
Y I —> %
PRESCALER T8-B1T
f =] 64/65 or ! >
128/120 N COUNTER o

TL/W/12340-1
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LMX1501A/LMX1511

Connection Diagrams

Order Number LMX1501AM or LMX1501AMX
See NS Package Number M16A

LMX1501A

osqy~1 O 16§—¢,

0SCour =4 2 15f= o,

Vo—{3 1up=1,

Vec =14  Top View 13|—f,

0,—5 12f=F¢

GND—16 11f=LE
-7 10 f—pata
tw— 8 9} cLock

JEDEC 16-Lead (0.150" Wide) Smali

Outline Molded Package (M)

Pin Deécriptions

LMX1511
v
osgy {1 © 20},
NC = 2 19 nc
0SCoyr =13 18}~0,
Vo =] 4 17 = four
Vee =5 16}-gisw
ce rop view o[
0,6 15f=Fc.
eND—7 14}-Le
to—s . 13} DATA
TLW2340-2 e 12[=Ne
=10 11 J= cLock
TL/W/12340-3

20-Lead (0.173" Wide) Thin Shrink
Small Outline Package (TM)
Order Number LMX1511TM or LMX1511TMX
See NS Package Number MTC20

Pin No. Pin No. Pin Name
170 Description
1501A 1511 1501A/1511

1 1 OSCin | Oscillator input. A CMOS inverting gate input intended for connectionto a -

’ crystal resonator for operation as an oscillator. The input has a Vgg/2 input
threshold and can be driven from an external CMOS or TTL logic gate. May also
be used as a buffer for an externally provided reference oscillator.

OSCout O .| Oscillator output. .

3 4 Vp Power supply for charge pump must be > Vgg.

4. 5 Vee Power supply voltage input. Input may range from 2.7V to 5.5V. Bypass
capacitors should be placed as close as possible to this pln and be connected
directly to the ground plane.

5 6 Do (o} Internal charge pump output. For connection to a loop filter for driving the input
of an external VCO.

6 7 GND Ground.

7 8 LD (o] Lock detect. Output provided to indicate when the VCO frequency is in “‘lock”.
When the loop is locked, the pin's output is HIGH with narrow low pulses.

10 fin | Prescaler input. Small signal input from the VCO.
11 CLOCK | High impedance CMOS Clock input. Data is clocked in on the rising edge. into
the various counters and registers.

10 13 DATA | Binary serial data input. Data entered MSB first. LSB is control bit. High

: : impedance CMOS input.

" 14 LE | " Load enable input (with internal puli-up resistor). When LE transitions HIGH,
data stored in the shift registers is loaded into the appropriate latch (control bit
dependent). Clock must be low when LE toggles high or low. See Serial Data
Input Timing Diagram.

12 15 FC | Phase control select (with internal pull-up resistor). When FC is LOW, the
polarity of the phase comparator and charge pump combination is reversed.

X 16 BISW (o] Analog switch output. When LE is HIGH, the analog switch is ON, routing the
internal charge pump output through BISW (as well as through D).

13 fr (o] Monitor pin of phase comparator input. Programmable reference divider output.

14 fp (o] Monitor pin of phase comparator input. Programmable divider output.

X 17 four (o] Monitor pin of phase comparator input. CMOS Qutput.

15 18 bp o Output for external charge pump. ¢;, is an open drain N-channel transistor and
requires a pull-up resistor.

16 20 ér (o} Output for external charge pump. ¢, is a CMOS logic output.

X 2,9,12,19 | NC No connect.

14




Functional Block Diagram
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LMX1501A/LMX1511

Functional Block Diagram (continued)
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Absolute Maximum Ratings (Note 1)

It Military/Aerospace specified devices are required,
please’ contact the National’ Semiconductor Sales
Office/Distributors for availability and specifications.

Power Supply Voltage

Vee . —0.3Vto +6.5V

Vp —0.3Vto +6.5V
Voltage on Any Pin

with GND = 0V (V) —0.3Vto +6.5V
Storage Temperature Range (Tg) —65°Cto +150°C
Lead Temperature (T) (solder, 4 sec.) +260°C

Recommended Operating - -

Conditions

Power Supply Voltage
Veo i 2.7Vto 5.5V
Vp Vccoto 5.5V

Operating Temperature (Ta) —40°Cto +85°C
Note 1: Absolute Maximum Ratings indicate limits beyond which damage to
the device may occur. Operating Ratings indicate conditions for which the
device s intended to be functional, but do not guarantee specific perform-‘
ance limits. For guaranteed specifications and test conditions, sea the Elec-
trical Characteristics. The guaranteed specifications apply only for the test
conditions listed. : '

Electrical Characteristics vcc = 5.0v, vp = 5.0v; —40°C < Tp < 85°C, gxcebt as speciﬁed. .

Symbol Parameter Conditions Min Typ Max Units
lcc ' Power Supply Current ‘Vcc =30V 6.0, 8.0 mA
S ’ Vog = 5.0V 65 | 85 mA .
fin Maximum Operating Frequency 1.1 GHz
fosc Maximum Oscillator Frequhncy 20 " MHz
fo Maximum Phase Detector Frequency . . 10 . MHz
Pfin Input Sensitivity - " Voo = 2.7Vt0 5.5V —10 . +6 dBm
Vosc Oscillator Sensitivity - -OSCin 0.5 Vpp
VIH High-Level Input Voltage o ’ 0.7 Voo v
ViL Low-Level input Voltage * ‘ 0.3Vee \
1 High-Level Input Current (Clock, Data) ViH = Vg = 5.5V -1.0 1.0 pA
I Low-Level Input Current (Clock, Data) Vi = 0V, Ve = 5.5V -1.0 1.0 pA
hH Oscillator Input Current Vig = Vg = 5.5V 100 pA
[T ViL = 0V, Vg = 5.5V —100 HA
IIH High-Level Input Current (LE, FC) VIH = Vgg = 5.5V -1.0 1.0 pA
iL Low-Level Input Current (LE, FC) V|L = 0V, Vgc = 5.5V —100 1.0 pA

*Except fiy and OSCy

LISEXW/VEOSEXINA




LMX1501A/LMX1511

Electrical Characteristics vce = 5.0V, Vp = 5.0V; —40°C < T4 < 85°C, except as specified (Continued)

Symbol Parameter Conditions Min Typ Max Units
Ipg-source Charge Pump Output Current ' Vp, = Vp/2 : - -50 mA
IDgssink Vp, = Vp/2 ) 5.0 mA
Ipg-Tri ‘ Charge Pump TRI-STATE® Current 0.5V < Vp, < Vp — 0.5V _50 5.0 nA
. T =25C B
Vou _High-Level Output Voltage lon = —1.0mA** Ve - 0.8 v
VoL Low-Level Output Voltage loL=1.0 mA** 04 \
VoH High-Level Output Voltage (OSCoyr) loq = —200 pA Vcc — 0.8 \
VoL Low-Level Qutput Voltage (OSCoyt) loL = 200 pA ‘ 0.4 v
loL Open Drain Output Current (¢p) Vce = 5.0V, VoL = 0.4V 1.0 mA
loH Open Drain Output Current (¢p) VoH = 5.5V 100 pA
RoN Analog Switch ON Resistance (1511) ) 100 0
tcs Data to Clock Set Up Time See Data Input Timing - 50 ns
tcH Data to Clock Hold Time See Data Input Timing ' 10 ns
tcwH Clock Pulse Width High See Data Input Timing 50 ns
towL Clock Pulse Width Low See Data Input Timing . 50 ns
tes Clock to Enable Set Up Time See Data Input Timing 50 ns
tew Enable Pulse Width See Data Input Timing ) 50 ns:
**Except OSCourt

1-8




Typical Performance Characteristics

lccvs Vee
8
7.5 1
— T=+25°
\ - /T =485%C
6.5 -
SN £
E
= 5.5
._8‘ 5 (
VAR
4
\_1=-400
35 T |4o c
3
2 2.5 3 35 4 4.5 5 5.5
Vee (V)
TL/W/12340-5
Charge Pump Current vs Dg Vbltage .
7.5

2.5

CURRENT (mA)
o

Vo =5.0V —&

TN
( )'VP="5V.

[ 2 3 4 5
Dy VOLTAGE (V)
TL/W/12340-7

Charge Pump Current Vai{l'ait'i,onv'

25 % — I
- == SINK
20 — — SOURCE
= .
£ 15 Vp= 3.0V Vp =5.0V
S \
>
L N
1
AN &
5 N
A=
. - - i B Py

v

0 -
0 0.25 0.5 075 1 125 1.5 1.75 2 2.25 2.5

VOLTAGE OFFSET (V) FROM Vp/2
TL/W/12340-9

Ip, TRI-STATE vs Do, Voltage

1500
1250
rd
1000 _ T=+909¢C
< 750 |
W 500 L~ T=+70°C
1
£ 250 ] ke
" T=+25°C
oé
-250 : :
-500 :
0 1 2 3 4 5 6

Dg VOLTAGE (V)
TL/W/12340-6

Charge Pump Current vs Do, Voltage

T h w—

1 r '\ Vp = 3.3V
. >-v,,=z.7v Vp = 3.0
e / [/

AR oy

-2 z

CURRENT (mA)
o

N /f\l

0 0.5 1 1.5 2 2.5
Do VOLTAGE (V)

w

3.5
TL/W/12340-8

Oscillator Input Sensitivity
0 0.63
-5 0.35
-10 0.
TS S - 0.11

-29 —=[ R T Ty e e T

SENSITIVITY (dBm)
s
w
w
w
<
SENSITIVITY (Vpp)

1 5 10 15 20 25 30 35 40 45 S0

FREQUENCY (MHz)
TL/W/12340-10

FISEXINT/VIOSEXINT




LMX1501A/LMX1511

Typical Performance Characteristics (continued)

Input Sensitivity vs Frequency
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LMX1501A Input Impedance vs Frequency
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LMX1511 Input Impedance vs Frequency
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Charge Pump Current Specification Definitions
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11 = CP sink current at Vp, = Vp — AV
12 = CP sink current at Vp, = Vp/2
13 = CP sink current at Vp, = AV

14 = CP source current at Vp, = Vp — AV
15 = CP source current at Vp, = Vp/2
16 = CP source current at Vp, = AV

AV = Voltage offset from positive and negative rails. Dependent on VCO tuning range relative to Ve and ground. Typical values are between 0.5V and 1.0V.

1. 'Do vs Vp, = Charge Pump Output Current magnitude variation vs Voltage =
[va* i) — 13))/0% * €11] + 13]31 * 100% and [V * [14] — [16]1/[% * {[14] + [i6]}] * 100%

2. IDg.ink V8 ID5.s0urce =

thel — 11sl1/1%, * (2] + |1s]3] * 100%
3. 'Dc vs Tpo = Charge Pump Output Current magnitude variation vs Temperature =

[li2 @ temp| — |12 @ 25°C)/|12 @ 25°C| * 100% and [|I5 @ temp| — |15 @ 25°C|1/|I5 @ 25°C| * 100%
4. Ky = Phase detector/charge pump gain constant = %* {12|+|15]}

RF Sensitivity Test Block Diagram

Charge Pump Output Current Sink vs Source Mismatch =

LMX1501A/1511
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TL/W/12340-18
Note 1: N = 10,000 R = 50 P = 64
Note 2: Sensitivity limit is reached when the error of the divided RF output, foyr, is greater than or equal to 1 Hz.




LMX1501A/LMX1511

Functional Description

The simplified block diagram below shows the 19-bit data register, the 14-bit R Counter and the S Latch, and the 18-bit
N Counter (intermediate latches are not shown). The data stream is clocked (on the rising edge) into the DATA input, MSB first.
If the Control Bit (last bit input) is HIGH, the DATA is transferred into the R Counter (programmable reference divider) and the
S Latch (prescaler select: 64/65 or 128/129). If the Control Bit (LSB) is LOW, the DATA is transferred into the N Counter
(programmable divider). '

oSGy — osc J 14-mm
R COUNTER
0SCoyr -
CLOCK ~—— l’
N 19-BIT 1-BIT
L DATA REGISTER | | S LATCH
DATA ———)| I
X ,
PRESCALER
18-BIT
fiy =] 64/65 OR ‘
128/ 129 N COUNTER

PHASE
COMP.

CHARGE
PUMP

v
-

PROGRAMMABLE REFERENCE DIVIDER (R COUNTER) AND PRESCALER SELECT (S LATCH)

If the Control Bit (last bit shifted into the Data Register) is HIGH, data is transferred from the 19-bit shift register into a 14-bit
latch (which sets the 14-bit R Counter) and the 1-bit S Latch (S1 5, which sets the prescaler: 64/65 or 128/129). Serial data
format is shown below.

l_ Control bit (LSB)

Divide ratio of prescaler control bit (MSB) —l

c

S
1

S
2

S
3

S
4

N
6

S
7

S

8

S
9

s
10

S
1"

N
12

N
13

S
14

S
15

‘h——— Divide ratio of the progrémmable refere}nce divider —|

14-BIT PROGRAMMABLE REFERENCE DIVIDER RATIO

(R COUNTER)

[:":’essssssss s|s|s|s|s
201413121110987 5|al3]|2[1
3 |o olo of1]1
4 o olo 1]olo
L] o | o | o | | o |0 0|0 .‘....
16383 | 1 [ 1|1 |11 la{a{ala{a]af1{1]1

Noteé. Divide ratios less than 3 are prohibited.

Divide ratio: 3 to 16383

S1 to S14: These bits select the divide ratio of the programmable

reference divider.

C: Control bit {set to HIGH level to load R counter and S Latch)

Data is shifted in MSB first.

v
-

TL/W/12340-19

TL/W/12340-20

1-BIT PRESCALER SELECT

(S LATCH)
Prescaler s
Select 15 '
P
128/129 0
64/65 1




Functional Description (continueq)

PROGRAMMABLE DIVIDER (N COUNTER)

The N counter consists of the 7-bit swallow counter (A counter) and the 11-bit programmable counter (B counter). If the Control
Bit (last bit shifted into the Data Register) is LOW, data is transferred from the 19-bit shift register into a 7-bit latch (which sets
the 7-bit Swallow (A) Counter) and an 11-bit latch (which sets the 11-bit programmable (B) Counter). Serial data format is shown

below.
1— Controt bit (LSB) MSB —-l

cls)s|sSs|s|s]s]|s|s]|s|sSs]|]s|{s|s}|s|s]|s]|s]|s
1 234556}z ]rofri]12yz|tafis)iefi7]18

|— Divide ratio of swallow —l——- Divide ratio of programmable ———']

counter counter

FESEXINT/VIOSEXINA

TL/W/12340-21
Note: S8 to S18: Programmable counter divide ratio control bits (3 to 2047)

7-BIT SWALLOW COUNTER DIVIDE RATIO 11-BIT PROGRAMMABLE COUNTER DIVIDE RATIO

(A COUNTER) (B COUNTER)

"’;Vlf°sssssss DR"’:"’sssssssssss
‘;° 7|6|l5(al3f2]1 "B° 1817 16| 15| 14| 13| 12| 11| 10|98
o |o|lolofolo]jo]o 3 [o|o|lolofolo]o|o]|o]|1]1
1 |[o|ofojofofo]1 4 |o|o|lofo|o|lo|o[o]|1]0]0
L] L ] [ ] L ] * L ] L ] ] L] [ ] [ ] L ] L ] L] L ) '} [ ] L ] L] L]
127 1111410 2047 [ 111111 1]1]d

Note: Divide ratio: 0 to 127 Note: Divide ratio: 3 to 2047 (Divide ratios less than 3 are prohibited)

B>A B=A .
PULSE SWALLOW FUNCTION

fvco = [(P X B) + A] X fosc/R

fvco: Output frequency of external voltage controlled oscil-
lator (VCO) ) )

B: Preset divide ratio of binary 11-bit programmable

' counter (3 to 2047) - . '

A Preset divide ratio of binary 7-bit swallow counter
(0<A<127,A<B)

fosc: Output frequency of the external reference frequency
oscillator .

R: Preset divide ratio of binary 14-bit programmable ref-
erence counter (3 to 16383)

P: Preset modulus of dual modulus prescaler (64 or
128)

1-13
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Functional Description (continueq)
SERIAL DATA INPUT TIMING

DATA = N18: MSI»(NW ' " N10 (Ns _ ' YN CONTROL BIT: LSB

(R15: MSB) | (R14) (R8) | (R7) (R6) (R1) cONTROL BIT: LSB

e fLLA] I 7
—*I'L—‘CWL_." H _ n

LE . - ‘ ' — e
. | 1 e L2 T
s —»f tH — - town . — tew
LE —| r——

TL/W/12340-22
Notes: Parenthesis data indi prog ble ref divider data.
Data shifted into register on clock rising edge. . i . ;
Data is shifted in MSB first. N

Test Conditions: The Serial Data Input Timing is tested using a symmetrical waveform around Vgc/2. The test waveform has an edge rate of 0.6 V/ns with
, amplitudes of 2. 2V @ Vgg = 2.7V and 2.6V @ Voo = 5.5V.

Phase Characteristics : ‘

In normal operation, the FC pin is used to reverse the polari- VCO Characteristics

ty of the phase detector. Both the internal and any external A oo

charge pump are affected. '

Depending upon VCO charactenstlcs FC pin should be set

accordingly: . vCo
When VCO characteristics are like (1), FC should be set OUTPUT - f.
HIGH or OPEN CIRCUIT; FREQUENCY
When VCO characteristics are like (2), FC should be set
LOW. . i

When FC is set HIGH or OPEN CIRCUIT, the monitor pin of VCO INPUT VOLTAGE

the phase comparator input, fout, is set to the reference TL/W/12340-23

divider output, f.. When FC is set LOW, fqt is set to the

programmable divider output fo.

(1)

(2{

PHASE COMPARATOFI AND INTERNAL CHARGE PUMP CHARACTERISTICS

R e T e T e R e I
L L L L L LT
v ] I L L .

e S il

<ty i

-

-

<f

f P

> =t 1

A I \ f<t,

TL/W/12340-24
Notes: Phase difference detection range: —27 to +27
The minimum width pump up and pump down current pulses occur at the D, pin when the loop is locked.
FC = HIGH




Analog Switch (1511 only)

The analog switch is useful for radio systems that utilize a frequency scanning mode and a narrow band mode. The purpose of
the analog switch is to decrease the loop filter time constant, allowing the VCO to adjust to its new frequency in a shorter
amount of time. This is achieved by adding another filter stage in parallel. The output of the charge pump is normally through the
Do pin, but when LE is set HIGH, the charge pump output also becomes available at BISW. A typical circuit is shown below. The
second filter stage (LPF-2) is effective only when the switch is closed (in the scanning mode).

| CHARGE PUMP I

ANALOG SWITCH

CONTROL SIGNAL : LE

b » LPF-1 veo
>
3; 10k
LPF-2
a0
W
BISW

Typical Crystal Oscillator Circuit
A typical circuit which can be used to implement a crystal
oscillator is shown below.

0SGy  0SCqyr
t+
1 ' c2

TL/W/12340-26

TL/W/12340-25

Typical Lock Detect Circuit

A lock detect circuit is needed in order to provide a steady
LOW signal when the PLL is in the locked state. A typical
circuit is shown below.

Vee

MMBT200

LOCK
DETECT

TL/W/12340-27

LISEXWT/VIOSEXINT




LMX1501A/LMX1511

Typical Application Example

External Charge
Pump Circuit:
(optional, ses text)

FROM
CONTROLLER
o Jewon [%  Jrour Jasw Jre  fie Joa [ne Jerock
16/20 X/18 15/18 13,14/17 X/16 12/15 11/14 10/13 X/12 /11
: LUXISO1A Pin# = com LNKIS 11 Pin#
LMX1501A/LMX1511 ’ 8/10

Pin neme —p fy

1/1 x/2 2/3  3/4  4/5 /8 x/9  8/10

J_oscIN Inc Icscou, ,, GND | LD INC I'm
1000p Ve .v‘v::
&ﬂ
510 100p|01p 0.1

<

u IUOp —_—

LOCK DETECT
—— CRYSTAL 0SC. t{ F CIRCUIT  |——® LOCK DETECT
= INPUT — (SEE TEXT)
@——HH
_I_ 100 pF
c1 )

TL/W/12340-28
Operational Notes:
*VCO is assumed AC coupled.
**Ryn increases impedance so that VCO output power is provided to the load rather than the PLL. Typical values are 100 to 2009t depending on the VCO power
level. fiy RF impedance ranges from 404} to 1009,
*+*500 termination is often used on test boards to allow use of external reference oscillator. For most typical products a CMOS clock is used and no terminating
resistor is required. OSCjy may be AC or DC coupled. AC coupling is recommended because the input circuit provides its own bias. (See Figure below)

100 k0

AAA
\AAs

0sG;

in

0SCyut

B TL/W/12340-29
Proper use of grounds and bypass cépacitors is essential to achieve a high level of performance.
Crosstalk between pins can be reduced by careful board layout.

This is a static sensitive device. It should be handled only at static free work stations.




Application lnformatnon

LOOP FILTER DESIGN
A block diagram of the basic phase locked loop is shown.

7’

CHARGE

PHASE
DETECTOR

LESEXWT/VEOSEXINA

. P n | LOOP FILTER veo
1 , R (4 AAAS 0,
‘ Q P 2(s) —O four
CRYSTAL REFERENCE b

A
REFERENCE DIVIDER Wy "j_

reference

Fo—————— *
I Frequency 1 frequency |_"'_|1 /N
| Synthesizer | . ] |
Lo m——— 4 !
" MAIN DIVIDER
N, /

o TL/W/12340-30
FIGURE 1. Basic Charge Pump Phase Locked Loop

An examplé of a passive loop filter configuration, including
the transfer function of the loop filter, is shown in Figure 2. o Gain Phase

[G(s) H(s)| < G6(s) H(s)

;I_: ‘ : 0dB ‘ P
= :L: -90

TL/W/12340-31

C2eR2) + 1 £
2(s) = s ) %
s2(C1eC2e¢R2) + sC1 + sC2 . A -180
FIGURE 2. 2nd Order Passive Fliter Frequency

TL/W/12340-32
FIGURE 3. Open Loop Transfer Function

Thus we can calculate the 3rd order PLL Open Loop Gain in

Define the time constants which determine the pole and
zero frequencies of the filter transfer function by letting

dT2 =R2eC2 (1a) terms of frequency
an .
. _ —Ké*Kyco (1 + jweT2) E
T1 = R2e 1202 G HE = io0 = —CaGTent TjoeTh T2 (2)
C1+ G2 (1b) From equation 2 we can see that the phase term will be
The PLL linear model control circuit is shown along with the dependent on the single pole and zero such that
open loop transfer function in Figure 3. Using the phase- _ I - 1 + 180°
detector and VCO gain constants [Ké and Kycpl and the ¢(,w) tan~T{weT2) ~tan~1 (weT1) ©)
loop filter transfer function [Z(s)], the open loop Bode plot By setting
can be calculated. The loop bandwidth is shown on the do _ T2 _ T1 -0
Bode plot (wp) as the point of unity gain. The phase margin do 1+ (@e®T2)2 1+ (weT1)2 (4)
is shown to be the difference between the phase at the unity we find the frequency point corresponding to the phase in-
gain point and —180°. flection point in terms of the filter time constants T1 and T2.
This relationship is given in equation 5.
®o wp = 1/{T2eT1 (5)
For the loop to be stable the unity gain point must occur

before the phase reaches —180 degrees. We therefore
want the phase margin to be at a maximum when the magni-
tude of the open loop gain equals 1. Equation 2 then gives
Ko ® Kvco ® T1(1 + jop ® T2)||

w2 eNeT2 (1 +jope TN (6)

TL/W/12340-33

Open Loop Gain = 6;/6, = H(s) G(s) Cl1=
= K¢ Z(s) Kvco/Ns

Closed Loop Gain = 8,/6; = G(s)/[1 + H(s) G(s)]




LMX1501A/LMX1511

Application Information (continueq)
Therefore, if we specify the loop bandwidth, wp, and the
phase margin, ¢p, Equations 1 through 6 allow us to calcu-
late the two time constants, T1 and T2, as shown in equa-
tions 7 and 8. A common rule of thumb is to begin your
design with a 45° phase margin.

T = secop — tangp
wp ]
1
a)p2 *T1 (8)
From the time constants T1, and T2, and the loop band-

width, wp, the values for C1, R2, and C2 are obtained in
equations 9 to 11.

o1 = 11 Kb Koo [TF (wpeT2P?
T2 wg2eN V1+ (wpeT1)2 ©@)
T2
C2=Cle (ﬁ - 1)

c2 (11)
Voltage Controlled Oscillator (VCO)
Tuning Voltage constant. The fre-
quency vs voltage tuning ratio.
Phase detector/charge pump gain
constant. The ratio of the current out-
put to the input phase differential.
N Main divider ratio. Equal to RFopt/fref

T2 =

(19

Kvco (MHz/V)

K¢ (mA)

In choosing the loop filter components a trade off must be
made between lock time, noise, stability, and reference
spurs. The greater the loop bandwidth the faster the lock
time will be, but a large loop bandwidth could result in higher
reference spurs. Wider loop bandwidths generally improve
close in phase noise but may increase integrated phase
noise depending on the reference input, VCO and division
ratios used. The reference spurs can be reduced by reduc-
ing the loop bandwidth or by adding more low pass filter
stages but the lock time will increase and stability will de-
crease as a result.

THIRD ORDER FILTER

A low pass filter section may be needed for some applica-
tions that require additional rejection of the reference side-
bands, or spurs. This configuration is given in Figure 4. In
order to compensate for the added low pass section, the
component values are recalculated using the new open
loop unity gain frequency. The degradation of phase margin
caused by the added low pass is then mitigated by slightly
increasing C1 and G2 while slightly decreasing R2.

The added attenuation from the low pass filter is:

ATTEN = 20 log[(27fes ® R3 ® C3)2 + 1] (12)
Defining the additional time constant as
T3 = R3eC3 (13)

Then in terms of the attenuation of the reference spurs add-
ed by the low pass pole we have

RFopt (MH2) Radio Frequency output of the VCO at T3 = /1°ATTEN/2° -1 (14)

which the loop filter is optimized. (2m ® fref)2
fret (kH2) Frequency of the phase detector in- We then use the calculated value for loop bandwidth wg in
puts. Usually equivalent to the RF equation 11, to determine the loop filter component values
channel spacing. in equations 15-17. ac is slightly less than wp, therefore

the frequency jump lock time will increase.
w2 e (T1 + T3) (15)
_ tandpe(T1 +TY) [\/ LI FTEFTIeT8 _ ]
@e =TT + T3)2 + T1 73] Tand e (11 + T3)2 (16)
o1 = 1 Ke*Kvco, [ L (1 + 020722 ]

T2 ol2eN 1+ 02eT12) (1 + w2 T32) (17)




Application Information (continuea)
Example #1

Kyco = 19.3 MHz/V

Ko = 5mA (Note 1)

RFopt = 886 MHz

Fre] = 25 kHz

N = RFopt/tret = 35440

wp = 27 * 5kHz = 3.141504

¢p = 4F°

ATTEN = 10dB

LISEXWT/VIOSEXIAT

71 = Cp — NG _ 4 4ge s
“p

[10010720) — 1
T3 = ———— =G -
(@ + 2503)2 9.3616—6

(tan 43°)¢(1.386—5 + 9.3616—6)

“¢ ~ [(1.38e—5 + 9.3610—6)2 + 1.386—5 » 9,3616—6)
. [\/1 . (1.38e—5 + 9.3616—6)< + 1.386—5¢9,3616—6 _ ]
[(tan 43°)#(1.38e—5 + 9.361e—6)]2
= 1.8101e4
1
= = 1.318e—4
T2 = 8101622+ (13865 + 9.3616-6) ©
c1 = 1.38e—5 (56—3)e® 19.3e6 . [1 + (1.8101e4)2 ¢ (1.3180—4)2] ]‘/z
1.318e—4 (1.8101e4)2 ¢ (35440) | [1 + (1.810164)2 ¢ (1.386—5)2] [1 + (1.8101e4)2 ® (3.3616—6)2]
= 2183 nF
1.3180—4
C2 = 2.153nF (m - 1) = 18.35nF
1.318e—4
R2 = 183509 7.18 k2
. _ . _ 9.361e—6
if we choose R3 = 120k; then C3 = 12003 78 pF.
Converting to standard component values gives the follow- 120%8
ing filter values, which are shown in Figure 4.
C1 = 2200 pF '
R2 = 8.2 kQ 2200 pF I 8.2kQ I 78 pF
C2 = 0.018 }LF —r 0.0IBpF —ten
R3 = 120 k0 - I =
C3 = 78 pF ‘ =
Note 1: See related equation for Kg in Charge Pump Current Specification TL/W/12340-41
Definitions. For this example Vp = 5.0V. The value for K¢ can then FIGURE 4. ~ 5 kHz Loop Filter

be approximated using the curves in the Typical Performance Char-
acteristics for Charge Pump Current vs D, Voltage. The units for Ky
are in mA, You may also use Ky = (5 mA/2w rad), but in this case
you must convert Kyco to (rad/V) multiplying by 2.
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Application Information (continued)

MKR 25.0 kHz
REF ~3.5dBm ATTEN 1 0dB  -66.7 0dB
1ode/ | | |
T U
L MARKER
SAMPLE
“ 1250 ki |
-66.7 0 dB
VID AVG
100
B EEEES

CENTER 886. 000 MHz
RES BW 3 00Hz VBW 1 kHz

SPAN 1 00 kHz
SWP 3.00 sec
TL/W/12340-43
FIGURE 5. PLL Reference Spurs ‘
The reference spurious level is < —66 dBc, due to the loop
filter attenuation and the low spurious noise level of the
LMX1511,

MKR 150 Hz
REF -3.5dBm ATTEN 1 0dB  -65.5 0dB
10d8/ [ | |
T T
SAMPLE [MARKER
[ 150 Hz
-65.5 0 dB

VID AVG
83

. SPAN 1. 00 kHz
,SWP 30, 0sec

B TL/W/12340-44
FIGURE 7. PLL Phase Nolse @ 150 Hz Offset

The phase noise level at 150 Hz offset is —75.5 dBc/Hz.

CENTER 885.999 99 MHz
RES BW 1 OHz VBW 30 Hz

MKR 3.51 kHz

REF -3.5dBm ATTEN 1 0dB  -41.9 0dB
10d8/ | | |
T T
| MARKER
s
ANPLE [ 3.51 kHz
-41.9 0 dB
VID AVG ya N
100 Prd N

AL TN

.CENTER 886. 000 0 MHz'
RES‘BW 3 00Hz VBW 1 kHz

SPAN 3 0. 0kHz
SWP 1. 00 sec

. . ) TL/W/12340-45
* * FIGURE 6. PLL Phase Noise 3.5 kHz Offset

The phase noise level at 3 kHz offset is —65 dBc/Hz.

915.002500 MHz rpras=s-r--; :
o " Vi :
SR ' I :
i LT
il ¢ b4
Uhlm — e e e e e - e
1 : F
' b3
P 'J ! 4
915.000000 MHz sHH4 .
1
|
] i
H--—----  SamRSLILELTERELANY
1 ¥
! i
- i
914.997s500MHz LT ...} ' ,
RO Oms 5.000ms- 15.000 ms
2,000 ms/div
Ty 1.333ms Ty =178 us A=1511ms

Fy 915.001000MHz F, 914.999000 MHz A-Z.DOOkH_z

TL/V}I/123;!0742
FIGURE 8. Frequency Jump Lock Time

Of concern in any PLL loop filter design is the time it takes
to lock in to'a new frequency when switching channels. Fig-
ure 8 shows the'switching waveforms for a frequenc‘y jump
of 857 MHz-915 MHz. By narrowing the frequency span of
the HP53310A Modulation Domain Analyzer enables evalu-
ation of the frequency lock time to within *1 kHz. The lock
time is seen to be < 1.6 ms for a frequency jump of 58 MHz.

1-20




Application Information (continued)
EXTERNAL CHARGE PUMP

The LMX PLLatimum series of frequency synthesizers are
equipped with an internal balanced charge pump as well as
outputs for driving an external charge pump. Although the
superior performance of NSC's on board charge pump elim-
inates the need for an external charge pump in most appli-
cations, certain system requirements are more stringent. In
these cases, using an external charge pump allows the de-
signer to take direct control of such parameters as charge
pump voltage swing, current magnitude, TRI-STATE leak-
age, and temperature compensation.

One possible architecture for an external charge pump cur-
rent source is shown in Figure 9. The signals ¢p and &y in
the diagram, correspond to the phase detector outputs of .
the LMX1501/15611 frequency synthesizers. These logic
signals are converted into current pulses, using the circuitry
shown in Figure 9, to enable either charging or discharging
of the loop filter components to control the output frequency
of the PLL. ‘

Referring to Figure 9, the design goal is to generate a 5 mA
current which is rélatively constant to within 5V of the power
supply rail. To accomplish this, it is important to establish as
large of a voltage drop across R5, R8 as possible without
saturating Q2, Q4. A voltage of approximately 300 mV pro-
vides a good compromise. This allows the current source
reference being generated to be relatively repeatable in the
absence of good Q1, Q2/Q3, Q4 matching. (Matched tran-
sistor pairs is recommended.) The ¢p and ¢r outputs are
rated for a maximum output load current of 1 mA while 5 mA
current sources are desired. The voltages developed across
R4, 9 will consequently be approximately 258 mV, or 42 mV
< RB8, 5, due to the current density differences {0.026*1n (5
mA/1 mA)} through the Q1, Q2/Q3, Q4 pairs.

In order to calculate the value of R7 it is necessary to first
estimate the forward base to emitter voltage drop (Vfn,p) of
the transistors used, the Vg drop of ¢p, and the Vou drop
of ¢r's under 1 mA loads. ($p's Vo < 0.1V and ¢r;s Vo'
<0.1V)

Knowing these parameters along with the desired current
allow us to design a simple external charge pump. Separat-
ing the pump up and pump down circuits facilitates the no-
dal analysis and give the following equations.

VRs — V71 n('sourca)

R4 = - b max
Isource
VRs — V1 1n(_'sﬂ)
= In max
Ro=— 1
sink
Rs = Vrs® (Bp + 1)
ipmax ® (Bp + 1) — isource
Rg = VRg® (Bn + 1)
irmax ® (Bn + 1) — isink
Re = (Vp — VWoLgp) — (VRs + Vip)
: ip max
Ry = (VP — VvoHgr) — (VRe + Vin)
imax

EXAMPLE
Typical Device Parameters
Typical System Parameters

B =100, Bp = 50

Vp = 5.0V;

Voot = 0.5V — 4.5V,
Vgp = 0.0V, Vgr = 5.0V

Design Parameters IsINK = !souRce = 5.0 mA;
Vin = Vip = 0.8V
lrmax = lpmax = 1 MA
VRs = VRs = 0.3V
VoLep = VoHer = 100 mV
\/

Loo,
Fi Iteﬁ'

TL/W/12340-46
FIGURE 9

Therefore select
_ 0.3V — 0.026 * 1n(5.0 mA/1.0 mA)

Ry =Ry = SA = 51.60
3 0.3V * (50 + 1) B
RS = TomAs G0+ 1) —s0mA 220
B 0.3V ¢ (100 — 1) B
Re = TomAs (100 + ) —50mA 1060
~0.1V) — (0.3V + 0.8
Fo = Ry = &Y =0 — O3V +08Y) _ o

1.0mA

1-21
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LMX2314/LMX2315

&National Semiconductor

LMX2314/LMX2315 PLLatinum™
1.2 GHz Frequency Synthesizer
for RF Personal Communications:

General Descnptlon

The LMX2314 and the LMX2315 are high performance fre-
quency synthesizers with integrated prescalers designed for
RF operation up to 1.2 GHz. They are fabricated using Na-
tional's ABIC IV BiCMOS process.

The LMX2314 and the LMX2315 contain dual modulus pre-
scalers which can select either a 64/65 or a 128/129 divide
ratio at input frequencies of up to 1.2 GHz. Using a proprie-
tary digital phase locked loop technique, the LMX2314/15’s
linear phase detector characteristics can generate very sta-
ble, low noise local oscillator signals.

Serial data s’ transferred into the LMX2314 and the
LMX2315 via a three line MICROWIRE™ interface (Data,
Enable, Clock). Supply voltage can range from 2.7V to 5.5V.
The LMX2314 and the LMX2315 feature very low current
consumption, typically 6 mA at 3V.

The LMX2314 is available in a JEDEC 16-pin surface mount
plastic package. The LMX2315 is available in a TSSOP
20-pin surface mount plastic package. '

Features

B RF operation up to 1.2 GHz

W 2.7V to 5.5V operation

= Low current consumption:

lcc =6 mA (typ) at VCC =3V )

Dual modulus prescalerj,64/65_or 128/129

Internal balanced, low leakage charge pump

Power down feature for sleep mode:

Icc = 30 pA (typ).at Voo = 3V

m Small-outline, plastic, surface mount JEDEC, 0 150"
wide, (2314) or TSSOP, 0.173” wide, (2315) package .

Applications

m Cellular telephone systems -
(GSM, 1S-54,'1S-95, RCR-27) -

B Portable wireless communications
(DECT, ISM902-928 CT-2) -

m Other wireless communication systems

Block Diagram

05Gy = osc b—s] 14-8T7 .
» > > i, ,
055y 4] R COUNTER
o [ 1 > o
CLOCK m—p :
‘ 19-BIT 1-BIT CHARGE
LE ™ oata recisTer | | s Latew puwe [ D
DATA =) f’ )
.
N
v | > %
PRESCALER P :
fn — 64/65 08 | > 1
Teny)20 N COUNTER > f

TL/W/1176€—i
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Connection Diagrams

LMX2314 LMX2315
. /
osqNJ1 O 16|14 0scy —{1 O 20f=¢,
05Cour = 2 15 | PwoN Ne —{ 2 19 }=pwoN
Vo3 o 05Coyr =3 18f-0,
Vo4 Top view 13} tour - 17 = tfour
D, —5 12~fc Vee — 16 |—Bisw
o 3 1op view BIs
“6ND—{6 1f=Le 0,6 15}=rc
-7 10 f=DATA GND =7 t4f=Le
w—8 . gf=cLock tn—{s 13}~ patA
: Ne =9 12f=ne
TL/W/117GB 2
c1y={10 11}~ cLock
JEDEC 16-Lead (0.150” Wlde) Small N

Outline Molded Package (M)
Order Number LMX2314M or LMX2314MX

Se’ele Package Number M16A

Pin Descriptions

TL/W/11766-3

20-Lead (0.173" Wide) Thin Shrink

Small Outline Package (TM)
Order Number LMX2315TM or LMX2315TMX
- See NS Package Number MTC20

PinNo. | PinNo. | PinName -
- /0 Description
2314 2315 2314/2315 L .

1 1 OSCiy 1 Oscillator input. A CMOS inverting gate input intended for connection to a crystal
resonator for operation as an oscillator. The input has a Vgg/2 input threshold and
can be driven from an external CMOS or TTL logic gate. May also be used as a
buffer for an externally provided reference oscillator.

2 3 0OSCour [0} Oscillator output. '

3 4 Vp Power supply for charge pump. Must be > Vee.

4 5 Vece Power supply voltage input. Input may range from 2.7V to 5.5V. Bypass capacitors
should be placed as close as p055|ble to this pin and be connected directly to the
ground plane.

5 6 - Do (o} Internal charge pump output. For connection to a loop filter for driving the input of
an external VCO.

6 7 GND Ground.

7 8 LD o} Lock detect. Output provided to indicate when the VCO frequency is in “lock”.

- When the loop is locked, the pin’s output is HIGH with narrow low pulses.

8 10 fin | Prescaler input. Small signal input from the VCO.

9 1 CLOCK | High impedance CMOS Clock input. Data is clocked in on the rising edge, into the
various counters and registers.

10 13 DATA | Binary serial data input. Data entered MSB flrst LSB is control bit. High impedance
CMOS input.

11 14 LE | Load enable input (with internal pull-up resistor). When LE transitions HIGH, data
stored in the shift registers is loaded into the appropriate latch (control bit
dependent). Clock must be low when LE toggles high or low. See Serial Data Input
Timing Diagram.

12 15 FC | Phase control select (with internal pull-up resistor). When FC is LOW the polarity of
the phase comparator and charge pump combination is reversed.

X 16 BISW (o] Analog switch output. When LE is HIGH, the analog switch is ON, routing the
internal charge pump output through BISW (as well as through D).

13 17 fout (0] Monitor pin of phase comparator input. CMOS output.

14 18 ¢p (o} Output for external charge pump. ¢;, is an open drain N-channel transistor and
requires a pull-up resistor.

15 19 PWDN | Power Down (with internal pull-up resistor).

PWDN = HIGH for normal operation.

PWDN = LOW for power saving.

Power down function is gated by the return of the charge pump to a TRI-STATE
condition.

16 20 $r 0 QOutput for external charge pump. ¢, is a CMOS logic output.

X 2,9,12 NC No connect.
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LMX2314/LMX2315

Functional Block Diagram

16/20
osc, 21 PHASE > o
i ' I COMPARATOR 15/19
PROGRAMMABLE 14-BIT |, TZ r 4—— pwON
Ne X/2] CRYSTAL N REFERENCE r (Note 1)
OSCILLATOR (R) J14/18
2/3 COUNTER DIVIDER
0SCoyr e—1 — 7| output
13/17
o—y| (/P N .
v 3/4 14 MUX ou
P ANALOG
14-BIT LATCH ‘ CHARGE [ SWTCH -y /16
45 PUMP | o :Ds—b-—alsw
Voo —F J Px
- ’ 12/15
FC
5/6 ulh oy
11/14
% N d LE
19-BIT SHIFT REGISTER I v
1-BIT V10/13
67 - ONTROL ¢ DATA
GND ——tf= 7 11 LATCH
X/12 N
1-BIT I 7-BIT LATCH I In-an LATCH '4— 9/11 cLock
(s) '
7/8
o " LATCH 1y 1
¥y
X/9
NC ——t= BINARY 7-BIT | | BINARY 11-BIT
8/10 PRESCALER SWALLOW PROGRAMMABLE A
i (64785 OR coéﬁ)rzk coéﬁ)m
128/129)
SWALLOW CONTROL

LMX2314 Pin # j I—— LMX2315 Pin #

Pin Name =————p fin

8/10

X signifies a function not bonded out to a pin

TL/W/11766-4

Note 1: The power down function is gated by the charge pump to prevent any unwanted frequency jumps. Once the power down pin is brought low the part will go
into power down mode when the charge pump reaches a TRI-STATE condition.
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Absolute Maximum Ratings (Note 1)

Recommended Operating

If Military/Aerospace speclfied devices are required, Conditions
please contact the Natlonal Semiconductor Sales
Office/Distributors for availability and specifications. Power Supply Voltage .
Vee 2.7Vto 5.5V
Power Supply Voltage Vp Vccto +5.5V
Vee ~0.3Vio +6.5V Operating Temperature (Ta) - —40°Cto +85°C
Vp —0.3Vto +6.5V ) N - N
) Note 1: Absolute Maximum Ratings indicate limits beyond which damage to
Voltage on Any Pin the device may occur. Operating Ratings indicate conditions for which the
with GND = 0V (V) —0.3Vto +6.5V device is intended to be functional, but do not guarantee specific perform-
_RES o ance limits. For guaranteed specifications and test conditions, see the Elec-
Storage Temperature Hange (Ts) 65°Cto +150°C trical Characteristics. The guaranteed specifications apply only for the test
Lead Temperature (T} ) (solder, 4 sec.) +260°C conditions listed.

Electrical Characteristics vcc = 5.0v, vp = 5.0v; —40°C < Ta < 85°C, except as specified

Symbol Parameter Conditions Min Typ Max Units
lcc Power Supply Current Vce = 3.0V 6.0 8.0 mA
Vee = 5.0V 6.5 8.5 mA
lcc-PWDN Power Down Current Vcg = 3.0V 30 180 pA
Vce = 5.0V 60 350 rA
fin Maximum Operating Frequency 1.2 GHz
fosc Maximum Oscillator Frequency 20 MHz
. No Load on OSC Out 40 MHz
fo Maximum Phase Detector Frequency 10 MHz
PN Input Sensitivity ’ vcg = 2,7Vt0 3.3V -15 +6 dB’m
Vec = 3.3Vto 5.5V -10 +6
Vosc Oscillator Sensitivity OSCiN 0.5 Vpp
ViH High-Level Input Voltage * 0.7 Voo . v
ViL Low-Level Input Voltage * 0.3Vge v
IH High-Level Input Current (Clock, Data) ViH = Vcc = 5.5V —10 1.0 ’ pA
e Low-Level Input Current (Clock, Data) ViL =0V, Voo = 5.5V -1.0 1.0 C pA
I Oscillator Input Current ViH = Ve = 5.5V 100 pA
I ViL=0V,Vgc = 5.5V . —100 pA:
i High-Level Input Current (LE, FC) ViH = Ve = 5.5V -1.0 1.0 pA
i Low-Level Input Current (LE, FC) VIL = 0V, Vg = 5.5V ~-100 1.0 pA

*Except fiy and OSCiy
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LMX2314/LMX2315

Electrical Characteristics vec = 5.0V, Vp = 5.0v; —40°C < T4 < 85°C, except as specified (Continued) -

Symbol Parameter Conditions Min Typ Max | Units
Ipg-source Charge Pump Output Current Vp, = Vp/2 -5.0 mA
IDg-sink Vp, = Vp/2 5.0 mA
Ipg-Tri Charge Pump TRI-STATE® Current 0.5_\/ s°VD° <Vp — 0.5V _25 25 nA

T = 85°C

Ip, Vs VD, Charge Pump Output Current 0.5V < Vp, < Vp — 0.5V

Magnitude Variation vs Voltage T = 25°C 15 %

(Note 1)
IDg-sink VS Charge Pump Output Current Vp, = Vp/2
Ipg-source Sink vs Source Mismatch T=25C 10 - %

: (Note 2)
Ipgvs T Charge Pump Output Current —40°C < T < 85°C
j Magnitude Variation vs Temperature Vb, = Vp/2 10 %

(Note 3) -
VoH High-Level Output Voltage loH = —1.0 mA** Vec — 0.8 \"
VoL Low-Level Output Voltage loL = 1.0 mA** 0.4 \"
VoH High-Level Output Voltage (OSCouyr) loH = —200 pA Veg — 0.8° \
VoL Low-Level Qutput Voltage (OSCoyt) loL = 200 pA 0.4 \"
loL Open Drain Output Current (¢p) Vee = 5.0V, VoL = 0.4V 1.0 mA
loH Open Drain Output Current (¢p) VoH = 5.5V . 100 RA
Ron Analog Switch ON Resistance (2315) 100 Q
tcs Data to Clock Set Up Time See Data Input Timing 50 ns
tcH Data to Clock Hold Time See Data Input Timing 10 ns
tocwH Clock Pulse Width High See Data Input Timing 50 ns
towL Clock Pulse Width Low See Data Input Timing 50 ns
tes Clock to Enable Set Up Time See Data Input Timing 50 - ns
tew Enable Pulse Width See Data Input Timing 50 - ns

**Except OSCoyt
Notes 1, 2, 3: See related equations in Charge Pump Current Specification Definitions
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Typical Performance Characteristics

lec vs Vee
]
7.5 t
7 ‘—T=+25°C
o \ - T=+85°C
R /
=z 6
[ -
~ 55
8 5
esff—\
4
\_. = -4009
35 T Ilo c
3
2 2.5 3 3.5 4 4.5 5 5.5
Ve (V)
TL/W/11766-29
Charge Pump Current vs Dy, Voltage
7.5
5 . /
[ Vp = 5.5V
g% \\ UTEIEQ
Z 0
] Vp = 4.5V
3 2.5
O T4 /
-5
~-7.5
0 1 2 3 4 5

Do VOLTAGE (V)
TL/W/11766-31

Charge Pump Current Variation

25 |

H -=- SINK
2 — SOURCE
15 Vp=3.0V7Vp = 3.0V

o /|
N4

5 /
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% VARIATION
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TL/W/11766-33

1Dy-Tgy (pA)

CURRENT (mA)

SENSITIVITY (dBm)

Ip, TRI-STATE vs Do, Voltage

1500
1250
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1000 T
750 ——
500
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__-———'f
: T=+25%
0 // 5°C
-250
-500
0 1 2 3 4 5 6
Dy VOLTAGE (V)
TL/W/11766-30
Charge Pump Current vs D, Voitage
4
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1
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—
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TL/W/11766-32
Oscillator Input Sensitivity
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TL/W/11766-34
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LMX2314/LMX2315

Typical Performance Characteristics (continued)

Input Sensitivity vs Frequency

I I
Veg = 5.5V
cc

Vee =\4.5V

]

2o’ !

PN (dBm)

100 300 700 900

FREQUENCY (MHz)

1100 1300 1500

TL/W/11766-35

Input Sensitivity at Temperature
Variation, Vgc = 5V

0
-5 - —T=425°C
T=-40°C \ T=4+859¢C
-10 |
T ] \
I -15 ]
= F--wd —
al '~.. s\
-20 [—"2 —> 3,
. ",'-;, f- - -. Teee
_25 LTV YT
-30
100 300 500 700 900 1100 1300 1500

FREQUENCY (MHz)
TL/W/11766-37

LMX2314 Input Impedance vs Frequency
Vee = 2.7V to 5.5V, fiy = 100'MHz to 1,600 MHz

-

(N
"‘——
\

LY L)

)
!

TL/W/11766-40

Marker 1 = 500 MHz, Real = 67, Imag. = —317
Marker 2 = 900 MHz, Real = 24, Imag. = —150
Marker 3 = 1 GHz, Real = 19, Imag. = —~126

Marker 4 = 1,500 MHz, Real = 8, Imag. = —63

Input Sensitivity vs Frequency

-10
-15
Ve =3.0V Vee =\3.3v
-20
E Veg =2.7V .
CREYY - \— -
-30 N N //
\\/
-35
~40
100 300 500 700 900 1100 1300 1500
. FREQUENCY (MHz)
TL/W/11766-36
Input Sensitivity at Temperature
Variation, Vgc = 3V
-10 I
T=s§°c
-15
! _ T=40°¢C T=259¢C \
20 o |

Ty
—

/‘

Py (dBm)

-30
/
N .
=35
-40
100 300 500 700 900 1100 1300 1500

FREQUENCY (MHz)
TL/W/11766-38

LMX2315 Input Impedance vs Frequency
Voo = 2.7Vto0 5.5V, fiy = 100 MHz to 1,600 MHz

TL/W/11766-39
Marker 1 = 500 MHz, Real = 69, Imag. = —330
Marker 2 = 900 MHz, Real = 36, Imag. = —183
Marker 3 = 1 GHz, Real = 35, Imag. = —172
Marker 4 = 1,500 MHz, Real = 30, Imag. = —106
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Charge Pump Current Specification Definitions

-
=
>
N
w

. ' -—
' | o
] T ~
' c
1 t
134 | | 5
12 : ! N
Al 1 1 3
1 ' 7]
1 '
1 |
) 1
1 '
1 1
—_ | !
< ) i
g ' '
1
€ VOLTAGE | |
o OFFSET |
5 av ) '
) 1 ]
| 1
1 |
' '
14 ! !
T 1
15 : TN
16 ————\: \ :‘ AV
] 1
1 1
1 . o
1 1
1 '
0 av Vp/2 Vp-av Y%
Dg Voltage
TL/W/11766-41

11 = CP sink current at Vp, = Vp — AV 14 = CP source current at Vp, = Vp — AV

12 = CP sink current at Vp, = Vp/2 . i5 = CP source current at Vp, = Vp/2

13 = CP sink current at Vp, = AV 16 = CP source current at Vp, = AV

AV = Voltage offset from positive and negative rails. Dependent on VCO tuning range relative to Vgg and ground. Typical values are between 0.5V and 1.0V.

1. lDo vs VD0 = Charge Pump Output Current magnitude variation vs Voltage =
(Vo * 1] = 13)1/0% * (1] + [13]3) * 100% and [V; * |14} — 16])/[% * (]14] + |i16]3] * 100%
2. 1Dg_gink VS 'Do.source = Charge Pump Output Current Sink vs Source Mismatch =
fhi2f — (sl1/1v. * thal + 1531 * 100%
3. lDo vs Tp = Charge Pump Output Current magnitude variation vs Temperature =
()12 @ temp| — |12 @ 25°C])/[12 @ 25°C| * 100% and [[I5 @ temp| — |15 @ 25°C|}/|I5 @ 25°C| * 100%
4. K¢ = Phase detector/charge pump gain constant =
Yo * (2] + i8]}

RF Sensitivity Test Block Diagram

13dB ATIN

LMX2314/15
Evaiuation Board . RF 500
CLOCK fin 0 100p SMHU 835.8011.52
pC Parallel DATA _‘VW__”_ Signal Generator
Port LE
FC
1= \ccc 0.014 10 MHz szT REF OUT
-L= roy m || .
< OSC]N !
12k 51
. HpssacsA o W 3 224 2.2p
requenc ounter
sueney 39k 100p | _1100p =

TL/W/11766-42
Note 1: N = 10,000 R =50 P =64
Note 2: Sensitivity limit is reached when the error of the divided RF output, four, is greater than or equal to 1 Hz.
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LMX2314/LMX2315

Functional Description

The simplified block diagram below shows the 19-bit data register, the 14-bit R Counter and the S Latch, and the 18-bit
N Counter (intermediate latches are not shown). The data stream is clocked (on the rising edge) into the DATA input, MSB first.
If the Control Bit (last bit input) is HIGH, the DATA is transferred into the R Counter (programmable reference divider) and the
S Latch (prescaler select: 64/65 or 128/129). If the Control Bit (LSB) is LOW, the DATA is transferred into the N Counter
(programmable divider). '

- 0SGy = osc 14-BIT .y
> —
; 056y 4 R COUNTER r

1 > &

cLocK ———f
19-aI7 1-8IT PHASE CHARGE
Le ™ oata reaister | | s Laten COMP. puwe [ %
DATA ———») T
¥ > %
y

v
—

: PRESCALER 18-B1T .
fiy —>| 64/65 OR | ‘
126/129 N COUNTER

PROGRAMMABLE REFERENCE DIVIDER (R COUNTER) AND PRESCALER SELECT (S LATCH)

If the Control Bit (last bit shifted into the Data Register) is HIGH, data is transferred from the 19-bit shift register into a 14-bit
latch (which sets the 14-bit R Counter) and the 1-bit S Latch (S15, which sets the prescaler: 64/65 or 128/129). Serial data
format is shown below.

TL/W/11766-5

l— Control bit (LSB) Divide ratio of prescaler control bit (MSB) —1

Cls]s|S|s]s|s|s}jsfis|s)sSs}js]|s]s]s
11213 {415]6]7]8]9j1w0|t1]12]1t3]14]15

r— Divide ratio of the programmable reference divider ——|

TL/W/11766-6

14-BiT PROGRAMMABLE REFERENCE DIVIDER RATIO 1-BIT PRESCALER SELECT

(R COUNTER) (SLATCH)
t:""::"’ssssssssssssss P':sl”'e' s
;°141a12111ose7654321 °:°‘ 15
3 |olo|lo|o|o|o]olo]o|o|ofof1]1 ‘ 128/129 0
4 {oflolololololojloflolo]lol1]|olo 64/65 1
L ] o | o] | | o || o000 06|00 0|0

16383 1 [ 1| 1|14 |1{1[1}1l1]1]1]1]1

Notes: Divide ratios less than 3 are prohibited.
Divide ratio: 3 to 16383

S1 10 S14: These bits select the divide ratio of the programmable
reference divider.

C: Control bit (set to HIGH level to load R counter and S Latch)
Data is shifted in MSB first.
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Functional Description (continued)

PROGRAMMABLE DIVIDER (N COUNTER)

The N counter consists of the 7-bit swallow counter (A counter) and the 11-bit programmable counter (B counter). If the COntrol
Bit (last bit shifted into the Data Register) is LOW, data is transferred from the 19-bit shift register into a 7-bit latch (which sets
the 7-bit Swallow (A) Counter) and an 11-bit latch (which sets the 11-bit programmable (8) Counter). Serial data format is shown
below.

4

l—— Control bit (Lsa) S nSB _'1

Cls)ys|s|s|s]s|s|ssj|s]|]s|s]|s]s|{s]s]s]|s
1234516789 |toj11]1213]14]15]16]17]18

I——- Divide ratio of swallow ———-*———— Divide ratio of programmable ———-I

counter counter

. TL/W/11766-7
Note: S8 to S18: Programmable counter divide ratio control bits (3 to 2047)

7-BIT SWALLOW COUNTER DIVIDE RATIO 11-BIT PROGRAMMABLE COUNTER DIVIDE RATIO
(A COUNTER) (B COUNTER)
Dviels|s|s|s|s|s|s ":"':ess‘sssssssss
:°7654321 z:,°131716151413121110-93
0 o(fojojojofofoO 3 0|0 .0 o|jojo0ojojojoj|1]|1
1 0jy0|O0|O0O}jO]|O}1 4 ojojojlofjojOofOojO}|1|O|O
L[] L] [ ) L ] ] L] L] [ ) L] L] L] L] L] L ) L] L] L ] L ] L] L]
127 19111111111 2047 | 1 1 111 1 1 1 1 11111
Note: Divide ratio: 0 to 127 Note: Divide ratio: 3 to 2047 (Divide ratios less than 3 are prohibited)
BzA _ Bz A :
PULSE SWALLOW FUNCTION

fvco = [(P X B) + Al X fosc/R

fvco: Output frequency of external voltage controlled oscil-
lator (VCO)

B: Preset divide ratio of blnary 11-bit programmable

.. counter (3 to 2047) - .

A: Preset divide ratio of binary 7-bit swallow counter
(0<A<127,A<B)

fosc: Output frequency of the external reference frequency

) oscillator

R:  Preset divide ratio of binary 14-bit programmable ref-
" erence counter (3 to 16383)

P: Preset modulus of dual modulus prescaler (64 or
128)
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LMX2314/LMX2315

Functional Description (continued)
SERIAL DATA INPUT TIMING

DATA  N18: M@( N{7 Nu)(ue N1

CONTROL BIT: LSB

(r6)

(R15: MSB) | (R14) (R7) (R1) conTROL BIT: LSB

LI fl

CLOCK

f1_fL
| o[- In

LE —
. | ==
s — WH

LE —l ‘ r—

Notes: Parenthesis data indicates programmable reference divider data.
:Data shifted into register on clock rising edge.
Data is shifted in MSB first.

TL/W/11766~-8

Test Conditions: The Serial Data Input Timing is tested using a symmetrical waveform around Vgg/2. The test waveform has an edge rate of 0.6 V/ns with

amplitudes of 2.2V @ Voo = 2.7V and 2.6V @ Vg = 5.5V.

Phase Characteristics -
in'normal operation, the FC pin is used to reverse the polari- VCO Characteristics
ty of.the phase detector. Both the internal and any external A .
charge pump are affected.
Depending upon VCO characteristics, FC pm should be set
accordingly: vco
When VCO characteristics are like (1), FC should be set OUTPUT
HIGH or OPEN CIRCUIT; : FREQUENCY
When VCO characteristics are like (2), FC should be set
LOW.

(1)

(2)

When FC is set HIGH or OPEN CIRCUIT, the monitor pin of
the phase comparator input, fout, is set to the reference
divider output, f,. When FC is set LOW, foy is set to the
programmable divider output, fp,.

VCO INPUT VOLTAGE

PHASE COMPARATOR AND INTERNAL CHARGE PUMP CHARACTERISTICS

1 L1 L1 LT LT L
S U T O O I O O

S " IR N N O B

P .---l'l---_---*---. : "'IJ"""LI"“"'I_I""L_

P f”

-~

—

>

A =1 A £ <t

p r =T

Notes: Phase difference detection range: —27 to +27
The minimum width pump up and pump down current pulses occur at the D, pin when the loop is locked.
FC = HIGH

TU/W/11766-9

TL/W/11766-10
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Analog Switch (2315 only)

T he analog switch is useful for radio systems that utilize a frequency scanning mode and a narrow band mode. The purpose of
the analog switch is to decrease the loop filter time constant, allowing the VCO to adjust to its new frequency in a shorter
amount of time. This is achieved by adding another filter stage in parallel. The output of the charge pump is normally through the
D, pin, but when LE is set HIGH, the charge pump output also becomes available at BISW. A typical circuit is shown below. The
second filter stage (LPF-2) is effective only when the switch is closed (in the scanning mode).

b .
| CHARGE PUMP = . - LPF-1 vco

SE 10k
LPF=2
ANALOG SWITCH B *
CBISW _L i
CONTROL SIGNAL : LE . |
TL/W/11766~11
Typical Crystal Oscillator Circuit Typical Lock Detect Circuit
A typical circuit which can be used to implement a crystal A lock detect circuit is needed in order to provide a steady
oscillator is shown below. . LOW signal when the PLL is in the locked state. A typical

) circuit is shown below.
0SCy  0SCoyr

Naa il
T

TL/W/11766-12
MMBT200

LOCK
DETECT

TL/W/11766-13
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LMX2314/LMX2315

Typical Application Example

External Charge
Pump Circuit
(optional, see text)

— FROM
® CONTROLLER

& o % [four Jamsw | LE oata | ne |CLOCK

16/20 15/19 14/18 13/17 X/16 12/15 11/14 10/13 X/12  9/11

LMX2314/2315

1/1 x/2 2/3 3/4 4/5 5/6 6/7 7/8 Xx/¢  8/10

| oSGy Fne Ioscom v Ve |D oo | I fin
AAA
1000p Vo Veo 'V‘:
Rin

510 100p|01y 0.14] 100p —

LOCK DETECT
—— CRYSTAL OSC. _[{ F — CIRCUIT ~——® LOCK DETECT
= INPUT (SEE TEXT)

Operatlonal Notes:

VCO is assumed AC coupled.
** Ry increases impedance so that VCO output power is provided to the load rather than the PLL. Typical values are 10Q to 2009 depending on the VCO power
level. fiy RF impedance ranges from 404 to 10092.
500 termination is often used on test boards to allow use of external reference oscillator. For most typical products a CMOS clock is used and no terminating
resistor is required. OSC)y may be AC or DC coupled. AC coupling is recommended because the input circuit provides its own bias. (See Figure below)

100ka
e AAA
W

TL/W/11766-14

05C; 0SCqy¢

TL/W/11766-15
Proper use of grounds and bypass capacitors is essential to achieve a high level of performance.
Crosstalk between pins can be reduced by careful board layout.
This is a static sensitive device. It should be handled only at static free work stations.
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Application Information

LOOP FILTER DESIGN
A block diagram of the basic phase locked loop is shown.

PHASE
DETECTOR

@ ! P AA—] LOOP FILTER veo
1/R : WA—|
® o four
f ¢I’
e T ol o
REFERENCE 1
_______ - reference
I Frequency 1 frequency I_HT_L
| Synthesizer |
b m———— 4 lr.' I I
MAIN DIVIDER

/

TL/W/11766-16

FIGURE 1. Basic Charge Pump Phase Locked Loop

An example of a passive loop filter configuration, including
the transfer function of the loop filter, is shown in Figure 2.

R2

::ECZ

s(C2eR2) + 1
s2(C1eC2eR2) + sC1 + sC2
FIGURE 2. 2nd Order Passive Filter

Define the time constants which determine the pole and
zero frequencies of the filter transfer function by letting

Clj::

TL/W/11766-17

Z(s) =

T2 = R2eC2 (1a)
and
T = F|2°———C1 °c2
C1+C2 (1b)

The PLL linear model control circuit is shown along with the
open loop transfer function in Figure 3. Using the phase
detector and VCO gain constants [Ké and Kycpl and the
loop filter transfer function [Z(s)], the open loop Bode plot
can be calculated. The loop bandwidth is shown on the
Bode plot (wp) as the point of unity gain. The phase margin
is shown to be the difference between the phase at the unity
gain point and —180°.

©®o

TL/W/11766-18
Open Loop Gain = 6i/8, = H(s) G(s)

= K¢ Z(s) Kyco/Ns
Closed Loop Gain = 0,/8; = G(s)/[1 + H(s) G(s)]

Gain Phase
6(s) H(s)| <G(s) H(s)

)

0dB
-90
7
%
: -180
Frequency

TL/W/11766-19
FIGURE 3. Open Loop Transfer Function
Thus we can calculate the 3rd order PLL Open Loop Gain in
terms of frequency
—KpeKyco(l +jweT2) T1
GO HEls =100 = —aGTen( T T T2 (@)
From equation 2 we can see that the phase term will be
dependent on the single pole and zero such that
P(w) =tan~1 (v T2) —tan—1 (0 @ T1) + 180° (3)
By setting
dé _ T2 B T -0
do 1+ (@eT22 1+ (weT1)2 (4)
we find the frequency point corresponding to the phase in-
flection point in terms of the filter time constants T1 and T2.
This relationship is given in equation 5.
wp = 1/{T2°T1 (5)
For the loop to be stable the unity gain point must occur
before the phase reaches —180 degrees. We therefore
want the phase margin to be at a maximum when the magni-
tude of the open loop gain equals 1. Equation 2 then gives
_ Kd e Kyco® T1]|(1 + jwp * T2)||
" wp2eNeT2 [[(1 +jwpe T ®)

C1
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LMX2314/LMX2315

Application Information (Continued)
Therefore, if we specify the loop bandwidth, wp, and the
phase margin, ¢p, Equations 1 through 6 allow us to calcu-
late the two time constants, T1 and T2, as shown in equa-
tions 7 and 8. A common rule of thumb is to begin your
design with a 45° phase margin.

= secdp — tangp

wp 7)
_ 1
T wp2eTH ®)
From the time constants T1, and T2, and the loop band-

width, wp, the values for C1, R2, and C2 are obtained in
equations 9 to 11.

C1=T_1.K¢°cho 1+ (wp®T2)
T2 wp2eN \}1-#-((x)p°T1)2 o (9)

C2=C10(—f—1>

T2

(10)
R2=% - (1)
Kvco (MHz/V) Voltage Controlled Oscillator (VCO)
PR Tuning Voltage constant. The fre-
) quency vs voltage tuning ratio.
K¢ (mA) Phase detector/charge pump gain

constant. The ratio of the current out-
put to the input phase differential.

N Main divider ratio. Equal to RFopt/fref

In choosing the loop filter components a trade off must be
made between lock time, noise, stability, and reference
spurs. The greater the loop bandwidth the faster the lock
time will be, but a large loop bandwidth could result in higher
reference spurs. Wider loop bandwidths generally improve
close in phase noise but may increase integrated phase
noise depending on the reference input, VCO and division
ratios used. The reference spurs can be reduced by reduc-
ing the loop bandwidth or by adding more low pass filter
stages but the lock time will increase and stability will de-
crease as a result.

THIRD ORDER FILTER

A low pass filter section may be needed for some applica-
tions that require additional rejection of the reference side-
bands, or spurs. This configuration is given in Figure 4. In
order to compensate for the added low pass section, the
component values are recalculated using the new open
loop unity gain frequency. The degradation of phase margin
caused by the added low pass is then mitigated by slightly
increasing C1 and C2 while slightly decreasing R2.

The added attenuation from the low pass filter is:

ATTEN = 20 log[(2mfef® R3¢ C3)2 + 11  (12)
Defining the additional time constant as
T3 = R3eC3 (13)

Then in terms of the attenuation of the reference spurs add-
ed by the low pass pole we have

RFopt (MH2) Radio Frequency output of the VCO at T = ,[1OATTEW20 - 1 (14)

which the loop filter is optimized. (27 o fre1)2
frof (kH2) Frequency of the phase detector in- We then use the calculated value for loop bandwidth w¢ in
puts. Usually equivalent to the RF equation 11, to determine the loop filter component values
channel spacing. in equations 15-17. wy is slightly less than o, therefore

the frequency jump lock time will increase.
.1 .
2= w2 e (T1 + T3) (15)
_tange(T1+T9 .[\/1 ¥ P FTeT8 _ 1]
@ T ITT + T2 + T1 73] [tand o (T1 + T3)12 (16)
C1=T_1.K¢°cho.[ (1 + w20 T2 ]'/z

T2 w2eN L1+ 020T12)(1 + w2eT32) (17
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Application Information (continued)

Consider the following application example:
Example #1

Kvco = 20 MHz/V

Ké = 5 mA (Note 1)

RFopt = 900 MHz

Fret = 200 kHz

N = RFgp/fref = 4500

wp = 27 * 20 kHz = 1.256e5

p = 45°

ATTEN = 20dB

Ty = 20k " 1A% _ 5595 g
“p

10(20/20) — 1
T3 = — = P -_
V2« 200632 ~ 238706

(3.29e—6 + 2.3876—6)

@c = [(3.296—6 + 2.3876—6)2 + 3.200—6 » 2.3876—6]
. [ \/1 L (B.299—6 ¥ 2.3870—6)% T 3.206-652.38766 _ ]
[(3.296—6 + 2.3876—6)]2
= 7.04504
T2 = ! = 3.5498—5
(7.04564)2 ¢ (3.296—6 + 2.3876-6)
o = 32906 _(5e—3) ¢ 2006 .[ [1 + (7.04504)2  (3.5490—5)2] %
354905 (7.04504)2 4500 | [1 + (7.045e4)2 ¢ (3.296—6)2] [1 + (7.04564)2 ¢ (2.3876—6)2]
= 1.085 nF
3.55e—5
=1.085nFe (o> _ 1) = 106 nF;
C2 = 1.085nF e (3.299—6 1) 10.6 nF:
3.550—5
=227 _ 335k,
R2 = Jo6e—9 ke;
: ool - 23466 _
if we choose R3 = 22k; then C3 2203 106 pF.

Converting to standard component values gives the follow-

S . P k
ing filter values, which are shown in Figure 4. 2

g; : ;%O'?(‘;F 1000 pF 3.3k 100 pF

C2 = 10nF I 10nf I

R3 = 22kn - | -

C3 = 100 pF —

TL/W/11766-20
Note 1: See related equation for K¢ in Charge Pump Current Specification
Definitions. For this example Vp = 5.0V. The value of K¢ can then FIGURE 4. ~ 20 kHz LOOp Filter

be approximated using the curves in the Typical Peformance Char-
acteristics for Charge Pump Current vs. D, Voltage. The units for
K¢ are in mA. You may also use K¢ = (5 mA/2s rad), but in this
case you must convert Kyco to (rad/V) multiplying by 27.
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LMX2314/LMX2315

Application Information (continued)

MEASUREMENT RESULTS

MKR 200. OkHz

REF -0.9dBm ATTEN 1 0dB -74.7 0dB
10a8/ | | | |
¥ T T
MARKER
SAMPLE 1 5 00. okiz | ]
-74.7 0 48 [[]
vID AVG
100
At A
- e

CENTER 9 00. 000 MHz
RES BW 1 OkHz VBW 3 OkHz

SPAN 5 00 kHz
SWP 30. 0 msec
TL/W/11766-21
FIGURE 5. PLL Reference Spurs
The reference spurious level is < —74 dBc, due to the loop
filter attenuation and the low spurious noise level of the
LMX2315.

MKR 1 0. OkHz

REF -0.9dBm ATTEN 1 0dB -50.6 0 dB
10a8/ | | | |
MARKER
SAMPLEY 170, 0 khz
-50.6 0 d8
VID AVG -
100 P N
Eaun M

CENTER 9 00. 000 MHz
RES BW 1kHz VBW 3kHz

SPAN 1 00 kHz
SWP 3 00 msec
o TL/W/11766-23
FIGURE 6. PLL Phase Noise 10 kHz Offset

The phase noise level at 10 kHz offset is —80 dBc/Hz.

MKR 1. 00 kHz
REF ~0.7dBm ATTEN 1°0dB. =-59.6 0dB

10a8/ | [ | |

MARKER
1. 00 kHz
-59.6 0 dB

SAMPLE

VID AVG
50

SPAN 1 0. OkHz

SWP 3. 00 sec
TL/W/11766-22

FIGURE 7. PLL Phase Noise @ 1 kHz Offset

The phase noise level at 1 kHz offset is —79.5 dBc/Hz.

CENTER § 00. 000 OMHz-
RES BW 1 00 Hz VBW 3 00 Hz

915.002500MHz

915.000000MHz

914.997500MHz
~500 us 2.000ms 4.500ms
500.0 us/div
T-244 us T478 s 0502 s

. C . TL/W/11766-24
FIGURE 8. Frequency Jump Lock Time,

Of concern in any PLL loop filter design is the time it takes
to lock in to a new frequency when switching channels. Fig-
ure 8 shows the switching waveforms for a frequency jump
of 865 MHz to 915 MHz. By narrowing the frequency span
of the HP53310A Modulation Domain Analyzer enables
evaluation of the frequency lock time to within +500 Hz.
The lock time is seen to be less than 500 s for a frequency
jump of 50 MHz.
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Application Information (continued)
EXTERNAL CHARGE PUMP

The LMX PLLatimum series of frequency synthesizers are
equipped with an internal balanced charge pump as well as
outputs for driving an external charge pump. Although the
superior performance of NSC's on board charge pump elim-
inates the need for an external charge pump in most appli-
cations, certain system requirements are more stringent. In
these cases, using an external charge pump allows the de-
signer to take direct control of such parameters as charge
pump voltage swing, current magnitude, TRI-STATE leak-
age, and temperature compensation.

One possible architecture for an external charga pump cur-
rent source is shown in Figure 9. The signals ¢p and ¢y in
the diagram, correspond to the phase detector outputs of
the LMX2314/2315 frequency synthesizers. These logic
signals are converted into current pulses, using the circuitry
shown in Figure 9, to enable either charging or discharging
of the loop filter components to control the output frequency
of the PLL.

Referring to Figure 9, the design goal is to generate a 5 mA

current which is relatively constant to within 5V of the power

supply rail. To accomplish this, it is important to establish as
large of a voltage drop across R5, R8 as possible without
saturating Q2, Q4. A voltage of approximately 300 mV pro-
vides a good compromise. This allows the current source
reference being generated to be relatively repeatable in the
absence of good Q1, Q2/Q3, Q4 matching. (Matched tran-
sistor pairs is recommended.) The ¢p and ¢r outputs are
rated for a maximum output load current of 1 mA while 5 mA
current sources are desired. The voltages developed across
R4, 9 will consequently be approximately 258 mV, or
42 mV < R8, 5, due to the current density differences
{0.026”1n (5 mA/1 mA)} through the Q1, Q2/Q3, Q4 pairs.
In order to calculate the value of R7.it is necessary to first
estimate the forward base to emitter voltage drop (Vfn,p) of
the transistors used, the Vo drop of ¢p, and the Vpoy drop
of ¢r's under 1 mA loads. (¢p's VoL < O. 1V and ¢rs
Vo < 0.1V)

Knowing these parameters along with the desnred current
allow us to design a simple external charge pump. Separat-
ing the pump up and pump down circuits facilitates the no-
dal analysis and give the following equations.

Vas — V1o In( Isource)
Ry = P
Isource

Vg — V1o ln( isink )

Rg = = in max
sink

Rg = VRs® (Bp + 1)

ip max ® (Bp + 1) — Isource
Re = - VRg * (Bn + 1.)

irmax ® (Bn + 1) isink
Rg = (Vp — WoLep) — (Vrs + Vip)

ip max

R, = (Vp — VWoH¢r) — (VRg + Vin)

Imax

EXAMPLE

Typical Device Parameters ~ Bp =100, B = 50
Typical System Parameters Vp = 5.0V;

Venyl = 0.5V — 4.5V;
Vgp = 0.0V; Vg = 5.0V
ISINK = ISOURCE =
Vin = Vip = 0.8V
Imax = lpmax = 1 MA

Vgrs = Vgps = 0.3V

Vorgp = VOH4r = 100 mV

Design Parameters

TL/W/11766-43

FIGURE 9

Therefore select
0.3V — 0.026 * 1n(5.0 mA/1.0 mA)

Ra=Rg = v — = 51.60
P = o o £ ) = BorA ~ 520

Re=13 m:;a(\:(;()(1-f()1;—1)5.0 mA - 21060

R = Ry = 8V o.1v:'0 r;(:\av TOBV) _ oo

5.0 mA; -
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LMX2301

NNational Semicondu

LMX2301

.- ADVANCE INFORMATION

ctor

PLLatinum™ 160 MHz Frequency Synthesizer
for RF Personal Communications

General Description

The LMX2301 is a high performance frequency synthesizer
designed for RF operation up to 160 MHz. It is fabricated
using National’s ABiIC IV BiCMOS process.

Using a proprietary digital phase locked loop technique, the
LMX2301’s linear phase detector characteristics can gener-
ate very stable, low noise local oscillator signals.

Serial data is trar.sferred into the LMX2301 via a three line
MICROWIRE™ interface (Data, Enable, Clock). Supply volt-
age can range from 2.7V to 5.5V.

The LMX2301 features very low current consumption, typi-
cally 2 mA at 3V.

The LMX2301 is available in a TSSOP 20-pin surface mount
plastic package.

Features

W RF operation up to 160 MHz

m 2.7V to 5.5V operation

m Low current consumption: ‘
Icc = 2 mA (typ) at Vgg = 3V

| Internal balanced, low leakage charge pump

® Thin Small-outline, plastic, surface mount
TSSOP, 0.173" wide package

Applications

m Analog Cellular telephone systems
(AMPS, ETACS, NMT)

m Portable wireless communications
(PCS/PCN, cordless)

m Other wireless communication systems

Block Diagram

0SCy M

14-BIT
os¢ M F LD
R COUNTER olD | ,
. 0Cyyr *— _D MUX four

i _ .Y

CLOCK ———3] ' T roan
19-BIT PHASE CHARGE
LE: P DATA REGISTER nggg“ | COMP. PUMP )
DATA =——————p} i

l—l _ : — 4,

11-BIT || >
fin N COUNTER 'E > BisW

TL/W/12458~1
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&National Semiconductor

LMX2305

ADVANCE INFORMATION

PLLatinum™ 550 MHz Frequency Synthesizer
for RF Personal Communications

General Description

The LMX2305 is a high performance frequency synthesizer
with an integrated prescaler designed for RF operation up to
550 MHz. It is fabricated using National's ABiC IV BiCMOS
process.

The LMX2305 contains a dual modulus prescaler which can
select either a 64/65 or a 128/129 divide ratio at input fre-
quencies of up to 550 MHz. Using a proprietary digital phase
locked loop technique, the LMX2305's linear phase detec-
tor characteristics can generate very stable, low noise local
oscillator signals.

Serial data is transferred into the LMX2305 via a three line
MICROWIRE™ interface (Data, Enable, Clock). Supply volt-
age can range from 2.65V to 5.5V. The LMX2305 features
very low current consumption, typically 3.0 mA at 2.75V.
The LMX2305 is available in a TSSOP 20-pin surface mount
plastic package.

Features

m RF operation up to 550 MHz

B 2.65V to 5.5V operation

| Low current consumption:
lcc = 3.0 mA (typ) at Vgc = 2.75V

M Dual modulus prescaler: 64/65 or 128/129

u Internal balanced, low leakage charge pump

m Small-outline, plastic, surface mount TSSOP, 0.173"
wide package

Applications

B Analog Cellular telephone systems
(AMPS, ETACS, NMT)

B Portable wireless communications
(PCS/PCN, cordless)

B Wireless local area networks (WLANS)

| Other wireless communication systems

Block Diagram

0SGy —» o5t e II > N
"1 R COUNTER 7] Foll
0SCoyr 4— - 31 Mux > fout
— > o
CLOCK ———
19-8IT 1-BIT PHASE CHARGE
LE M oata recister | | s Laten COMP. PUMP D
DATA ——— «
Y | —> %
PRESCALER =

ty —>] 64/65 OR [—¥] ool
128/129 N COUNTER

% BISW

TL/W/12459~1
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LMX2320/LMX2325

ﬂNational Semicondu

ctor

LMX2320/LMX2325 PLLatinum™

Frequency Synthesizer

for RF Personal Communica
LMX2325 2.5 GHz

LMX2320 2.0 GHz

General Description

The LMX2320 and the LMX2325 are high performance fre-
quency synthesizers with integrated prescalers designed for
RF operation up to 2.5 GHz. They are fabricated usnng Na-
tional’s ABIC IV BICMOS process.

A 64/65 or a 128/129 divide ratio can be selected for the
LMX2320 RF synthesizer at input frequencies of up to
2.0 GHz, while 32/33 and 64/65 divide ratios are available
in the 2.6 GHz LMX2325. Using a proprietary digital phase
locked loop technique, the LMX2320/25’s linear phase de-
tector characteristics can generate very stable, low noise
local oscillator signals.

Serial data is transferred into the LMX2320 and the
LMX2325 via a three line MICROWIRE™ interface (Data,
Enable, Clock). Supply voltage can range from 2.7V to 5.5V.
The LMX2320 and the LMX2325 feature very low current
consumption, typically 10 mA and 11 mA respectively.

The LMX2320 and the LMX2325 are available in a TSSOP
20-pin surface mount plastic package.

tlons

Features

m RF operation up to 2.5 GHz

W 2.7V to 5.5V operation

B Low current consumption

® Dual module prescaler:
LM2325 32/33 or 64/65
LM2320 64/65 or 128/129

W Internal balanced, low leakage charge pump

m Power down feature for sleep mode:
lcc = 30 pA (typ) at Veg = 3V

® Small-outline, plastic, surface mount TSSOP, 0.173"
wide

Applications

® Cellular telephone systems (RCR-27)

B Portable wireless communications (DECT, PHS)
m CATV

m Other wireless communication systems

Block Diagram

0SGy q| osc A a-mim . >
1q | » 1
0SCoyr ¢——1 R COUNTER
A
r—] > ¢
CLOCK ———)
19-BIT 1-8IT PHASE CHARGE
LE M oata resister | |'s Laten CoMP. puwp | O
DATA ——— T
¥ > %
A 4
PRESCALER P
fy —M 32/33, 64/65 OR —-A | o .y
64/65, 128/129 N COUNTER e

TL/W/12339-1
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Connection Diagrams

LMX2320/LMX2325
Ny
0scy —{1 o 20 o,
NC —{ 2 19 = PWDN
05Cyyr =1 3 18f=o,
vp =4 17 = four
Vee =5 16 |— Bisw
ce TOP VIEW
0,—{5 ) i
GND —~4 7 14f=1E
1o —{s 13} pata
NC 9 12 NC
fmq 10 11 B CLOCK

TL/W/12339-2
20-Lead (0.173" Wide) Thin Shrink Small Outline Package (TM)

Order Number LMX2325TM, LMX2325TMX, LMX2320TM or LMX2320TMX

Pin Descriptions

See NS Package Number MTC20

Pin No. | Pin Name | 1/0 Description
1 OSCin | Oscillator input. A CMOS inverting gate input intended for connection to a crystal resonator for

operation as an oscillator. The input has a Vgg/2 input threshold and can be driven from an external
CMOS or TTL logic gate. May also be used as a buffer for an externally provided reference oscillator.

OSCout O | Oscillator output. '

Vp Power supply for charge pump. Must be > V.

Vee Power supply voltage input. Input may range from 2.7V to 5.5V. Bypass capacitors should be placed
as close as possible to this pin and be connected directly to the ground plane.

Do O | Internal charge pump output. For connection to a loop filter for driving the input of an external VCO.

GND Ground.

LD O | Lock detect. Output provided to indicate when the VCO frequency is in “lock”. When the loop is
locked, the pin’s output is HIGH with narrow low pulses.

10 fiN | | Prescaler input. Small signal input from the VCO.

11 CLOCK | High impedance CMOS Clock input. Data is clocked in on the rising edge, into the various counters
and registers.

13 DATA | Binary serial data input. Data entered MSB first. LSB is control bit. High impédance CMOS input.

14 LE | Load enable input (with internal pull-up resistor). When LE transitions HIGH, data stored in the shift
registers is loaded into the appropriate latch (control bit dependent). Clock must be low when LE
toggles high or low. See Serial Data Input Timing Diagram.

15 FC | Phase control select (with internal pull-up resistor). When FC is LOW, the polarity of the phase
comparator and charge pump combination is reversed.

16 BISW O | Analog switch output. When LE is HIGH, the analog switch is ON, routing the internal charge pump
output through BISW (as well as through D).

17 fout O | Monitor pin of phase comparator input. CMOS output.

18 ¢p O | Output for external charge pump. ¢p is an open drain N-channel transistor and requires a pull-up
resistor.

19 PWDN | Power Down (with internal pull-up resistor).

PWDN = HIGH for normal operation.
PWDN = LOW for power saving.
Power down function is gated by the return of the charge pump to a TRI-STATE condition.

20 ér O | Output for external charge pump. ¢, is a CMOS logic output.

29,12 | NC No connect.

143
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LMX2320/LMX2325

Functional Block Diagram

! PHASE NEL ¢
0SGy =] | COMPARATOR o ’
PROGRAMMABLE 14-8IT | 20 ] ~4— pwoN
Ne =2 CRYSTAL REFERENCE r (Note 2)
[' OSCILLATOR (R) NAL 0
3 COUNTER | ovioer b
0Cour —e— y output ¢
(fr/tp) g p
4 14 MUX out
Vy et
P AALOG
s I 14=BIT LATCH c;«::gz [ WITCH 16
° J>3—->—ﬁ|sw
Vee — T~ 1 I i
15
FC
6
D, —1¢ 1 " L
19-BIT SHIFT REGISTER |
1-BIT - 13
, CONTROL ¢ DATA
GND =——g= 7 1 LATCH 12 -
A y y ; TN
- N R 1
1(;3)” I 7-BIT LATCH I |11 BIT LATCHI(— cLock
8
o —Je LATCH 7 g
9 A
NC —t- BINARY 7-81T | | BINARY 11-BIT
0 SWALLOW PROGRAMMABLE
(a) (8)
fin > PRESCA"E': COUNTER COUNTER
SWALLOW CONTROL
TL/W/12339-3

Note 1: The prescalar for the LMX2320 is either 64/65 or 128/129, while the prescalar for the LMX2325 is 32/33 or 64/65.

Note 2: The power down function is gated by the charge pump to prevent unwanted frequency jumps. Once the power down pin is brought low the part will go into
power down mode when the charge pump reaches a TRI-STATE condition.
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Absolute Maximum Ratings (ote 1)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.

Power Supply Voltage

Vee —0.3Vto +6.5V

Vp —0.3Vto +6.5V
Voltage on Any Pin

with GND = 0V (V)) —0.3Vto +6.5V
Storage Temperature Range (Tg) —65°Cto +150°C
Lead Temperature (T|) (solder, 4 sec.) +260°C

Recommended Operating

Conditions

Power Supply Voltage
Vee 2.7Vto 5.5V
Vp Vecto +5.5V

Operating Temperature (Ta) —40°Cto +85°C
Note 1: Absolute Maximum Ratings indicate limits beyond which damage to
the device may occur. Operating Ratings indicate conditions for which the
devica is intended to be functional, but do not guarantee specific perform-
ance limits. For guaranteed specifications and test conditions, see the Elec-
trical Characteristics. The guaranteed specifications apply only for the test
conditions listed.

Electrical Characteristics vcc = 3.0v, vp = 3.0v; —40°C < Ta < 85°C, except as specified

Symbdl Parameter Conditions Min Typ Max Units
Icc Power Supply Current LMX2320 | Vg = 3.0V 10 13.5 mA
LMX2325 | Vgg = 3.0V : 11 15 mA
lcc-PWDN Power Down Current Ve = 3.0V : 30 180 rA
Vee = 5.0V 60 350 pA
fin Maximum Operating Frequency LMX2320 2.0 GHz
LMX2325 25
fosc Maximum Oscillator Frequency 20 MHz
No Load on OSCqt 40 MHz
fe : Maximum Phase Detector Frequency 10 ’ MHz
Pfin Input Sensitivity Voo = 27V103.3V -15 +6 B
Vg = 3.3Vto 5.5V -10 +6
Vosc Oscillator Sensitivity OSCin 0.5 Vpp
ViH High-Level Input Voltage * 0.7Vce \
ViL Low-Level Input Voltage * 1 0.3Vce v
IH High-Level Input Current (Clock, Data) VIH = Vgc = 5.5V -1.0 1.0 pA
i Low-Level Input Current (Clock, Data) ViL = 0V, Vgc = 5.5V -1.0 1.0 RA
hH Oscillator Input Current Vi = Voo = 5.5V 100 pA
L ViL = 0V, V¢ = 5.5V —100 nA
H High-Level Input Current (LE, FC) ViH = Vgc = 5.5V -1.0 1.0 pA
e Low-Level Input Current (LE, FC) ViL = 0V, Vg = 5.5V —100 1.0 nA
*Except fiy and OSCyy
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LMX2320/LMX2325

Electrical Characteristics vcc = 3.0v, vp = 3.0v; —40°C < Ta < 85°C, except as specified (Continued)

Notes 1, 2, 3: See related equations in Charge Pump Current Specification Definitions

Symbol Parameter Conditions Min Typ | .Max | Units
IDg-source Charge Pump Output Current Vp, = Vp/2 —-25 ‘mA
Dgrsink Vp, = Vp/2 25 mA

R ® -

Ipg-Tri Charge Pump TRI-STATE® Current 0.5V <Vp, <Vp—05V _25 25 nA
L T=285C
I[y)o vsVp, | Charge PumpOutput Current 0.5V < Vp, < Vp — 0.5V

Magnitude Variation vs Voltage T=25C i 15 %

(Note 1) o
IDg-sink VS Charge Pump Output Current Vp, = Ve/2
IDg-source Sink vs Source Mismatch T =25C 10 %

(Note 2) N
Ipovs T Charge Pump Output Current —40°C < T < 85°C

Magnitude Variation vs Temperature . | Vp, = Vp/2 10 %

(Nnte 3) o
VoH High-Level Output Voltage lox = —1.0 mA** Vcg — 0.8 A
VoL Low-Level Output Voltage loL = 1.0 mA** " 0.4 -V
VoH High-Level Output Voltage (OSCoyr) lon = —200 pA Vcc — 0.8 \
Vou Low-Level Outpuf Voltage (OSCouyr) lop = 200 pA 0.4 v
loL Open Drain Output Current (¢p) Vec = 5.0V, VoL = 0.4V 1.0 mA
lon Open Drain Output Current (¢p) VoH = 55V 100 uA
Ron - Analog Switch ON Resistance (2315) ‘ 100 ' 0
tcs Data to Clock Set Up Time See Data Input Timing 50 ns
tcH Data to Clock Hold Time See Data Input Timing 10 ns
towH Clock Pulse Width High See Data Input Timing - 50 ns
towL Clock Pulse Width Low See Data Input Timing 50 ‘ns
tes ‘Clock to Enable Set Up Time See Data Input Timing 50 ns
tew Enable Pulse Width See Data Input Timing 50 ns

**Except OSCour .
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Typical Performance Characteristics

Icc v8 Vee
12 13
—]

" T = +85°C 12
2 10 \ 1"
L
o~ @
2 9 LY 103
£ ll \\ &
~ T = +25°C
8 8 9
£ T = -40°C

7 8

6 7

2 25 3 35 4 45 5 5.5
Vee (V)
TL/W/12339-4
Charge Pump Current vs Dy Voltage
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; - /
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TL/W/12338-40

Charge Pump Current Variation
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5 o
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>

o \..E,.__ ===
0 .0.25 0.5 075 1 1.25 1.5 1.75 2 2.25 2.5
' VOLTAGE OFFSET (V) '

o
r
-
T
'
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li

TL/W/12339-8

1D-Ta, (PA)

CURRENT (mA)

% Mismatch

Ip, TRI-STATE vs D, Voltage

1500
1250
e
1000 T=490°C
"]
750 /,
300 // . T=+70° -
250 —
= o,
of// T=+25°C
-250
~500
0 1 2 3 4 5 6
Dy VOLTAGE (V)
TL/W/12339-5
Charge Pump Current vs D, Voltage
4
3 /—
2 A \\
, '\ Vo = 3.3V
1
. )—vp =2.7v| ) Vo= 3.0V \
! [T
R
-2 Z / - ,/
—
-3
-4
0 0.5 1 1.5 2 25 3 3.5
. Do VOLTAGE (V)
TL/W/12338-7
Sink vs Source Mismatch vs D, Voltage
25
20
15
10
S N
o A= Vo = 5.0V
s N ———
-10 Vp = 3.0V \‘\
-15 \ \
-20 I
-25

0 05 1 1.5 2 25 3 35 4 45 5
D, Voltage (V)
TL/W/12338-9
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LMX2320/LMX2325

Typical Performance Characteristics (continued)

Input Sensitivity vs Frequency ) Input Sensitivity vs Frequency
-10 } } -10
-15 -15
Ve = 3.0V Voo = 3.3V (71
‘ \ -eer
O N = 2y ) \ P S0 ¥2=3 \
E cc - 4 -5 E o° “ead! Van = 5.5V
§ T 27 g . cc = 8.5
z {7 P P R bl POt = Vee = 5.0V
= -, —— - e ] cc = 5. )
-30 _,4'_,, o -30
-35 -35
-40 - -40
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Frequency (MHz) . Frequency (MHz)
TL/W/12339-10 TL/W/12339-11
Input Sensitivity at Temperature = . Input Sensitivity at Temperature
Variation, Ve = 3V Variation, Vg¢ = 5V
-10 | -10 -
T ’ cd
-15 _— w
’— "
=20 )
i T= E
% _25 %
:E . 7 :_; \= +85°C
1d -"
-30 ,_,:.__ ssae — .
" . ) T = +25°C
-35 -35
-40 - -40
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Frequency (MHz) Frequency (MHz)
TL/W/12339-12 TL/W/12339~13
Oscillator Input Sensitivity ’ LMX2320/25 Input Impedance vs Frequency
0 0.63 Vee = 2.7Vto 5.5V, fiy = 500 MHz to 3000 MHz
-5 0.35
-10 0.2
CRESE] D - 011~
@ - o
S .20 i F N N S S . =
z |
s -2 Voo = 5.5V z
= .3 7 =
£ |1 — g
& =35 vccTz 7V e g
-40 I L
-45 ~]

1 S 10 15 20 25 30 35 40 45 50
FREQUENCY (MHz)

TL/W/12339-14

TL/W/12339-15

1 = 1.5 GHz, Real = 48,Im = —128
2 = 1.8 GHz, Real = 44, Im = —102
3 = 2.0 GHz, Real = 42, Im = —90
4 = 2.5 GHz, Real = 36, Im = —-72
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Charge Pump Current Specification Definitions

. '
. ] 1
1 1
]
] t
13 1 _/ i
124 ' '
11— y i
] 1
] I
) 1
1 1
] [l
1 1
—_— ] 1
< ) |
3 ! |
= VOLTAGE '
o OFFSET ) |
5 av ' !
] 1
o 1] 1
] 1
1 I
1 : ‘ !
15 T |

! > A

] 1
] 1
] 1
] 1
1 1

0 AV Ve/2 Vo-av Ve

Dg Voltage

11 = CP sink current at Vp, = Vp — AV
12 = CP sink current at Vp, = Vp/2
I3 = CP sink current at VD° AV

[

14 = CP source current at Vp,
15 = CP source current at Vo,
" 18 = CP source current at Vp,

TL/W/12339-16
=Vp - AV
= Vp/2
= AV

AV = Voltage offset from positive and negative rails. Dependent on VCO tuning range relative to Vg and ground. Typical values are between 0.5V and 1.0V.

1. 'Do vs VD0 =

2. Ipg.gink Y8 1Dg.50urce =
th2| — Nisl)/tvz * tha2 + |1s[31 * 100%

Charge Pump Output Current magnitude variation vs Voltage =
% * 11| = 31/1%2 * (1] + [13])] * 100% and [1;*
Charge Pump Output Current Sink vs Source Mismatch =

l14] = Nel1/1Yz * (4] + |161}] * 100%

3. I;;o vs To = Charge Pump Output Current magnitude variation vs Temperature =
(|12 @ temp| — |12 @ 25°C|}/|I2 @ 25°C| * 100% and [|i5 @ lempl - |15 @ 25°C|)/(15 @ 25°C| * 100%

4.Ké = Phase detector/charge pump gain constant =
e+ {i2] + [15))

RF Sensitivity Test Block Diagram

13dB ATTN

RF 500
SMHU 835.8011.52
Signal Generator

10 MHz EXT REF OUT
|

LMX2320/LMX2325
Eveluation Board
CLOCK fix 0 100p
Parallel DATA —'M—"—
PC Port (E
C
T VCC 0.014
— il | s I
12k
HP5385A N 2.2u 2.24
Frequency Counter [ 100 T00
39k L Looe [ It P_L =
LI I |I I

2,7V=—5.0V

TL/W/12339-17

Note 1: N =
Note 2: Sensitivity limit i

10,000 R =

50 P =64
s reached when the error of the divided RF output, foyr, is greater than or equal to 1 Hz.
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LMX2320/LMX2325

Functional Description

The simplified block diagram below shows the 19-bit data register, the 14-bit R Counter and the S Latch, and the 18-bit
N Counter (intermediate latches are not shown). The data stream is clocked (on the rising edge) into the DATA input, MSB first.
If the Control Bit (last bit input) is HIGH, the DATA is transferred into the R Counter (programmable reference divider) and the
S Latch (prescaler select: LMX2320: 64/65 or 128/129; LMX2325 32/33 and 64/65). If the Control Bit (LSB) is LOW, the DATA
is transferred into the N Counter (programmable divider).

05Gy > 0s¢ 14-BIT >
1 7 r
05Coyr 4 R COUNTER

3

y

ﬁ > o
cLock ————}
19-BIT 1-8IT PHASE CHARGE
Le ™ oata recister | | 's Latcu COMP. pune [ D
DATA ——»] T
v > %
A 4

18-BIT R
fix —>| PRESCALER -] | cofr —DD > 1,

PROGRAMMABLE REFERENCE DIVIDER (R COUNTER) AND PRESCALER SELECT (S LATCH)

If the Control Bit (last bit shifted into the Data Register) is HIGH, data is transferred from the 19-bit shift register into a 14-bit
latch (which sets the 14-bit R Counter) and the 1-bit S Latch (S15, which sets the prescaler: 64/65 or 128/129 for the LMX2320;
or 32/33 or 64/65 for the LMX2325). Serial data format is shown below.

TL/W/12339-18

l_ Control bit (LSB) Divide ratio of prescaler control bit (MSB) —l

Cls|s|sSs|S}|s|Ss|S|S]|S|S}s{s]|s]|s]s
1 2134567891011 ]12]13])14]15

|— Divide ratio of the programmable reference divider ——l

TL/W/12339-6

14-BIT PROGRAMMABLE REFERENCE DIVIDER RATIO

(R COUNTER)
l:;ivifle sls|slslslslslslslslsls|sls Prescaler Select 135
:'° 141312/ 11| 10[9|8|7|6|5[4|3|2]|1 _ | LMX2320 | LMX2325 ‘

128/129 64/65 0
64/65 32/33 1

3 o(fojo|o|loOo|o|OofO|OfO|O|O|1]|1
4 ofojo|oOo|O|0Of0|O|O|OfOf1]|O]O

16383 | 1 1 [ 11 [ 11 {11 1[1]1[1[1(|1

Notes: Divide ratios less than 3 are prohibited.
Divide ratio: 3 to 16383

S1 to S14: These bits select the divide ratio of the programmable
reference divider. .

C: Control bit (set to HIGH level to load R counter and S Latch)
Data is shifted in MSB first.
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Functional Description (continued)

PROGRAMMABLE DIVIDER (N COUNTER)

The N counter consists of the 7-bit swallow counter (A counter) and the 11-bit programmable counter (B counter). If the Control
Bit (last bit shifted into the Data Register) is LOW, data is transferred from the 19-bit shift register into a 7-bit latch (which sets
the 7-bit Swallow (A) Counter) and an 11-bit latch (which sets the 11-bit programmable (B) Counter). Serial data format is shown

below.
l— Control bit (LSB) MSB —l

Clpsj|sy|s|s]|ss|s|s]|s|s]|s]|s]|s|s]|]s]|sSs]|]s]s

GZETXINT/02EZXINT

1 2 3 4 5 6 7 8 g |10 111213 |14 |15]16|17]18
l—— Divide ratio of swallow —|7 Divide ratio of programmable —|
counter counter

TL/W/12339-20
Note: S8 to S18: Programmable counter divide ratio control bits (3 to 2047)

7-BIT SWALLOW COUNTER DIVIDE RATIO 11-BIT PROGRAMMABLE COUNTER DIVIDE RATIO

(A COUNTER) (B COUNTER)

';"’:f"sssssss [:"i:’esssssssssss
:°7654321 a;;°1317161514131211109:3
o |o|lo|ofo|o|o|o 3 [o]oflo|lo|o|lojo|lo]|o]1]1
1 |o]ololo|o|o]1 4 |o|loJo|lo|o]jolo|lo]|1]0]0
L ] L] [ ] L ) [} [ ) L ] L] L] L] L] L] L ] L ] L ] [ ] L] L] L] [ ]
1227 11| [1{1]1]1 2047 {1 |11t l1f1]1]1

Note: Divide ratio: 0 to 127 Note: Divide ratio: 3 to 2047 (Divide ratios less than 3 are prohibited)
B=>A B>A

PULSE SWALLOW FUNCTION

fvco = [(P X B) + A] X fosc/R
fvco: Output frequency of external voltage controtled oscil-
lator (VCO)

B: Preset divide ratio of binary 11-bit programmable
counter (3 to 2047).

A: Preset divide ratio of binary 7-bit swallow counter
0<A<127,A<B)

fosc: Output frequency of the external reference frequency
oscillator

R: Preset divide ratio of binary 14-bit programmable ref-
erence counter (3 to 16383)

P: Preset modulus of dual modulus prescaler (64 or 128
for 2320 or 32 or 64 for 2325)

1-51



LMX2320/LMX2325

Functional Description (continued)
SERIAL DATA INPUT TIMING

DATA  N18: MSB)(NW

oy ns D

" CONTROL BIT: LSB

(R15: MSB) (R14) (rR8

1L fl

CLOCK

(R6) (R1) cONTROL BIT: LSB

1 fl

(R7)

LE -

f1_fL
S [

LE—l

:ﬂ
ST

A

Notes: Parenthesis data indicates programmable reference divider data.
Data shifted into register on clock rising edge.
Data is shifted in MSB first.

TL/W/12339~-21

'

Test Conditions: The Serial Data Input Timing is tested using a symmetrical waveform around Vcg/2. The test waveform has an edge rate of 0.6 V/ns with
amplitudes of 2.2V @ Vg = 2.7V and 2.6V @ Voo = 5.5V.

Phase Characteristics
In normal operation, the FC pin is used to reverse the polari-
ty of the phase detector. Both the internal and any external
charge pump are affected.
Depending upon VCO characteristics, FC pin should be set
accordingly:
When VCO characteristics are like (1), FC should be set
HIGH or OPEN CIRCUIT;
When VCO characteristics are like (2), FC should be set
LOW. )
When FC is set HIGH or OPEN CIRCUIT, the monitor pin of
the phase comparator input, fout, is set to the reference
divider output, f. When FC is set LOW, fo is set to the
programmable divider output, fp.

VCO Characteristics
A

(1)

vco
OUTPUT
FREQUENCY

(2)

VCO INPUT VOLTAGE
TL/W/12338-22

PHASE COMPARATOR AND INTERNAL CHARGE PUMP CHARACTERISTICS

. 1L

-~

I L1 L1 |

-

S I O

L il i

° U I u U

[ I

e S S S S

A =1 1,

Notes: Phase difference detection range: —2 to +2m

<f f

A L < <t
TL/W/12339-23

The minimum width pump up and pump down current pulses occur at the Dy, pin when the loop is locked.

FC = HIGH




Analog Switch

The analog switch is useful for radio systems that utilize a frequency scanning mode and a narrow band mode. The purpose of
the analog switch is to decrease the loop filter time constant, allowing the VCO to adjust to its new frequency in a shorter
amount of time. This is achieved by adding another filter stage in parallel. The output of the charge pump is normally through the
Do, pin, but when LE is set HIGH, the charge pump output also becomes available at BISW. A typical circuit is shown below. The
second filter stage (LPF-2) is effective only when the switch is closed (in the scanning mode).

I CHARGE PUMP =

ANALOG SWITCH

CONTROL SIGNAL : LE

P N

DO
B :'I LPF-1 I——bl vCo |
<b
3 10k
LPF-2
) -
BISW _L

Typical Crystal Oscillator Circuit

A typical circuit which can be used to implement a crystal
oscillator is shown below.

0SGy  0SCour

L
==}

TL/W/12339-25

TL/W/12339-24

Typical Lock Detect Circuit

A lock detect circuit is needed in order to provide a steady
LOW signal when the PLL is in the locked state. A typical
circuit is shown below.

Vee

MMBT200

LOCK
DETECT

TL/W/712339-26
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LMX2320/LMX2325

Typical Application Example

Operatlonal Notes:

External Charge -
Pump Circuit : . N
(optional, see text) B ;

e FROM
® CONTROLLER

o fewon [ Jrowr Jasv Jre fie Joana Jxe [erock .

20 19 18 17 16 15 14 13 12 1 ’ ol

LMX2320/2325
1 2 3 4 s 5 7 8 9 10
J_osc]N [ loseur [% Ve
1000p w | v

GND LD INC fin
AAA
i .. VWA
Rin"

LOCK DETECT
. CIRCUIT @ LOCK DETECT

(SEE TEXT) o
. » I veo* |—>—”—> '
L l
VCO is assumed AC coupled.

RN increases impedance so that VCO output power is provided to the load rather than the PLL. Typical values are 108 to 2000 depending on the VCO power

tevel. fiy RF impedance ranges from 400 to 100Q.

500 termination is often used on test boards to allow use of external reference oscillator. For most typncal products a CMOS clock is used and no terminating

(esrstor is required. OSCjy may be AC or DC couplad. AC coupling is recommended because the input circuit provides its own bias. (See Figure below)
100k0

AAA
AAAl

2y J *—
510 100p| 0.1u] 0.1 ] 100p
—— CRYSTAL 0SC. H F
- INPUT

AAA
VVV

R2

c1 CS

||H|—'w»-<-

TL/W/12339-27

in out

TL/W/12339-28
Proper use of grounds and bypass capacitors is ial to achi a high level of performance.
Crosstalk between pins can be reduced by careful board layout.
This is a static sensitive device. It should be handled only at static free work stations.




Application Information

LOOP FILTER DESIGN
A block diagram of the basic phase locked loop is shown.
N4

PHASE
DETECTOR

LOOP FILTER veo

Qo]
1/R .
| D |,

f
CRysraL |  REFERENCE b

REFERENCE-]  DIV/DER

reference -
frequency

Frequency |

r
|
| Synthesizer |
8 4

FIGURE 1. Basic Charge Pump Phase Locked Loop

An example of a passive Ibop filter configuration, including
the transfer function of the loop filter, is shown in Figure 2.

R2

::[-‘.-023\ | .

TL/W/12339-30

01-1:‘-

s(C2eR2) + 1
s2 (C1eC2eR2) + sC1 + sC2
: FIGURE 2. 2nd Order Passive Filter

Define the time constants which determine the pole and
zero frequencies of the filter transfer function by letting

T2 = R2eC2
and

2(s) =

(1a)

CleC2

C1 + C2 (1b)
The PLL linear model control circuit is shown along with the
open loop transfer function in Figure 3. Using the phase
detector and VCO gain constants [Ké and Kycol and the
loop filter transfer function [Z(s)], the open loop Bode plot
can be calculated. The loop bandwidth is shown on the
Bode plot (wp) as the point of unity gain. The phase margin
is shown to be the difference between the phase at the unity
gain point and —180°.

T1=R2e

©,

TL/W/12339-32
Open Loop Gain = 6i/8¢ = H(s) G(s)
= K¢ Z(s) Kyco/Ns
Closed Loop Gain = 8,/6; = G(s)/[1 + H(s) G(s)]

TL/W/12339-29

-Gain Phase
[6(s) H(s)| <6(s) H(s)
Y
‘ 0dB
-90
(
% T
L -180
Frequency

TL/W/12339-31
FIGURE 3. Open Loop Transfer Function

Thus we can calculate the 3rd order PLL Open Loop Gain in
terms of frequency :

—KpoKyco(1 +jweT2) T1
G(s) ® H(s)ls =jew = 0)201 *N(1 £ jweT1) .?2- @
From equation 2 we can see that the phase term will be
dependent on the single pole and zero such that
$(w) =tan—1 (w e T2) —tan—1 (w ¢ T1) + 180° (3)

By setting

dé _ T2 _ T1 -0

do 1+ (weT22 1+ (weT1)2 4)
we find the frequency point corresponding to the phase in-

flection point in terms of the filter time constants T1 and T2.
This relationship is given in equation 5.
wp = 1/{T2eT1 (5)
For the loop to be stable the unity gain point must occur
before the phase reaches —180 degrees. We therefore
want the phase margin to be at a maximum when the magni-
tude of the open loop gain equals 1. Equation 2 then gives
_ Ko eKvcoe Tt I + jep  T2)|l
wp2 e NeT2 |i(1 + jop o T1) ®)

C1
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LMX2320/LMX2325

Application Information (continued)

Therefore, if we specify the loop bandwidth, wp, and the
phase margin, ¢p, Equations 1 through 6 allow us to calcu-
late the two time constants, T1 and T2, as shown in equa-
tions 7 and 8. A common rule of thumb is to begin your
design with a 45° phase margin.

T = secdp — tandp -

Wp @
1
wp2e T - (8)
From the time constants T1, and T2, and the loop band-

T2 =

width, wp, the values for C1, R2, and C2 are obtained in

equations 9 to 11.

C1=—1 Ko ¢ Kvco f1 +(wp¢T22

T2 wp2eN V1+ (@peT1)2 ©)
T2 ‘
°2‘°"(ﬁ“) (10)
T2
R2=2%2 (1)
Kvco (MHz/V) Voltage Controlled Oscillator (VCO)

Tuning Voltage constant. The fre-
quency vs voltage tuning ratio.

Phase detector/charge pump gain
constant. The ratio of the current out-
put to the input phase differential.

N Main divider ratio. Equal to RFqpt/fref

Ké (mA)

RFgpt (MHz) Radio Frequency output of the VCO at
which the loop filter is optimized.
fref (kH2) Frequency of the phase detector in-
puts. Usually equivalent to the RF
channel spacing.
T2=

w2e (T1 + T3)

In choosing the loop filter components a trade off must be
made between lock time, noise, stability, and reference
spurs. The greater the loop bandwidth the faster the lock
time will be, but a large loop bandwidth could result in higher
reference spurs. Wider loop bandwidths generally improve

" close in phase noise but may increase integrated phase

noise depending on the reference input, VCO and division
ratios used. The reference spurs can be reduced by reduc-
ing the loop bandwidth or by adding more low pass filter
stages but the lock time will increase and stability will de-
crease as a result.

THIRD ORDER FILTER

A low pass filter section may be needed for some applica-
tions that require additional rejection of the reference side-
bands, or spurs. This configuration is given in Figure 4. In
order to compensate for the added low pass section, the
component values are recalculated using the new open
loop unity gain frequency. The degradation of phase margin
caused by the added low pass is then mitigated by slightly
increasing C1 and C2 while slightly decreasing R2.

The added attenuation from the low pass filter is:

ATTEN = 20 log[(27fef *R3*C3)2 + 1]  (12)
Defining the additional time constant as
T3 =R3eC3 (19)

Then in terms of the attenuation of the reference spurs add-
ed by the low pass pole we have

' ATTEN/20 —
T3 = 10 1
(27 o fre)2
We then use the calculated value for loop bandwidth w¢ in
equation 11, to determine the loop filter component values

in equations 15-17. o is slightly less than wp, therefore
the frequency jump lock time will increase.

(14)

(15)

tang » (T1 + T3)
[(T1+T3)2 + T1eT3]

Ve

(1 + 020T22)

We =

RIUERCERICEN ]
[tan4> (T1 + T3)]2

T1,Ke*Kvco,
T2 2N

[(1 + 0o T12) (1 + coc2°T32)]

(16)

-(17)
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Application Information (continued)
Consider the following application example:
Example #1

Kvco = 34 MHz/V

K¢ = 2.8 mA (Note 1)

RFopt = 1665 MHz

Frof = 300 kHz

N = RFop/fret = 5550

wp = 2w * 20 kHz = 1.256e5

¢p=43

ATTEN = 12dB

T

= Secé —tand _ 5 4626—6

“p

70012/20) — 1
Ta= (D1 _ g 160
Vi@n ea00e3z _ %77

tan43 (3.862e—~6 + 9.166—7)

@¢ = (346266 + 9.166—7)2 + 3.4620—6 ¢ 0.166—7)
. [\/1  B.4620—6 T 9.160=7)? + 3.4620—6°9.160—7 _ 1]
' [tan43 (3.4620—6 + 9.160—7)]2 '
1
= = 2.4376—5
T2 = (068202)2 (3.4620—6 + 9.160-7) _ >o7® ‘ - o
oy - 346206 (280-3) ¢ 3406 _ [1 + (9.68204)2 o (2.4370—5)2] %
2.4376—5 (9.68204)2 # 5550 | [1 + (9.68204)2 (3.4620—6)2] [1 + (9.68204)2 » (9.160—7)2]
= 0.63 nF
2.4376—5
=o. 2297873 1) =388nF;
C2 = 0.63nF (3.4029—6 1) 3.88 nF;
2.4376—5
=220 628k
R2 = Z8so—0 ~ 028
160—7
if we choose R3 = 27k; then C3 = m = 34 pF.
2763

Converting to standard component values gives the follow-
ing filter values, which are shown in Figure 4.

C1 = 560 pF
R2 = 6.8kQ
C2 = 2700 pF
R3 = 27 kQ
€3 = 56 pF

Note 1: See related equation for K in Charge Pump Current Specification
Definitions. For this example Vp = 3.3V. The value for K¢ can then
be approximated using the curves in the Typical Performance Char-
acteristics for Charge Pump Current vs. Do Voltage. The units for
K¢ are in mA. You may also use K$ = (2.8 mA/2w rad), but in this
case you must convert Kvco to (rxd/V) multiplying by 27,

27k

560 pF

--_E‘ 27oo§r 1:
= I | =

- FIGURE 4. ~ 20 kHz Loop Fiiter

6.8k 56 pF

TL/W/12339-33

GZECXINT/02EZXINT




LMX2320/LMX2325

Application Information (continued)

MEASUREMENT RESULTS

MKR 3 00 kHz
REF -9.5dBm ATTEN 1 0dB ~66. 00dB
10a8/ | | |
SAMPLE | MARKER
3 00 kHz
-66. 00 dB A
VID AVG
100 T\
l, \\
\// \\J

SPAN 1. 00 kHz
SWP 3 00 msec
TL/W/12339-34
FIGURE 5. PLL Reference Spurs

The reference spurious level is < —65 dBc, due to the loop

filter attenuation and the low spurious noise level of the
LMX2320. '

CENTER 1.668 9 0 GHzMHz
RES BW 3 kHz VBW 1 OkHz

MKR 20. 0 kHz
REF -9.5dBm ATTEN 1 0dB -50.2 0 dB
10a8/ [ | |
SAMPLE | MARKER
20. 0 kHz
-50.2 0 dB
VID AVG
100 N
N
// N

CENTER 1.668 9 00 GHz
RES BW 1 kHz VBW 3 kHz

SPAN 1 00 kHz
SWP 3 00 msec
TL/W/12339-36
FIGURE 6. PLL Phase Noise 20 kHz Offset

The phase noise level at 20 kHz offset is —80 dBc/Hz.

MKR 15 0 kHz

REF -9.5dBm ATTEN 1 0dB  -71.1 0dB

10a8/ | | | i
T
SAMPLE | MARKER
15 0 kHz
-71.1 0 dB
VID AVG
3 il
L
CENTER 1.668 9 00 76 GHz SPAN 1. 00 kHz

RES'BW 1 0'Hz VBW 30 Hz SWP 3 0. Osec
TL/W/12339-35

FIGURE 7. PLL Phase Noise @ 150 Hz Offset
The phase noise level at 150 Hz offset is —81.1 dBc/Hz.

The spurs at 60 and 180 Hz offset are due to 60 Hz line
noise from the power supply.

1.683905781GHz

1.683900781 GHz
|

1.683895781GHz L. T ...
Oms 2.444ms 7.444 ms
1.000 ms/div_
Ty =77.8 us Ty 244 us A 322 us

F 1.683901750(§Hz F, 1.683899781GHz A -1.969kHz

TL/W/12339-37
FIGURE 8. Frequency Jump Lock Time

Of concern in any PLL loop filter design is the time it takes
to lock in to a new frequency when switching channels. Fig-
ure 8 shows the switching waveforms for a frequency jump
of 1650.9 MHz to 1683.9 MHz. By narrowing the frequency
span of the HP53310A Modulation Domain Analyzer en-
ables evaluation of the frequency lock time to within
+1 kHz. The lock time is seen to be less than 500 us for a
frequency jump of 33 MHz.
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Application Information (continued)
EXTERNAL CHARGE PUMP

The LMX PLLatinum series of frequency synthesizers are
equipped with an internal balanced charge pump as well as
outputs for driving an external charge pump. Although the
superior performance of NSC's on board charge pump elim-
inates the need for an external charge pump in most appli-
cations, certain system requirements are more stringent. In
these cases, using an external charge pump allows the de-
signer to take direct control of such parameters as charge
pump voltage swing, current magnitude, TRI-STATE leak-
age, and temperature compensation.

One possible architecture for an external charge pump cur-
rent source is shown in Figure 9. The signals ¢p and ¢ in
the diagram, correspond to the phase detector outputs of
the 2320/25 frequency synthesizers. These logic signals
are converted into current pulses, using the circuitry shown
in Figure 9, to enable either charging or discharging of the
loop filter components to control the output frequency of the
PLL.

Referring to Figure 9, the design goal is to generate a 5 mA
current which is relatively constant to within 5V of the power
supply rail. To accomplish this, it is important to establish as
large of a voltage drop across R5, R8 as possible without
saturating Q2, Q4. A voltage of approximately 300 mV pro-
vides a good compromise. This allows the current source
reference being generated to be relatively repeatable in the
absence of good Q1, Q2/Q3, Q4 matching. (Matched tran-
sistor pairs is recommended.) The ¢p and ¢r-outputs are
rated for a maximum output load current of 1 mA while 5 mA
current sources are desired. The voltages developed across
R4, 9 will consequently be approximately 258 mV, or 42 mV
less than R8, 5, due to the current density differences
{0.026*1n (5 mA/1 mA)} through the Q1, Q2/Q3, Q4 pairs.

In order to calculate the value of R7 it is necessary to first
estimate the forward base to emitter voltage drop (Vin,p) of
the transistors used, the Vg drop of ¢p, and the Vop drop
of ¢r's under 1 mA loads. (¢p’s Vo, < 0.1V and (¢r,s Vo
< 0.1V).

Knowing these parameters along with the desired current
allow us to design a simple external charge pump. Separat-

ing the pump up and pump down circuits facilitates the no-

dal analysis and give the following equations.

i
VRs — Ve 1n( isource)
R4 = : E max
Isource

Vg — VT ® 1n(i'sﬂ_)
Rg = i n max
Isink

VRs ® (Bp + 1)

Rg = - "
ipmax ® (Bp + 1) — isource
Re = VRg ® (Bn + 1)
irmax ® (Bn + 1) isink
Re = (Vp — VwoLep) — (VRs + Vip)
ip max ‘
Ry = (Ve — VvoHgp) — (VRe + Vin)

Imax

EXAMPLE

Typical Device Parameters B =100, 8, = 50

Typical System Parameters Vp = 5.0V,

. Vel =.0.5V-4.5V;
Vgp = 0.0V, Vgr = 5.0V
IsiNk = Isource = 5.0 mA;
Vin = Vip = 0.8V
rmax = lpmax = 1 MA
VRs = Vps = 0.3V
Vorgp = VoHgp = 100 mV

Design Parameters

Loop -
Fil!aF:'

TL/W/12339-39
FIGURE 9 )

Therefore select

0.3V — 0.026 ® 1n(5.0 mA/1.0 mA)

Ry = Rg = — = 51.60
0.3V (50 + 1)

Rg = = 3320

5 T I0mA«(50 + 1) — 5.0mA
0.3V # (100 + 1)

Ba = = :

B = TOmA= (100 + 1) —50mA _ o160
5V — 0.1V) — (0.3V + 0.8

Rg = Ry = ) — ¢ M) _ 38ka

1.0mA
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LMX2330A/LMX2331A/LMX2332A

&National Semicondu

LMX2330A/LMX2331A/LMX

PRELIMINARY
ctor : ‘

2332A

PLLatinum™ Dual Frequency Synthesizer

LMX2330A 2.5 GHz/510 MHz
LMX2331A 2.0 GHz/510 MHz
LMX2332A 1.2 GHz/510 MHz

General Description

The LMX233xA family of monolithic, integrated dual fre-
quency synthesizers, including prescalers, is to be used as a
local oscillator for RF and first IF of a dual conversion trans-
ceiver. It is fabricated using National's ABIiC IV silicon

- BiCMOS process.

The LMX233xA contains dual modulus prescalers. A 64/65
or a 128/129 prescaler (32/33 or 64/65 in the 2.5 GHz
LMX2330A) can be selected for the RF synthesizer and a
8/9 or a 16/17 prescaler can be selected for the IF synthe-
sizer. Using a digital phase locked. loop technique, the
LMX233xA can generate a very stable, low noise signal for
the RF and IF local oscillator. Serial data is transferred into
the LMX233xA via a three wire interface (Data, Enable,
Clock). Supply voltage can range from 2.7V to 5.5V. The
LMX233xA family features very low current consumption;
LMX2330A—13 mA at 3V, LMX2331A—12 mA at 3V,
LMX2332A—8 mA at 3V.

The LMX233xA are available in a TSSOP 20-p|n surface
mount plastic package.

for RF Personal Communications

Features

W 2.7V to 5.5V operation

B Low current consumption

B Selectable powerdown mode:
lcc = 1 pA typical at 3V

m Dual modulus prescaler:

LMX2330A (RF) 32/33 or'64/65
LMX2331A/32A (RF) 64/65 or 128/129°
LMX2330A/31A/32A (IF) 8/9 or 16/17 :

m Selectable charge pump TRI-STATE® mode
] Selectabl_e Fastlock™ mode

Applications

B Portable Wireless Communications
(PCS/PCN, cordless)

m Cordless and.cellular telephone systems

m Wireless Local Area Networks (WLANS)

| Cable TV tuners (CATV)

m Other wireless communication systems

Functional Block Diagram

— Jis-emr R .
fin IF Prescalar 7| N COUNTER PHASE { CHARGE o I
1 4 N " o | >0,
1| B ! A 4
} IF
15=BIT IF b —
R COUNTER <
—> | o] Lock F Lo
ol Detect  f—>F|
- - »| Fastiock
| RF »| MUX
| 15-BIT RF I o
7] R COUNTER - 'y
| \
PHASE o| CHARGE 0. RF
RF 5| 18-BIT RF | cowe. » “oukp >0, R
fiy RF =y Prescalar V| N COUNTER > / I
- | y Y
CLOCK > 22-8iT R
DATA ${ DATA REGISTER »] FASTLOCK
LE >

TL/W/12331-1




-
. - =
Connection Diagram >
Thin Shrink Small Outline Package (TM) 8
>
Voo 1= O 20 = Vee2 =
Ve1—2 19]=vp2 =
>
D, RF—P 18 =D, IF N
w
GND—{ 4 17 |~ GND w
>

iy RF—{5  Top View 16|—f, IF
fl_N RF=—{6 P 15 fl‘N IF =

IN _1 [~ IN

=
GND—{7 14]—=GND <
n
0sC,,—{8 13f=LE s
]
GND~— 9 12 p=Data N
FoLD—]10 11}—Clock >

TL/W/12331-2
Order Number LMX2330ATM, LMX2331ATM or LMX2332ATM

NS Package Number MTC20
Pin Description
PinNo. | PinName | I/0 |. ' Description

1 Veel —_— Power supply voltage input. Input may range from 2.7V to 5.5V. Vgg1 must equal Vog2. Bypass
capacitors should be placed as close as possible to this pin and be connected directly to the
ground plane.

Vpi —_ Power Supply for RF charge pump. Mustbe > Vge. .

3 Do RF o Internal charge pump output. For connection to a loop filter for driving the input of an external
VCO. ' :

4 GND — Ground.

5 fiy RF | RF prescaler input. Small signal input from the VCO.

6 finRF | RF prescaler complimentary input. A bypass capacitor should be placed as close as possible to
this pin and be connected directly to the ground plane. Capacitor is optional with some loss of
sensitivity.

GND — Ground.

8 0sCi, - | Oscillator input. The input has a Vgc/2 input threshold and can be driven from an external
CMOS or TTL logic gate.

9 GND - Ground.

10 FolLD (o} Multiplexed output of the RF/IF programmable or reference dividers, RF/IF lock detect signals
and Fastlock mode. CMOS output (see Programmable Modes).

11 Clock | High impedance CMOS Clock input. Data for the various counters is clocked in on the rising
edge, into the 22-bit shift register.

12 Data | Binary serial data input. Data entered MSB first. The last two bits are the control bits. High
impedance CMOS input.

13 LE | Load enable CMOS input. When LE goes HIGH, data stored in the shift registers is loaded into
one of the 4 appropriate latches (control bit dependent).

14 GND — Ground.

15 finIF | IF prescaler complimentary input. A bypass capacitor should be placed as close as possible to
this pin and be connected directly to the ground plane. Capacitor is optional with some loss of
sensitivity.

16 finIF | IF prescaler input. Small signal input from the VCO.

17 GND — Ground.

18 Dy IF (0] IF charge pump output. For connection to a loop filter for driving the input of an external VCO.

19 Vp2 — Power Supply for IF charge pump. Must be > Vc.

20 Vee2 —_ Power supply voltage input. Input may range from 2.7V to 5.5V. Vg2 must equal Vee1. Bypass
capacitors should be placed as close as possible to this pin and be connected directly to the
ground plane.
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LMX2330A/LMX2331A/LMX2332A

Block Diagram
Vont 1X ¥ 4X Fout/ 1X W 4X Vor2
ce RF Cherge R L°:_k [::“:t/ 7 IF Charge ce
I astloc| <
X Pump Lock " Multiplexer M Lock Pump X
2 Detect Detect 9 19
Vet ™\ LY AL Vo2
=k drig i D ¢y 2
PU PY
RF € Fri Fr2 > If
3 I Phase g . FP1 Fp2 | Phase | 18
D, RF 5 _PD Detector [ "1 Detector PD I ) D, IF
A Y K
P L
GND Swallow Swallow GND
Controt Control
t RF 5 Programmable Programmable IF Prescalar 16 0
N RF Prescaler —»|  18-Bit (RF)  |— 1 15-Bit (F) e (8/90r IN
N=-Counter N-Counter 16/17)
i R 2 ? } 13
IN - . R N iN
1-eit rF- T 1-5it P11 (RF) 18-Bit N-Latch I l (IF) 15-Bit N-Latch J~1y_git py 1-Bit IF
PWDN Latch A Laich PWDN 4
, ‘| 5-Bit Mode Latch |4~ 15-Bit Ri-Latch |« : ‘
, T T3
8 Program m* 15-Bit Leteh —
. rogrammable 15-Bi |
0SG, WE—DO- (R1) Reference Counter I_ Decode LE
2 7 Y
‘b x
GND 9 Programmable 15-Bit 1 -
(R2) Reference Counter | ” I 20-8it Shift Register k__ 2-8it 12 Data
Control . . .
5-Bit Mode Latch 15-Bit R2 Latch = Latch 4,_|-—
10 - ‘
11
FolD 4——| f 2 R Clock

Note 1: The RF prescalar for the LMX2331A/32A is either 64/65 or 128/129, while the prescalar for the LMX2330A is 32/33 or 64/65.

Note 2: Vo1 supplies power to the RF prescaler, N-counter and phass detector. Vcc2 supplies power to the IF prescaler, N-counter and phase detector, RF and
IF R-counters along with the OSC) buffer and all digital circuitry. Vcc1 and Vo2 are separated by a diode and must be run at the same voltage level.

Note 3: Vp1 and Vp2 can be run independently as long as Vp = Vce.

TL/W/12331-27
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Absolute Maximum Ratings (Note 1) Recommended Operating %
please. sontact the. Natonal. Semcondustor Saes  Conditions g
gfef?::lb(l::tr:lbutors for avallability and specifications. P °\‘;’:é Supply Voltage 2TV 1055V g
Power Supply Voltage Vp Vegto +5.5V E

Vee :0.3V to +6.5V Operating Temperature (Ta) —40°Cto +85°C <
M . 0.3Vto +6.5v Note 1: Absolute Maximum Ratings indicate limits beyond which damage to 8
Voltage on Any Pin the device may occur. Recommended Operating Conditions indicate condi- W
with GND = 0V (V) —0.3Vto +6.5V tions for which the device is intended to be functional, but do not guarantee ;
Storage Tamperaturo Ranga (o)~ ~65Cto +150C  eciepeiomaree ki Fr guement oteniors wo o | 5
Lead Temperature (solder 4 sec.) (Tp) +260°C only for the test conditions listed. E
Electrical Characteristics vcc = 3.0v, vp = 3.0v; —40°C < Ta < 85°C, except as specified §
N
Symbol Parameter Conditions Value Units >
Min Typ| Max
lcc Power LMX2330A RF + IF | Voo = 2.7V t0 5.5V ' 13 )
Pl LMX2330A RF Only 10
LMX2331ARF + IF 12
LMX2331A RF Only 9 mA
LMX2332A IF + RF : . ) 8
LMX2332A RF Only 5
LMX233XA IF Only 3
lcc-pwpn | Powerdown Current Vce = 3.0V 1 25 HA
fin RF Operating LMX2330A 500 25
Frequency | tMx2331A 200 20 | GHz
LMX2332A 100 1.2
fin IF Operating LMX233XA 45 510 MHz
Frequency

fosc Maximum Oscillator Frequency 40 MHz

fo 'h:Aaximum Phase Detector 10 MHz

requency

Pfin RF | RF Input Sensitivity Vee = 3.0V -15 +4 dBm

Vee = 5.0V -10 +4 dBm

Pfin IF IF Input Sensitivity Vce = 2.7Vto 5.5V -10 +4 dBm

Vosc Oscillator Sensitivity 0SCi 0.5 Vpp

ViH High-Level Input Voitage * 0.8Vce \

ViL Low-Level Input Voitage * 02Vec| V

4 High-Level Input Current ViH = Vgc = 5.5V* -1.0 1.0 pA

IR Low-Level Input Current Vi =0V, Vg = 5.5V* -1.0 1.0 HA

IIH Oscillator Input Current ViH = Vg = 5.5V 100 HA

M Oscillator Input Current ViL = OV, Vg = 5.5V —-100 HA

Vou High-Level Output Voltage loH = —500 pA Veg — 0.4 v

VoL Low-Level Output Voltage loL = 500 pA 0.4 \

tcs Data to Clock Set Up Time See Data Input Timing 50 ns

tcH Data to Clock Hold Time See Data Input Timing 10 ns

tewH Clock Pulse Width High See Data Input Timing 50 ns

towL Clock Pulse Width Low See Data Input Timing © 50 ns

tes Clock to Load Enable Set Up Time See Data Input Timing 50 ‘ns

tew Load Enable Pulse Width See Data Input Timing 50 ns
*Clock, Data and LE does not include fiy RF, fiy IF and OSCyy.
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LMX2330A/LMX2331A/LMX2332A

Charge Pump Characteristics vec = 3.0v, Vp = 3.0v; —40°C < T, < 85°C, except as specified

(Note 3)

—40°C < Tp < 85°C'

Value '
Symbol Parameter Conditions Units
Min Typ Max )
Ip,-SOURGE Charge Pump Output Vp, = Vp/2, Icp, = HIGH** -5.0 mA
1D, SINK Current Vb, = Vp/2, Icp, = HIGH®* 5.0 mA
ID,-SOURCE V[jo = Vp/2, ICPO = LOW** —-1.25 mA
'DO-SINK VDO = Vp/2, Icp, = LOW** 1.25 mA
Ipy-TRI Charge Pump TRI-STATE 0.5V < Vp, < Vp — 0.5V _25 25 nA
Current —40°C < Tp < 85°C ’ ’
IDg-SINK VS CP Sinkvs - Vb, = Vp/2 3 10 o
1D,-SOURCE Source Mismatch (Note 2) Ta = 25°C °
I, Vs VD, CP Current vs Voltage 0.5 < Vp, <Vp — 0.5V 10 15 o
(Note 1) Ta = 25°C : c
Ipyvs TA 'CP Current vs Temperature Vb, = Vp/2 10 %

** See PROGRAMMABLE MODES for Icp, description.
Notes 1, 2, 3: See charge pump current specification definitions below.

Charge Pump Current Specification Definitions

Current (mA)

13

_/

12

"

VOLTAGE
OFFSET |
Av I
1
1
1
1
14 .
15 : ~
- 1
o'
1
1
1
1
L
0 Av Vo/2 Vp-av
Dg Voltage

1= CP sink current at VDo = Vp — AV
12 = CP sink current at Vo, = Vp/2
13 = CP sink current at V|_-,° = AV

14 = CP source current at VD° = Vp — AV
15 = CP source current at Vp, = Vp/é ;

16 = CP source current at Vp, =" AV

Vo o

" TL/W/12331-25

AV = Voltage offset from positive and negative rails. Dependent on VCO tuning rangs relative to Vo and ground. Typical values are between 0.5V and 1.0V.

2.1pg.gink V8 IDg.s0urce =

-T2l = islizr « 2l + [is]3] * 100%
3. ID° vs Ta = Charge Pump Output Current magnitude variation vs Temperature =
{li2 @ temp| - |12 @ 25°C|}/|12 @ 25°C| * 100% and [|I5 @ temp| ~ |I5 @ 25°C])/|15 @ 25°C| * 100%

* 1pyvs Vp, = Charge Pump Output Current magnitude variation vs Voltage =
U * {1l = 1I3)/1% * (1] + 113)] * 100% and [%; * (|14] = l16}1/1% * (l14] + [16]}] * 100%
Charge Pump Output Current Sink vs Source Mismatch =
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RF Sensitivity Test Block Diagram

13dB ATTN

-
=
bed
N
w
w
(=
>
~

LNX233XA c
Evaluation Board RF 500 E
0 100p %)
CLOCK fin SMHU 835.8011.52 ©«
PepralQlel DATA ——VW\— ” Signal Generator c_":
or LE >
FC ~
—= —] x:c 0.014 10 MHz EXIT REF OUT E
_ S |I .
- ohoser [ %
. 51 . w
HP53854 N . @

Frequency Counter 2 2“ P — ;

2.7V ~—= 5.0V

TL/W/12331-28
Note 1: N = 10,000 R =50 P =64

Note 2: Sensitivity limit is reached when the error of the divided RF output, FolD, is 2 1 Hz.

Typical Performance Characteristics

lccvs Vee lcc vs Vee
. LMX2330A LMX2331A
15 l 15 l
14 14 }
T = +859C T = +85°C
13 A 13
A {
—~ 12 12 e—
ey ‘ T
E E N
< n S
3 \ \ 3 X \
10 \ \ 10 }
T=-400C | T=+25° \ T = +259¢C
9
T = -40°C
8 8 l
7 7
2.5 3 35 4 45 5 5.5 25 3 35 4 45 5 55
Vee V) ' Vee (V)
TL/W/12331-31 : TL/W/12331-32
lcc vs Vee Ipo TRI-STATE
LMX2332A vs D, Voltage
11— 1500
w0 © 1250
: 1000 — s
T = +85°C T = +25°C T=+90°C
= &
E = 500 ol
E 3 h = : T=+70°C —
8 & 250 ~< — —
- 1 = e T=+259
7 '\ - 0 e
= -4009
6 T = -40°C -250
-500
5 0 1 2 3 4 5 6
2.5 3 35 4 45 5 5.5 - 0, VOLTAGE (V) .
Vee (V) TL/W/12331-4

TL/W/12331-33
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LMX2330A/LMX2331A/LMX2332A

Typical Performance Characteristics (continued)

Charge Pump Current vs D, Voltage
Icp = HIGH

g2
5 o ‘
£ / /
=3
% -2
°° B
Vo = 2.7V v,,=5.5v/

-4 1_4/}

. ||

0 05 1 15 2 25 3 35 4 45 5 55

D, Vltage (V) TL/W/12331-34
Charge Pump Current Variation
(See Note 1 under Charge Pump Current
Specification Definitions)

=== Sink
w— Source
$
= = 3.0v
K \ \3 ;—‘ ?.OV
1 \
= '*.Q h'\*
. T =3

0 025 05 075 1 125 1.5
Voltage Offset (V)

175 2 225 25

TL/W/12331-36

RF Input Impedance
Vee = 2.7Vto 5.5V, fiy = 50 MHz to 3 GHz

TL/W/12331-38
Marker 1 = 1 GHz, Real = 101, Imag. = —144

Marker 2 = 2 GHz, Real = 37, Imag. = —54

Marker 3 = 3 GHz, Real = 22, Imag. = -2

Marker 4 = 500 MHz, Real = 209, Imag. = —232

Charge Pump Current vs Dg Voltage
Icp = LOW

Vp = 5.5V

D, Current (mA)
(=]

]
o
w
-~y
e~

=15

-2

0 05 1 1.5 2 25 3 35 4 45 5 55

D, Voltage (V)
° g TL/W/12331-35

Sink vs Source Mismatch
(See Note 2 under Charge Pump Current
Specification Definitions)

5 L1 ]

Ve = 3.0v [/

b

ov

7
= 5.

% Mismatch
\
\
\\
\

0 05 1 15 2 25 3 35 4 45 5

D, Voltage (V)
TL/W/12331-37

IF Input Impedance
Veg = 2.7V 10 5.5V, fiy = 10 MHz to 1000 MHz

. TL/W/12331-39
—209

Marker 1 = 100 MHz, Real = 589, Imag.

Marker 2 = 200 MHz, Real = 440, Imag. = —286
Marker 3 = 300 MHz, Real = 326, Imag. = —287
Marker 4 = 500 MHz, Real = 202, Imag. = —234
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Typical Performance Characteristics (continued) >
LMX2330A RF Sensitivity vs Frequency LMX2331A RF Sensitivity vs Frequency §
-10 -10 - - >
Sy
-15 -15 E
>
= -20 = -20 )
E P E 8
2 Ly L et = .25 @
= L~ > // >
> > Lt
Z =30 — Ve = 5.5V — = s -30 — =
g | L1 g Vee = 53V _4~] =
& -35 ~ i » =35 >
Voo = 2.7V 4+ = )
_40 ! —40 Voo = 2.V 3
| ] N
-45 -45 >
1000 1400 1800 2200 2600 3000 500 300 1300 1700 2100 2500
1200 1600 2000 2400 2800 700 1100 1500 1900 2300
Frequency (MHz) Frequency (MHz)
TL/W/12331-40 TL/W/12331-41
LMX2332A RF Sensitivity vs Frequency IF Input Sensitivity vs Frequency
-10 -10
=15 -15
. -20 . =20 :
3 €
g -25 S -5 14
= Voo = 5.5V = \
£ -30 ~ 2 -3
: . =
T'é -35 S~ — _// ‘é -35 “
3 4 P i, \ Ve = 5.5V
S Ve = 27V e 0 N ——
-45 — i_ -45
Voo = 2.7V
-50 sg LCC
100 300 500 700 900 1100 1300 1500 0 100 200 300 400 SO0 600
Frequency (MHz) Frequency (MHz)
TL/W/12331~42 TL/W/12331-43
Osclllator Input Sensitivity vs Frequency
° |
-10 \ 0.200
\w= 5.5V
E -~20 0.063 &
= =
> //_ N
Z -30 I 0.020 *Z
Z Voo = 2.7V %
£ -40 / 0.006 §
(%] (7]
-50 0.002
-60
0 10 20 30 .40 50
Frequency (MHz)
TL/W/12331-44
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LMX2330A/ LMX233'1A/ LMX2332A

Functional Description

The simplified block diagram below shows the 22-bit data register, two 15-bit R Counters and the 15- and 18-bit N Counters
(intermediate latches are not shown). The data stream is clocked (on the rising edge of LE) into the DATA input, MSB first. The
last two bits are the Control Bits. The DATA is transferred into the counters as follows:

Control Bits DATA Locatlon
C1 c2

0 0 IF R Counter

0 1 RF R Counter

1 0 IF N Counter

1 1 RF N Counter

o] COMP.

- 15-BIT IF | N
IN Puscalar N coumm| PHASE CHARGE o IF
PUMP

Tour
Lock
Detect =P F,LD

15=BIT IF
R COUNTER
Fastlock

056 _’E :
™ MUX
! 15-BIT RF LD
r
R COUNTER | -
) ™ PHasE CHARGE
- [a-emrr | COMP. L—’i PUMP I_—_’Do RF
IN Prescalar

| N COUNTER | . X
[ 3

>

“CLocK o  22-B7
DATA »| DATA REGISTER —’I FasTLOCK I
13 >

TL/W/12331-1

PROGRAMMABLE REFERENCE DIVIDERS (IF AND RF R COUNTERS)

It the Control Bits are 00 or 01 (00 for IF and 01 for RF) data is transferred from the 22-bit shift register into a Iatch whuch sets
the 15-bit R Counter. Serial data format is shown below.

LSB MSB

C1|C2[R|R RIRlRIRlRlR RIR[R]R R|R|R|R RlRIRIR
1]2)314)5)16f7)18|9j10]11)12]13]14]15]16]17]18]19120

T_ f+————Divide ratio of the reference divider, R—+Frogram Modes »

(Contro! bits)
TL/W/12331-14

15-BIT PROGRAMMABLE REFERENCE DIVIDER RATIO (R COUNTER)

Dividel R|R|R|R|({R|R|R(R{R|R|R|R|R|R|R
Ratio [15(14|13|12(11|10/9(8|7|6(5[4|3| 2|1
3 o|jojojo|ojo|ofofojofofojO|1]A
4 ofojo|jo|o|Oof0o|OfOjOjOfO|1]|O|O
[ ] o| o | o |0 |e|o|(o|o|j0olojsjoje|e]|e
32767 1|1 [ 1|11 [t {111 {r|{1]1{1]1

Notes: Divide ratios less than 3 are prohibited.
Divide ratio: 3 to 32767
R1 to R15: These bits soloct the divide ratio of the programmable reference divider.
Data is shifted in MSB first.
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Functional Description (continued)

PROGRAMMABLE DIVIDER (N COUNTER)

The N counter consists of the 7-bit swallow counter (A counter) and the 11-bit programmable counter (B counter). if the Control
Bits are 10 or 11 (10 for IF counter and 11 for RF counter) data is transferred from the 22-bit shift register into a 4-bit or 7-bit
latch (which sets the Swallow (A) Counter) and an 11-bit latch (which sets the 11-bit programmable (B) Counter), MSB first.
Serial data format is shown below. For the IF N counter bits 5, 6, and 7 are don't care bits. The RF N counter does not have
don't care bits.

Ls8 MSB

CIICZ NLNININ|NINIUNINIHNINININ|N NININ NIN
11213)415]61718J}9)10J11J12)J13§14J15)J16J17J18)19§20

T_ [——————— Divide ratio of the reference divider, N ———————1<Prg+

VCEETXNT/VIEEZXINT/VOEECTXINT

(Control bits)
TL/W/12331-15

7-BIT SWALLOW COUNTER DIVIDE RATIO (A COUNTER)

RF IF
l::"l:eNNNNNNN [:":""NNNNNNN
a0 1 2lels|al3]2]l1 4 Ratlo | 21 6|s5|a]3]2]1
A A
o |ojojofololofo : o [x|x|x|lolo|o]o
1 Jolo]jololo]o}1 1 |x|x|xlo|o|o]|1
[ ] ® L] L ] L ] L ] L[] L ] L] L ] [ ] L ] L] L] ® L ]
122z [l 1|1]1] : 15 [x|x|x|1]{1]1]1
Notes: Divide ratio: 0 to 127 X . X = DON'T CARE condition
BzA .

11-BIT PROGRAMMABLE COUNTER DIVIDE RATIO (B COUNTER)

':"":"’NNNNNNNNNNN
Mo l1e (1716|1514 13/ 12|11 10|08

3 ololoflo|lololo|lo|o]|1]1
4 ojo{o|lojo|lojolo|[1]0]o0
° O . ° K) . . . ° . . .
2047 | 1| v 1]

Note: Divide ratio: 3 to 2047 (Divide ratios less than 3 are prohibited)
BxA

PULSE SWALLOW FUNCTION
fvco = [(P X B) + Al X fosc/R ‘
fyco: Output frequency of external voltage controlled oscillator (VCO)
B:  Preset divide ratio of binary 11-bit programmable counter (3 to 2047)

A:  Preset divide ratio of binary 7-bit swallow counter
(0 <A <127 [(RF},0 < A< 15 {IF},A < B)

fosc: Output frequency of the external reference frequency oscillator
R: Preset divide ratio of binary 15-bit programmable reference counter (3 to 32767)

P: Preset modulus of dual modulus prescaler (for IF; P = 8 or 16;
' for RF; LMX2330A: P = 32 or 64 LMX2331A/32A: P = 64 or 128)
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LMX2330A/LMX2331A/LMX2332A

Functional Description (continued)

PROGRAMMABLE MODES

Several modes of operation can be programmed with' bits R16-R19 including: the phase detector polarity, charge pump
TRI-STATE and the output of the F,LD pin. The prescaler and powerdown modes are selected with bits N19 and N20. The
programmable modes are shown i in Table l. Truth table for the programmable modes and FoLD output are shown in Table Iland

Table Il

TABLE I. Programmable Modes

C1| C2 R16 R17 R18 R19 R20
IF Phase . IFDy . .
o1 o Detector Polarity IF. lop, TRI-STATE IFLD | IFFo
RF Phase RF Do
o1 Detector Polarity RFlcp, TRI-STATE RFLD | RFF,
Ct1| C2 N19 N20
1 0 | IFPrescaler | PwdnIF
1 RF Prescaler | Pwdn RF
3 " TABLE II. Mode Select Truth Table
o ’ y Icp, IF 2330ARF | 2331A/32ARF | Pwdn
Phase Detector Polarity ) Do TRI-STATE (Note 1) | Prescaler | Prescaler - Prescaler (Note 2)
0 ‘Negative Normal Operation | LOW 8/9 32/33 ' 64/65 Pwrd Up
1 . Positive TRI-STATE HIGH 16/17 - 64/65- 128/129 -Pwrd Dn

Note 1: The Icp, LOW current state = 1/4 X

|cpo‘H|GH current.

Mate 2: Activation of the IF PLL or RF PLL powerdown modes result in the disabling of the respective N counter divider and debiasing of its respective fiy inputs (to
a high impedance state). Powerdown forces the respective charge pump and phase comparator logic to a TRI-STATE condition after charge pump event.
The R counter functionality does not become disabled until both IF and RF powerdown bits are activated. The MICROWIRE™ control register remains
active amd capable of loading and latching data during all of the powerdown modes

- TABLE lIl. The FoLD (Pln 10) Output Truth Table*"

F((: :S;] lz ;xﬂ)s)l F::?ESI "(:géi‘;] Fo Output State
0 0 0 0 Disabled (Note 1)
0 0 - 0 IF Lock Detect (Note 2)
1 0 0 0 RF Lock Detect (Note 2)
1 1 .0 0 RF/IF Lock Detect (Note 2)
X 0 0 1- IF Reference Divider Output
X 0 1 0 RF Reference Divider Output
X 1 0 1 IF Programmable Divider Output
X 1 1 0 RF Programmable Divider Output
0 0 1 1 Fastlock (Note 3)
0 1 1 1 For Internal Use Only
1 0 1 1 For Internal Use Only.
1 1 1 1 Counter Reset (Note 4)

X = don't care condition

Note 1: When the F,LD output is disabled, it is actively pulled to a low Ioguc state .
Note 2: Lock detect output provided to indicate when the VCO freqyency is in “lock.” When the loop is Iocked and a lock detect mode is selected, the  pins output
is HIGH, with narrow pulses LOW. In the RF/IF lock detect mode a locked condition is indicated when RF and IF are both locked.
Note 3: The Fastiock mode utilizes the FoLD output pin to switch a second loop filter damping resistor to ground during fastlock operation. Activation of Fastlock
occurs whenever the RF loop's lcpo magnitude bit #17 is selected HIGH (while the #19 and #20 mode bits are set for Fastlock).
Note 4: The Counter Reset mode bits R19 and R20 when activated reset all counters. Upon removal of the Reset bits then N counter resumes counting in “close”
alignment with the R counter. (The maximum error is one prescalar cycle.) If the Reset bits are activated the R counter is also forced to Reset, allowing

smooth acquisition upon powering up.
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Functional Description (continued)

PHASE DETECTOR POLARITY VCO Characteristics
Depending upon VCO characteristics, R16 blt should be set v 4
accordingly: (see figure right)

When VCO characteristics are positive like (1), R16

should be set HIGH; . l}/TcPoU :

When VCO characteristics are negative like (2), R16

should be set LOW. s @ FREQUENCY

1)

(2)

‘ ) VCO INPUT VOLTAGE
’ . TL/W/12331-16

SERIAL DATA INPUT TIMING

DATA N20: MSBXMB N10 N9 N1

(R20: MsB) | (R19) (R8) | (R7) (R6)

e __TL| 1]

CONTROL BIT: LSB

(R1) coNTROL BIT: LSB

LE

|

fl_flL
e I

[

OR

tes —

-

?
n

- tes —
[— : tewn ‘

——ﬂt— tt:w

"L

Notes: Parenthesis data indicates programmable reference divider data.
Data shifted into register on clock rising edge.
Data is shifted in MSB first.

Test Conditlons: The Serial Data Input Timing is tested using a symmetrical waveform around Vgc/2. The test waveform has an edge rate of 0.6V/ns with
amplitudes of 2.2V @ Vg = 2.7V and 2.6V @ Vg = 5.5V, '

TL/W/12331-17

PHASE COMPARATOR AND INTERNAL CHARGE PUMP CHARACTERISTICS

1 LT LTI LI L1
SO N I O A D
S N R | |

% '"'n"'""*'"'"Z"'U""'"LI'"""I_I""

N

—-

|

—
L
L

f

> f

o <f

b <f

<t <t

r=p r T

TL/W/12331~18
Notes: Phase difference detection range: —27 to +27

The minimum width pump up and pump down current pulses occur at the Dy, pin when the loop is locked.

R16 = HIGH
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LMX2330A/LMX2331A/LMX2332A

Typical Application Example

10 pF

—_veo 'I
es %
Rine
0.01p 100p A

From
Controller

(X X ]

—

E Data | Clock

20 19 18 17 16

E- ': 100p
100pq 01 [Vec | Ve D, IF 1 GND ’m'FleI'F‘GND

13 12 1

l 0.01u
100p =
0.

LMX233xA
1 2 3 4 5 10
Veo | Ve | D, R |GND |fy RF i K an |GNO A
F LD
\7 \ — S A
“ = SR 1000 pF
4 100p. — Crystal Osc.
el ase {nput
510

)
vco

ci1 R1
LT

Operational Notes:
*  VCOis assumed AC coupled.

— > & out

10 pF

TL/W/12331-19

** RN increases impedance so that VCO output power is provided to the load rather than the PLL. Typical values are 109 to 20092 depending on the VCO power

level. fyy RF impedance ranges from 400 to 100Q. fyy IF impedances are higher.

*** 501 termination is often used on test boards to allow use of external reference oscillator. For most typical products a CMOS clock is used and no terminating
resistor is required. OSCi, may be AC or DC coupled. AC coupling is recommended because the input circuit provides its own bias. (See Figure below)

100k0

AAA

A A A

v

TL/W/12331-20

Proper use of grounds and bypass capacitors is essential to achieve a high level of performance. Crosstalk between pins can be reduced by carefu! board

layout.

-This is a static sensitive device. It should be handled only at static free work stations.
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Application Information

A block diagram of the basic phase locked loop is shown in Figure 1.

’

CHARGE
PUMP
. Vo
PHASE
DETECTOR
! - AA—] LOOP FILTER veo
1/R L4 @ vVY "—l 0, © ’
' our
S A [l K W —
]
REFERENCE DIVIOER —
Pm—————— “ reference .
| Froquency | frequency T n
| Synthesizer | I |
b ————— Yot 1 [
MAIN DIVIDER

/

FIGURE 1. Baslc Charge Pump Phase Locked Loop

LOOP GAIN EQUATIONS

A linear control system model of the phase feedback for a
PLL in the locked state is shown in Figure 2. The open loop
gain is the product of the phase comparator gain (K¢), the
VCO gain (Kyco/s), and the loop filter gain Z(s) divided by
the gain of the feedback counter modulus (N). The passive
loop filter configuration used is displayed in Figure 3, while
the complex impedance of the filter is given in equation 2.

©o

TL/W/12331-23

FIGURE 2. PLL Linear Model

’l

TL/W/12331-22

FIGURE 3. Passive Loop Filter

Open loop gain = H(s) G(s) = Oi/®e
= Ky Z(s) Kyco/Ns (1)
2(6) = s(C2eR2) + 1
s2 (C1eC2eR2) + sC1 + sC2 2

The time constants which determine the pole and zero fre-
quencies of the filter transfer function can be defined as

C1 e C2
T=Ree70 (3a)
and
T2 = R2+ G2 (3b)

The 3rd order PLL Open Loop Gain can be calculated in
terms of frequency, w, the filter time constants T1 and T2,
and the design constants K, Kyco. and N.

—Ké¢eKyco(1 + jw e T2) T1
®2C1 e N(1 + jo o T1) ‘T2 @)

G(s)® H(S)ls =jea ™=

TL/W/12331-21

From equation 3 we can see that the phase term will be
dependent on the single pole and zero such that the phase
margin is determined in equation 5.

$(w) =tan—1 (w o T2) — tan—1 (w ¢ T1) + 180° (5)
A plot of the magnitude and phase of G(s)H(s) for a stable
loop, is shown in Figure 4 with a solid trace. The parameter
¢p shows the amount of phase margin that exists at the
point the gain drops below zero (the cutoff frequency wp of
the loop). In a critically damped system, the amount of
phase margin would be approximately 45 degrees.

If we were now to redefine the cut off frequency, wp’, as
double the frequency which gave us our original loop band-
width, wp, the loop response time would be approximately
halved. Because the filter attenuation at the comparison fre-
quency also diminishes, the spurs would have increased by
approximately 6 dB. In the proposed Fastlock scheme, the
higher spur levels and wider loop filter conditions would ex-
ist only during the initial lock-on phase—just long-enough to

" reap the benefits of locking faster. The objective would be

to open up the loop bandwidth but not introduce any addi-
tional complications or compromises related to our original
design criteria. We would ideally like to momentarily shift the
curve of Figure 4 over to a different cutoff frequency, illus-
trated by the dotted line, without affecting the relative open
loop gain and phase relationships. To maintain the same
gain/phase relationship at twice the original cutoff frequen-
cy, other terms in the gain and phase equations 4 and 5 will
have to compensate by the corresponding *“1/w"” or *‘1/w2"
factor. Examination of equations 3 and 5 indicates the
damping resistor variable R2 could be chosen to compen-
sate the “w'’ terms for the phase margin. This implies that
another resistor of equal value to R2 will need to be
switched in parallel with R2 during the initial lock period. We
must also insure that the magnitude of the open loop gain,
H(s)G(s) is equal to zero at wp' = 2wp. Kyco, K&, N, or the
net product of these terms can be changed by a factor of 4,
to counteract the w2 term present in the denominator of
equation 3. The K¢ term was chosen to complete the trans-
formation because it can readily be switch between 1X and
4X values. This is accomplished by increasing the charge
pump output current from 1 mA in the standard mode to
4 mA in Fastlock.

VZEEZXNT/VIEETXINT/VOEETXINT
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LMX2330A/LMX2331A/LMX2332A

Application Information (continued)

Gain A

I6(s) H(s)l S

0dB

»~
%/ \
\ 4

Phase
£ G(s) H(s)
Ss o =20
S -
y 90
\
\
\
1y
\
\
7N
\
.l \
¢pl \ *
- - -180

Frequency

FASTLOCK CIRCUIT IMPLEMENTATION

A diagram of the Fastlock scheme as implemented in Na-
tional Semiconductors LMX233xA PLL is shown in Figure 5.
When a new fraquency is loaded, and the RF lcp,, bit is set
high the charge pump circuit receives an input to deliver 4
times the normal current per unit phase error while an open
drain NMOS on chip device swilches in a second RZ resis-
tor element to ground. The user calculates the loop filter
component values for the normal steady state considera-
tions. The device, configuration ensures that as long as a
second identical damping resistor is wired in appropriately,

TL/W/12331-29

FIGURE 4. Open Loop Response Bode Plot

the loop will lock faster without any additional stability con-
siderations to account for. Once locked on the correct fre-
quency, the user can return the PLL to standard low noise
operation by sending a MICROWIRE instruction with the RF
lcpo bit set low. This transition does not affect the charge on
the loop filter capacitors and is enacted synchronous with
the charge pump output. This creates a nearly seamless
change between Fastlock and standard mode.

7 \I
fin }
MAIN DIVIDER
CHARGE
PUMP
PHASE Ve
DETECTOR "J '
co : : r A veo
o ® M | D LoOP FILTER
{ r ~ RFoui
©; v o T = O
W -
REFERENCE L_’| :
CRYSTAL DIVIDER = '
REFERENCE = ;
1X 14x FolD
IFastlock l L 2 4'

TL/W/12331-30

FIGURE 5. Fastlock PLL Architecture
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&National Semiconductor

PRELIMINARY

LMX2335/LMX2336/LMX2337 |
PLLatinum™ Dual Frequency Synthesizer
for RF Personal Communications

LMX2335 1.1 GHz/1.1 GHz
LMX2336 2.0 GHz/1.1 GHz
LMX2337 550 MHz/550 MHz

General Description

The LMX2335, LMX2336 and LMX2337 are monolithic, inte-
grated dual frequency synthesizers, including two high fre-
quency prescalers, and are designed for applications requir-
ing two RF phase-lock loops. They are fabricated using Na-
tional’s ABIC IV silicon BICMOS process.

The LMX2335/36/37 contains two dual modulus prescal-
ers. A 64/65 or a 128/129 prescaler can be selected for
each RF synthesizer. A second reference divider chain is
included in the IC for improved system noise. Using a digital
phase locked loop technique, the LMX2335/36/37 can gen-
erate two very stable, low noise signals for the RF local
oscillators.

Serial data is transferred into the LMX2335/36/37 via a
three wire interface (Data, Enable, Clock). Supply voltage
can range from 2.7V to 5.5V. The LMX2335/36/37 feature
very low current consumption; LMX2335/37 —9 mA at 3V,
LMX2336 —13 mA at 3V. The LMX2335/37 are available in
a JEDEC 16-pin surface mount plastic package. The
LMX2336 is available in a TSSOP 20-pin surface mount
plastic package.

Features
m 2.7V to 5.5V operation
m Low current consumption
m Selectable powerdown mode:
lcc = 1 pA (typ)
m Dual modulus prescaler: 64/65 or 128/129
m Selectable charge pump TRI-STATE® mode
= Selectable charge pump current levels
m Selectable Fastlock™ mode

Applications
m Cellular telephone systems (AMPS, ETACS, RCR-27)
m Cordless telephone systems
(DECT, ISM , PHS, CT-1+)
m Personal Communication Systems
(DCS-1800, PCN-1900)
m Dual Mode PCS phones
m CATV
m Other wireless communication systems

Functional Block Diagram

o RF2 RF2 18-BIT RF2 | \
N Prescalar N COUNTER | PHASE CHARGE 0 2
) | come. PUMP o
A
RF2
15-8IT RF2 [+ 1D
R COUNTER 3] four/
al Lock
o 3| Detect  f——> F,LD
oo [
Cout 3] Mux
| RF1 |—>
1s-aRer) 4 0
R COUNTER = 4+
-~
M prase CHARGE
- RET | [1s-am rrt] COMP. ’| PUMP I —> 0,1
IN Prescalar | V| N COUNTER [ 7'y
-~
cLocK »
22-817T
DATA > » FasTLOCK
Lt )| DATA REGISTER |

TL/W/12332-1
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LMX2335/LMX2336/LMX2337

- Connection Diagrams

Small Outline Molded Package (M) LMX2336
vee =11 O 16 = Vee 2 vee! 11O 20 = Vg2
Ve1—{2 15— Vo2 Vel =2 19f=vp2
D,1={3 14f=0,2 0,1 =3 18f=10,2
GND =1 4 13}=GND GND — 4 17 b= GND
Top View
N1 =5 12f=ty2 i1 =15 Top View 16— 42
0s¢;, =16 11f=LE [k [ S A5 N2
05Coy {7 10 |~ Data GND —{7 14 =GN
F,LD—{8 9| Clock 0sc;, —={ 8 13}=1E
: 05C,yq =19 12|~ Data
TL/W/12332-2 Fto =10 1= Clock '
Order Number LMX2335M/LMX2337M . .
NS Package Number M16A : TL/W/12332-16
Order Number LMX2336TM
NS Package Number MTC20
Pin Description )
PinNo. | PinNo. '
2335737 2228 PinName | 1/0 Descrlpthn :

1 1 Veel Power supply voltage input. Input may range from 2.7V to 5.5V. Vg1 must equal
V2. Bypass capacitors should be placed as close as possible to this pin and be
connected directly to the ground plane. .

Vpl Power supply for RF1 charge pump. Must be 2 Vcc
3 3 Dol (o} RF1 charge pump output. For connection to a loop filter for driving the input of an
external VCO.
GND Ground.
5 fint ! First RF prescaler input. Small signal input from the VCO.
fint | RF 1 prescaler complimentary input. A bypass capacitor should be placed as close
as possible to this pin and be connected directly to the ground plane. Capacitor is
optional with loss of some sensitivity. .
GND Ground.

6 OSGCin | Oscillator input. The input has a Vgc/2 input threshold and can be driven from an

external CMOS or TTL logic gate.
9 OSCout (0] Oscillator output.

8 10 FolLD (0] Multiplexed output of the programmable or reference dividers, lock detect signals
and Fastlock mode. CMOS output (see Programmable Modes).

9 11 Clock I . | Highimpedance CMOS Clock input. Data for the various latches is clocked in on
the rising edge, into the 20-bit shift register. '

10 12 Data | Binary serial data input. Data entered MSB first. The last two bits are the control
bits. High impedance CMOS input.

11 13 LE 1 Load enable CMOS input. When LE goes HIGH, data stored in the shift registers is
loaded into one of the 4 appropriate latches (control bit dependent).

X 14" GND Ground. :

X 15 fin2 | RF2 prescaler complimentary input. A bypass capacitor should be placed as close
as possible to this pin and be connected dlrectly to the ground plane. Capacitor is
optional with loss of some sensitivity.

12 16 fin2 | RF2 prescaler input. Small signal input from the VCO.

13 17 GND Ground.

14 18 Do 2 o RF2 charge pump output. For connection to a loop filter for driving the input of an
external VCO.

15 19 Vp2 Power supply for RF2 charge pump. Must be > V.

16 20 Vee2 Power supply voltage input. Input may range from 2.7V to 5.5V. Vgc2 must equal
Vcc1. Bypass capacitors should be placed as close as possible to this pin and be
connected directly to the ground plane.

1-76




Block Diagram

: —> (J
X Y

-
=
>
N

» : &

Vot 1/1 1X ¥ 4X Fout/ X W 4X 16/20 Vo2 4

ce RF1 Charge ) Lock Detect/ RF2 Charge ce F
Pump RF 1 > Fastiock < RF2 Pump =
DLOQth Multiplexer DLC;C“( x >3
| 1 etec atec 3

2/2 |15 19 N
VP1 / ‘ -QQ\ Y 8 FY S (OQ) / VPZ w
A u | U 3
: RF1 |, Frt Fr2 RF2 F

] Phase {,_ Fp! P2 ]  Phase I“ 18
D! ﬂl PD Detector | "] Detector PD / D,2 E
N
[}
W
~

(]
4 |1 3/17
GND L/J / GN

Swallow | Swallow D
Control Control
£u1 5/5 Prescalar Programmable Programmable Prescalar 12/18 (2
IN (64/65 or |—p 18-Bit (RF1) |— — 18-Bit (RF2) |e—  (64/65 or IN
128/129) N-Counter N-Counter 128/129) | .

[ X/8 ? ? X/15 5
N T-ar RFT | roan pr|LCRF 1) 18-Bit N-Latoh [ > (RF2) 18-8it N-Leteh [HIT5e po FTan ez N
PWDN Latch A Latch PWDN
w1 W S B 7771

. X/14
onp 22 5-Bit Mode Lalch 5-Bit R1-Latch J¢ | L2 avo
I it Mode Latcl Id—-|1 it R1-Latch [« )
T3
. Latch
6/8 N Programmable 15-Bit < 11/13
0SC;py 1t—>c | (R1) Reference Counter ' Decode LE
s 7y
> "
osc 7/9 .l Programmable 15-Bit |
out (R2) Reference Counter [ ‘ I 20-Bit Shift Register k___ 2-Bit 10/12 Date
Control
-Bi Latch .
8/10 5-Bit Mode Latch 15-Bit R2 Latch F ] 4—|_
. 9/11
Fold 4= 1 3 AR

TL/W/2332-17
LMX2335/37 Pin # —> 8/10 <— LMX2336 Pin #
Pin Name — FoLD
X signifies a function not bonded out to a pin

Note 1: Vi1 supplies power to the RF1 prescalar, N-counter and phase detector. V2 supplies power to the RF2 prescaler, N-counter and phase detector, RF1
and RF2 R-dividers along with the OSCyy buffer and all digital circuitry. Vo1 and Vge2 are separated by a diode and must be run at the same voltage level.

Note 2: Vp1 and Vp2 can be run independently as long as Vp 2 Vce.
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LMX2335/LMX2336/LMX2337

Absolute Maximum Ratings (ote 1)

Recommended Cperating

If Military/Aerospace specified devices are required, Conditions
D e o ey oo PO Spy ot
Po\\/N:Cr Supply Voltage 08V 465V Vp ] Vo to +5.5V
Ve o —0.3Vio + 6.§V Szi:air;go?:er:ﬁ;zrr:::ﬁaig)s indicate fimits beyonjglrscr:c;a.:-naagse tCo
Voltage on Any Pin ’ " the device may occur. Recommended Operating Conditions indicate condi-
withGND = 0V (V)) —0.3Vto +6.5V tions for which the device is intended to be functional, but do not guarantee
Storage Temperature Range (Ts) ~65°Cto +150°C Sons, 00 he Eleciioal Charact ?sut?cr:.n;?\zispwficatjz;i;fr'::atie:r:sc::;;
Lead Temperature (solder 4 sec.) (T|) +260°C only for the test conditions listed.
Electrical Characteristics vi; = 5.0v, vp = 5.0v; —40°C < T < 85°C, except as specified
Symbol Parameter Condilloné Value Units
’ : Min Typ Max
lec Power Supply LMX2335/37 Vo = 2.7Vto 5.5V 9 12 mA
Current RF1 and RF2
lcc LMX2335/37 RF1 only | Vog 2.7V to 5.5V 5 7 mA
lcc ;h:i(ii?stFz Vee 2.7V to 5.5V 13 18 mA
LMX2336 RF1 only Vce = 2.7Vto 5.5V 7 11 mA
fin 1 Operating Frequency | LMX2335 ' ) 0.100 1.1 GHz
fin2 ‘ 0.050 11 | GHz
fint LMX2336 0.200 20 | GHz
fin2 , 0.050 1.1 GHz
fin 1 LMX2337 100 " 550 | MHz
fin2 . ) 50 550 MHz
lcc.pwon | Powerdown Current | LMX2335/2336 Voo = 6.5V 1 25
i LMX2337 100 HA
fosc Maximum Oscillator Frequency . 20 MHz
fosc No load on OSCqyt 40 MHz
fg Maximum Phase Detector Frequency : 10 MHz
Pfin RF Input Sensitivity ’ Vce = 3.0V, f > 100 MHz -15 +4
PN Vee = 6.0V, f > 100 MHz -10 +4 [ dBm
Vog = 271055V, f < 100 MHz | —10 0 '
Vosc Oscillator Sensitivity OSCi, 0.5 Vpp
ViH High-Level Input Voltage b 0.8 Vo \'
ViL Low-Level Input Voltage b 02Vge| V
1 High-Level Input Current VIH = Vg = 5.5V** -1.0 1.0 pA
L Low-Level Input Current ViL = 0V, Vg = 5.5V** -1.0 1.0 pA
i1 Oscillator Input Current ViH = Vg = 5.5V 100 pA
e Oscillator Input Current ViL = 0V, Vgc = 5.5V -100 pA
Ip,-sOURCE | Charge Pump Output Current Vp, = Vee/2, Icp, = LOW* -1.25 mA
IDg-SINK Vp, = Voc/2, Icp, = LOW* 1.25 mA
ID,-SOURCE Vp, = Vcc/2, Icp, = HIGH* -5.0 mA
IDo-SINK Vb, = Vee/2, lep, = HIGH® 5.0 mA
Ip,-TRI Charge Pump LMX2335 0.5V < Vp, < Vgc — 0.5V -50 5.0 nA
TRI-STATE Current | LMX2336 T=25C
Ip,-TRI Charge Pump LMX2337 0.5V < Vp, < Vgc — 0.5V 5 nA
TRI-STATE Current T=25C
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. T =
Electrical Characteristics vcc = 5.0v, Vp = 5.0v; —40°C < T4 < 85°C, except as specified (Continued) >
Value 8
Symbol Parameter Conditions Units A
Min Typ Max F
VoH High-Level Output Voltage lon = —500 pA Ve — 0.4 \ E
Vor Low-Level Output Voltage loL = 500 nA 0.4 \" 3
tcs Data to Clock Set Up Time See Data Input Timing 50 ns g
tcH Data to Clock Hold Time See Data Input Timing 10 ns [
tcwH Clock Pulse Width High See Data Input Timing 50 ns %
towL Clock Pulse Width Low : See Data Input Timing 50 ns g
tes Clock to Load Enable Set Up Time See Data Input Timing 50 ' ns ~N
tew Load Enable Pulse Width . ' See Data Input Timing 50 ns

*See PROGRAMMABLE MODES for Icp,, description.
**Clock, Data and LE does not include fiN1, fin2 and OSCi,.
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LMX2335/LMX2336/LMX2337

Typical Performance Characteristics (Continued)

lccvs Vee _ lccvs Vee
LMX2335/37 LMX2336
12 16
15
11 - T = +85°C | ..
T = +85°C : ‘ 14 \
\
,\ 10 \ s
i i A
= 3 = 12
Q
8 \ . 8 A \
8 v — T = +25°€C
f T = +25°C : 10 }
7 T = -40°C
T = -40°C ‘
6 L 8
25 3 3.5 4 4.5 5 5.5 25 3 .35 4 45 5 5.5
Vcc (V) VCC (V)
TL/W/12332-19 TL/W/12332-20
Charge Pump Current vs D, Voltage Charge Pump Current vs Dy Voltage
Icp = HIGH Icp = LOW
6 2
- ]*
Vp = 5.5V 1.5 |
4 Vp = 5.5V
Vp = 2.7V 1
= = Vp = 2.7V
E 2 E os g
E 0 ' f E 0 ] J
5 / E . | /
o -2 -
e Vo = 2.7V < Yp = 2.7V 1, Vp = 5.5V |
-4 Vp = 5.5V
. -15
-6 I | -2
0 05 1 15 2 25 3 35 4 45 5 55 - 0 05 1 15 2 25 3 35 4 45 5 55
D, Voltage (V) D, Voltage (V)
TL/W/12332-21 TL/W/12332-22
LMX2335 Input Impedance LMX2336 Input Impedance
Veoe = 2.7Vto 5.5V, fiy = 50 MHz to 1.5 GHz Vee = 2.7Vt0 5.5V, fiy = 50 MHz to 2.5 GHz

TL/W/12332-23 TL/W/12332-24
Marker 1 = 1 GHz, Real = 94, Image = —118 Marker 1 = 1 GHz, Real = 97, Image = —146
Marker 2 = 1.2 GHz, Real = 72, Image = —88 Marker 2 = 1.89 GHz, Real = 43, Image = —67
Marker 3 = 1.5 GHz, Real = 53, Image = —45 Marker 3 = 2.5 GHz, Real = 30, Image = —33
Marker 4 = 500 MHz, Real = 201, Image = —224 Marker 4 = 500 MHz, Real = 189, Image = —233
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Typical Performance Characteristics (continued)

Ipo TRI-STATE

-vs Do Voltage
1500
1250
/
1000 T=1+90°C
—_ /
=< 750 —
<& /
’.‘f 500 // 1= +70°C _
2 250 —
- =4250
. A T=+25°C
-250
-500
0 1 2 3 4 5 6

D, VOLTAGE v)
TL/W/12332-25

LMX2335/37 RF2 Sensitivity vs Frequency

-10
-15
E -2 . d
s T Vgg = 8.5V T
g . S By
e \ .
2 rd
2 30 \ /
-35 <] Veo = 2.7V //
-40
0 300 600 900 1200 1500
Frequency (MHz)
TL/W/12332-27
LMX2336 RF2 Sensitivity vs Frequency
-10
-15
;E: =20
S 5 Ve = 5.5V
E N
_‘E -30 e
%
& -5 \\ Voo = 2.7V
-40 ~_ ]
-45
100 300 500 700 900 1100 1300 1500

Frequency (MHz)
TL/W/12332-29

LMX2335/37 RF1 Sensitivity vs Frequency

-10
-15
T ™S Veo = 5.5V L]
= st ey
= -25
3
T 30\ 1
a "
\ Voo = 27V |~
-35 = -
-
-40
100 300 500 700 900 1100 1300 1500
Frequency (MHz)
TL/W/12332-26
LMX2336 RF1 Sensitivity vs Frequency
-10
-15
= -20
£ p—
g Ve = 5.5V |t
Lt
T -2 —
E -30 ™. 1/
bred .
a N //
2 !
»w =35 N Voo = 2.7V 7
-40
-45
200 600 1000 1400 1800 2200
400 800 1200 1600 2000 2400
Frequency (MHz)
TL/W/12332-28
Oscillator Input Sensitivity vs Frequency
-10 0.200
-15
-20 \\ 0.063
B N Voo = 5.5V 3
E -30 IS 0.020 S
£ -3 =
Z 40 ] 0.006 %
& w45 e A P &
-50 0.002
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-60
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Frequency (MHz)
TL/W/12332-30
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LMX2335/LMX2336/LMX2337

Functional Description

The simplified block diagram below shows the 22-bit data register, two 15-bit R Counters and two 18-bit N Counters (intermedi-
ate latches are not shown). The data stream is clocked (on the rising edge of LE) into the DATA input, MSB first. The last two
bits are the Control Bits. The DATA is transferred into the counters as follows:

Control Bits DATA Location
(03] c2
0 0 RF2 R Counter
0 1 RF1 R Counter
1 0 RF2 N Counter
1 1 RF1 N Counter
RF2 [ 18-BIT RF2 R
fiv RFZ =M proscelar ™ N counTer ™ pHase [ cHarce .02
P s> -
A 4
RF2
| 15-81T RF2 LD R
R COUNTER |4 o four/
; Lock
05Giq g 3| Detect === F LD
pa— osc 3] Fastiock :
O5Cout 3| Mux
RF1 q
L} 15-BIT RF1 )
7| R COUNTER 'y +
F
. P pHast [ cHarce .o
RF1 | 18-BIT RF1 R ?| pump > Yo
fin RF1 Prescalar "] N COUNTER / 'y
-~ -~
cLock »
2 22-BIT
oara P DATA REGISTER P| FASTLOCK

TL/W/12332-1
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Functional Description (continued)

PROGRAMMABLE REFERENCE DIVIDERS (RF1 AND RF2 R COUNTERS)

If the Control Bits are 00 or 01 (00 for RF2 and 01 for RF1) data is transferred from the 22-bit shift register into a latch which sets
the 15-bit R Counter. Serial data format is shown below.

Ls8 = MSB

C‘IICZRIRTRIRTRRRRRRRRRR R RRRIRR
112)3]4|5)16]718|9)10j11)12]13]J14]15]16}17]18]19}20

L }#———— Divide ratio of the reference divider, R———‘* Program Moqes ke

LEETXINT/9EETXNT/SEETXINT

(Control bits)
TL/W/12332-4

15-BIT PROGRAMMABLE REFERENCE DIVIDER RATIO (R COUNTER)

DividlelR(R|R|R|R|R|R|R|R|R|R|R|R{R|R
Ratlo [ 15| 14| 13| 12| 11({10(9]8|7[6(5]|4|3[2(1
3 ojofojofojo]Of1]1
4 0j0jo0 0j0j0j0)0j01j0}0
L] e | ® | o | 0| o e (0|0 s 0|0 0| 0|
767 11| 1| 1|11 [1|1]1]1]1]1

Notes: Divide ratios less than 3 are prohibited.
Divide ratio: 3 to 32767

R1 to R15: These bits select the divide ratio of the programmable
reference divider.

Data is shifted in MSB first.

PROGRAMMABLE DIVIDER (N COUNTER)

Each N counter consists of the 7-bit swallow counter (A counter) and the 11-bit programmable counter (B counter). If the Control
Bits are 10 or 11 (10 for RF2 counter and 11 for RF1 counter) data is transferred from the 20-bit shift register into a 7-bit latch
(which sets the Swallow (A) Counter) and an 11-bit latch (which sets the 11-bit programmable (B) Counter), MSB first. Serial
data format is shown below. : :

LSB MSB

C1|C2NNNNNNNNNNNNNNNNNNNN
112)1314]516]7]8]9110J11]12]13]14]15]16§17]18]19]20

T_ [«————————Divide ratio of the reference divider, N —————t<Prg»

(Control bits)
) TL/W/12332-5

7-BIT SWALLOW COUNTER DIVIDE RATIO (A COUNTER)

[:v:’eNNNNNNN
:°7554321

0 (olofojofojolo
1 (ofO0jJOo|O]JO]|Of1

127 1111111

Notes: Divide ratio: 0 to 127
Bz>A
A<P
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LMX2335/LMX2336/LMX2337

Functional Description (continued)

11-BIT PROGRAMMABLE COUNTER DIVIDE RATIO (B COUNTER)

Divide
Ratio
B

3 o{foJolo|o|lo|lo|lo|o]|1}n
4 |ololo]Jo|lo]o|lo]o|1]o]oO
L] [ ] L ) [ ] L] : L] } .' L] L] [ ] L] e
2047 [ 1|11t ]

Note: Divide ratio: 3 to 2047 (Divide ratios fess than 3 are prohibited)
B>A

N|{N|N|N|[N|N|N|N|N|N
18|17 | 16| 15| 14| 43| 12| 11| 10] 9

©zZ

’

PULSE SWALLOW FUNCTION
fvco = [(P X B) + A] X fosc/R - :
fvco: Output frequency of external voltage controlled oscillator (VCO)
B: Preset divide ratio of binary 11-bit programmable counter (3 to 2047)

A:  Preset divide ratio of binary 7-bit swallow counter
(0O<A<P,A<B)

fosc: Output frequency of the external reference frequency oscillator
R: Preset divide ratio of binary 15-bit programmable reference counter (3 to 32767)
P: Preset modulus of dual modulus prescaler (P = 64 or 128)

PROGRAMMABLE MODES

Several modes of operation can be programmed with bits R16— R19 including the phase detector polarity, charge pump tristate
and the output of the FoLD pin. The prescaler and power down modes are selected with bits N19 and N20. The programmable
modes are shown in Table I. Truth table for the programmable modes and FoLD output are shown in Table Il and Table Iil.

TABLE 1. Programmable Modes

c1|c2| R R17 R18 | R19 | Rz0
ol o RF2 Phase RF2Icp, | RF2Dg RF2LD | RF2F,
Detector Polarity TRI-STATE
0 1 RF1 Phase RF1 |cp° RF1 Dy RF1LD | RF1F,.
Detector Polarity TRI-STATE
c1 | c2 N19 | N20
1 0 RF2 . Pwdn
Prescaler RF2
1 1 RF1 Pwdn
Prescaler RF1
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Functional Description (continued)
TABLE Il. Mode Select Truth Table

RF1 RF2
3 . 13- 3 2
Phase Detector Polarity(3) | Dg TRI-STATE | Icp (V) Prescaler | Prescalor Pwdn(2)
0 Negative Normal Operation | LOW 64/65 64/65 pwrd up
1 . Positive TRI-STATE HIGH | 128/129 | 128/129 | pwrddn

Note 1: The Icp, LOW current state = 1/4 X Icp, HIGH current.

Note 2: Activation of the RF2 PLL or RF1 PLL powerdown modes result in the disabling of the respective N counter divider and debiasing of its respective f)y inputs
(to a high impedance state). Powerdown forces the respective charge pump and phase comparator logic to a TRI-STATE condition. The R counter and
Oscillator functionality does not become disabled until both RF2 and RF1 powerdown bits are activated. The OSCi,, pin reverts to a high impedance state
when this condition exists. The MICROWIRET™ control register remains active and capable of loading and latching data during all of the powerdown
modes.

Note 3: PHASE DETECTOR POLARITY VCO Characteristics
Depending upon VCO characteristics, the R16 bits should be set
accordingly: ' (1)

When VCO characteristics are positive like (1), R16 should be set

HIGH; veo
When VCO characteristics are negative like (2), R16 should be set OUTPUT
LOW. FREQUENCY

(2)
VCO INPUT VOLTAGE

TL/W/12332-7

TABLE lll. The FoLD Output Truth Table

RF1R[19] | RF2R[19] | RF1R[20] | RF2 R[20] FolD
(RF1LD) | (RF2LD) | (RF1Fp) | (RF2Fp) Output State
-0 0 -0 0 Disabled (Note 1)

0 1 0 0 RF2 Lock Detect (Note 2)

1 0 0 0 RF1 Lock Detect (Note 2)

1 1 0 0 RF1/RF2 Lock Detect (Note 2)

X 0 0 1 RF2 Reference Divider Output

X 0 1 0 RF1 Reference Divider Output

X 1 0 1 RF2 Programmable Divider Output

X 1 1 0 RF1 Programmable Divider Output

0 0 1 1 Fastlock (Note 3)

0 1 1 1 For Internal use only

1 0 1 1 For Internal use only

1 1 1 1 Counter Reset (Note 4)

X—don't care condition
Note 1: When the F,LD output is disabled it is actively pulled to a low logic state.
Note 2: Lock detect output provided to indicate when the VCQ frequency is in ““lock’’. When the loop is locked and a lock detect mode is selected, the pins output
is HIGH, with narrow pulses LOW. In the RF1/RF2 lock detect moda a locked condition is indicated when RF2 and RF1 are both locked.
Note 3: The Fastlock mode utilized the F,LD output pin to switch a second loop filter damping resistor to ground during fastlock operation. Activation of Fastlock
occurs whenever the RF loop’s lcpo magnitude bit #17 is selected HIGH (while the #19 and #20 mode bits are set for Fastlock).
Note 4: The Counter Reset mode bits R19 and R20 when activated reset all counters. Upon removal of the Reset bits the N counter resumes counting in “‘close"
alignment with the R counter. (The maximum error is one prescalar cycle). If the Reset bits are activated the R counter is also forced to Reset, allowing smooth
acquisition upon powering up.
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LMX2335/LMX2336/LMX2337

Functional Description (continued) SR

SERIAL DATA INPUT TIMING

DATA N20: MSE)(N19 -—‘ Ntt)(us o A-- ) 9( CONTROL BIT: LSB °
“% (R20: MSB) L (R19) " (R&) [ (T T (RE) . (R1)cONTROL BIT: LSB
CLOCK ﬂ I I ‘ ﬂ ‘ :
: ) : o ' How ' R -
T —— R - - : |-I
o tes —»f
R toy —»| f— o =] = | et
LE —I ' ' —

TL/W/12332-8
Notes: Parenthesis data indicates programmable reference divider data.
Data shifted into register on clock rising edge.
Data is shifted in MSB first.

Test Conditions: The Serial Data Input Timing is tested using a symmetrical waveform around Vcc/2. The test waveform has an edge rate of 0.6V/ns with
amplitudes of 2.2V @ Vg = 2.7V and 2.6V @ Vg = 5.5V.

S N s AN e S e O
S s X e T o T i T Y
SN I N U © N i A

S L
|

—-

R [ by o
D, -----..v..l'.l.--.‘z .-ur--:---u------] r.---.l
A =t <t <t <t

- TL/W/12332-9
Notes: Phase difference detection range: —27 to +27 - R
The minimum width pump up and pump down current pulses occur at the D, pin when the loop is locked.
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Typical Application Example

LMX2335/36/37
16/20
15/19 ' .
A Vo2
D! D,2 14/18
0 ° o
13/17 == C3
GND GND :
12/16 =
fint fin2 Wy
- — Ix/15 Ry
fint N2 4
X/14 100 pF
GND GND
11/13 =
0sC.,, LE /
10/12
0SC, ¢ Data /
9/11
FolD Clock § L

Operational Notes:
*  VCOis assumed AC coupled.

TL/W/12332-10

**  Ryyincreases impedance so that VCO output power is provided to the load rather than the PLL. Typxcal values are 10 to 20002 depending on the VCO power

level. fiy RF impedance ranges from 409 to 100Q. fy IF impedances are higher.

*** 500 termination is often used on test boards to allow use of external reference oscillator. For most typical products a CMOS clock is used and no termlnaung
resistor is required. OSCj, may be AC or DC coupled. AC coupling is recommended because the input circuit provides its own bias. (See Figure below).

100k
AA

A
A\AAZ

0SCyyt

TL/W/12332-11

Proper use of grounds and bypass capacitors Is essentlal to achieve a high level of performance. Crosstalk between plns can be reduced by careful board

layout.

- This Is.a static sensitive device. It should be handled only at static free work stations.
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LMX2335/LMX2336/LMX2337

Application Information

A block diagram of the basic phase locked loop is shown in Figure 1.

7’

MAIN DIVIDER

PHASE
DETECTOR

1R f D,

CRYSTAL
REFERENCE

REFERENCE
DIVIDER

re————— .
| Frequency |
) Synthesizer |

]

AR HOJ LOOP FILTER veo
WA b

J:] 2 2s) O RF,,
WL, - :

/

FIGURE 1. Conventional PLL Architecture

Loop Gain Equations

A linear control system model of the phase feedback for a
PLL in the locked state is shown in Figure 2. The open loop
gain is the product of the phase comparator gain (Kg), the
VCO gain (Kyco/s), and the loop filter gain Z(s) divided by
the gain of the feedback counter modulus (N). The passive
loop filter configuration used is displayed in Figure 3, while
the complex impedance of the filter is given in equation 2.

ke H 2t Heel1—e.
II 1/N II

. TL/W/12332-14
FIGURE 2. PLL Linear Model

D, vco

o

R2

-1_-:C2

FIGURE 3. Passive Loop Filter

CI;

TL/W/12332-13

Open !
Loop = H(s) G(s) = 9i _ Ky Zls) Kvco )
gain Og Ns

s(C2eR2) +1 @
S2(C1eC2eR2) + sC1 + sC2
The time constants which determine the pole and zero fre-
quencies of the filter transfer function can be defined as

Z(s) =

C1eC2
T1 =R2e Ciirce (3a)
T2 =R2eC2 (3b)

TL/W/12332-12

The 3rd order PLL Open Loop Gain can be calculated in
terms of frequency, o, the filter time contants T1 and T2,
and the design constants K¢, Kyco, and N.

—KdoKyco(1 +jweT2) T1
o H = *—
Gls) ¢ Hes) =jew w2CleN(1 +jweT1) T2 @
From equation 3 we can see that the phase term will be
dependent on the single pole and zero such that the phase
margin is determined in equation 5.

d(w) = tan—1 (w ® T2) —tan—1 (0 ® T1) + 180°C (5)
A plot of the magnitude and phase of G(s) H(s) for a stable
loop, is shown in Figure 4 with a solid trace. The parameter
¢p shows the amount of phase margin that exists at the

"point the gain drops below zero (the cutoff frequency wp of

the loop). In a critically damped system, the amount of
phase margin would be approximately 45 degrees.

If we were now to redefine the cut off frequency, wp’, as
double the frequency which gave us our original loop band-
width, wp, the loop response time would be approximately
halved. Because the filter attenuation at the comparison fre-
quency also diminishes, the spurs would have increased by
approximately 6 dB. In the proposed Fastlock scheme, the
higher spur levels and wider loop filter conditions would ex-
ist only during the initial lock-on phase—just long enough to
reap the benefits of locking faster. The objective would be
to open up the loop bandwidth but not introduce any addi-
tional complications or compromises related to our original
design criteria. We would ideally like to momentarily shift the
curve Figure 4 over to a different cutoff frequency, illustrat-
ed by dotted line, without affecting the relative open loop
gain and phase relationships. To maintain the same gain/
phase relationship at twice the original cutoff frequency,
other terms in the gain and phase equations 4 and 5 will
have to compensate by the corresponding “1/w"” or “1/w2"
factor. Examination of equations 3 and 5 indicates the
damping resistor variable R2 could be chosen to compen-
sate with “w" terms for the phase margin. This implies that
another resistor of equal value to R2 will need to be
switched in parallel with R2 during the initial lock period. We
must also insure that the magnitude of the open loop gain,
H(s)G(s) is equal to zero at wp' = 2 wp. Kyco, Ké, N, or the
net product of these terms can be changed by a factor of 4,
to counteract with w2 term present in the denominator of
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Application Information (continued)

equation 3. The K¢ term was chosen to complete the trans-
formation because it can readily be switched between 1X
and 4X values. This is accomplished by increasing the
charge pump output current from 1 mA in the standard
mode to 4 mA in Fastlock.

Fastlock Circuit Implementation

A diagram of the Fastlock scheme as implemented in Na-
tional Semiconductors LMX2335/36/37 PLL is shown in
Figure 5. When a new frequency is loaded, and the RF1
Icpo bitis set high, the charge pump circuit receives an input
to deliver 4 times the normal current per unit phase error
while an opendrain NMOS on chip device switches ina

second R2 resistor element to ground. The user calculates
the loop filter component values for the normal steady state
considerations. The device configuration ensures that as
long as a second identical damping resistor is wired in ap-
propriately, the loop will lock faster without-any additional
stability considerations to account for. Once locked on the
correct frequency, the user can return the PLL to standard
low noise operation by sending a MICROWIRE instruction
with the RF1 Icp, bit set low. This transition does not affect
the charge on the loop filter capacitors and is enacted syn-
chronous with the charge pump output. This creates a near-
ly seamless change between Fastlock and standard mode.

Gain Phase
[G(s) H(s)| £ G(s)H(s) .
0dB -90
~
9p
Y -180
Frequenc ‘
9 Y TL/W/12332-15
FIGURE 4.0pen Loop Response Bode Plot
’ TN
iy )
~1/N T
1
H MAIN DIVIDER } '
CHARGE
PUMP
PHASE Vp
DETECTOR .
f r an '%d veo
M D, LOOP FILTER
R | O bp N — @ O Ry,
.'.'Av_lq c1 =
REFERENCE .
CRYSTAL DIVIDER = '
REFERENCE =
BE FolD
Fastlock & 4'

TL/W/12332-18

FIGURE 5. Fastlock PLL Architecture
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LMX3160

&National Semiconductor

ADVANCE INFORMATION

LMX3160 Single Chip Radio Transceiver

General Description

The Single Chip Radio Transceiver is a monolithic, integrat-
ed radio transceiver optimized for use in the Digital Europe-
an Cordless Telecommunications (DECT) system as well as
other mobile telephony and wireless communications appli-
cations. It is fabricated using National’s ABIC V BiCMOS
process (fr = 18 GHz).

The Single Chip Radio Transceiver contains both transmit
and receive functions. The transmitter includes a 1.1 GHz
phase locked loop (PLL), a frequency doubler, and a high

frequency buffer. The receiver consists of a 2.0 GHz low

noise mixer, an intermediate frequency (IF) amplifier, a high
gain limiting amplifier, a frequency discriminator, a received
signal strength indicator (RSSI), and an analog DC compen-
sation loop. The PLL, doubler, and buffers can be used to
implement open loop modulation. The circuit features an on-
board voltage regulator-to allow wide supply voltages. In
addition, the on board voltage regulator has two outputs for
regulated discrete stages in the Rx and Tx chain.

The IF amplifier, high gain limiting amplifier, and discrimina-
tor operate in the 40 to 150 MHz frequency range, and the
total IF gain is 85 dB. The use of the limiter and the discrimi-
nator provides a low. cost, high performance demodulator

for communications systems. The RSSI output can be used’
for channel quality monitoring.

The Single Chip Radio Transceiver is available in a 48-pin
7mm X 7mm X 1.4mm PQFP surface mount plastic pack-
age.

Features
m Single chip solution for DECT RF transceiver
.8 RF sensitivity to —93 dBm; RSSI sensitivity to

—100 dBm

| Two regulated voltage outputs for discrete amplifier
Vce

| High gain (85 dB) intermediate frequency strip

1 Allows unregulated 3.0V-5.5V supply voltage range

m Power down mode for increased current savings

m System noise figure 5.4 dB (typ)

Applications

m Digital European Cordless Telecommunications (DECT)
m Portable wireless communications (PCS/PCN, cordless)
B Wireless local area networks (WLANS)

B Other wireless communications systems

RiVege Wy Yo Mgy OND  GND

b ¥, GND LI GNO \’
N e T cc

Vee

NIXERgyy =]

Voo =

oD —

Ry =

onp —f

QUAI
UMITER O

f— vec

f— cno
— OISCoyr
b~ 0c conmy,

[— THRESH

Tx Vago

1.1GHz PLL

DATA

CLOCK

GND  GND  fy  CE v o,

Vg GND OUTO OUT1 OUT2 PLLPD
RxPD TxPD

TL/W/12493-1

manner without notice.

This data sheet contains the design specifications for product development. Specifications may change in any
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LMX3160 Pin Diagram
2 =
imzs'é%%;s%zg% 8
x & > % 0o o I3 >0 I o >
| I I T N T Y O Y O IO I |
48 47 46 45 44 43 42 41 40 39 38 37
e I 36 | QUAD
MIXERGyr =] 2 35— V¢
Ve =13 34— GND
GND =3 4 33 = DISCoyr
RFy =5 32— DC COMP,,
GND —1 6 31 = THRESH
Tx Vgee =17 30 b= RSSlyyp
Voo —18 29| S FIELD
GND —19 ' ‘ 28 = 0S¢y
Txgur =110 27| LE
GND —111 26 = DATA
Vee =12 25 = CLOCK
13 14 15 16 17 18 19 20 21 22 23 24
T rrrrrrrTri
22 EFE8 S8 228
© o > © { b X wd
o & = 2
I
o :_: ’é
° TL/W/12493-2
PinNo. | PinName | I/0 Description

1 Vee — | Power supply voltage input to mixer. Connect to VBAT

2 MIXERoyt | O | IF output signal of the mixer.

3 Vee — | Power supply voltage input to mixer. Connect to VBAT

4 GND — | Ground.

5 RFiN | | RFinputto the mixer.

6 GND — | Ground.

7 TxVReag O [ Supply voltage to external gain stage.

8 Vee — | Power supply voltage input to analog sections of doubler/PLL. Connect to VBAT

9 GND — | Ground.

10 Txout O | Doubler output.

1 GND — | Ground.

12 Vee — | Power supply voltage input to analog sections of doubler/PLL. Connect to VBAT

13 GND — | Ground.

14 GND — | Ground.

15 fiN | | RF Inputto doubler and PLL.

16 CE | Chip Enable. LOW powers down entire part. Before taking HIGH all pwire instructions should be
loaded for R, N, F fatches. Taking CE HIGH will power up the appropriate chip blocks depending on
the state of bits F6, F7, F14, and F15. The CE state change will also load the PLL N and R counters
to the correct divide ratios.
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LMX3160

LMX3160 Pin Diagram (Continued)

PinNo. | PinName | I/0 Description

17 Vp — | Power supply for charge pump. '

18 Do (o} &é%nal charge pump output. For connection to a loop filter for driving the input of an external

19 Vee — | Power supply input for CMOS section of PLL. Connect to VBAT

20 GND Ground.

21 Out 0/FLy 1/0 | Programmable CMOS output. Can be used for FastLock™ output (See Programmable Modes).

22 Out 1/RxPD | 1/0 | Programmable CMOS output. Can be used for hardwire receiver power down (See Programmable
Modes).

23 Out2/TxPD | 110 Programmable CMOS output. Can be used for hardwire transmitter power down (See
Programmable Modes).

24 PLLPD | | PLLPD = LOW for PLL normal operations. PLL PD = HIGH for PLL power saving.

25 Clock | High impedance CMOS clock input.

26 Data | Binary serial data input. Data entered MSB first. High impedance CMOS input.

27 LE | | Load enableinput.

28 OSCin | | Oscillator input.

29 SField | DC compensation circuit enable. While LOW, the DC compensation circuit is enabled, and the
threshold is updated through the DC compensation loop. While HIGH, the switch is opened, and
the comparator is held by the external capacitor.

30 RSSloyt O | Voltage output of the received signal strength indicator (RSSI).

81 | Thresh | O | Threshold level to external comparator.

32 DC COMPy I | Input to DC compensation circuit.

33 DISCout O | Demodulated output of discriminator.

34 GND — | Ground. .

35 Vee — | Power supply input to discriminator circuit. Connect to VBAT .

36 | QUADN I | Quadrature input.
37 Vee — | Power supply input to limiter output stage Connect to VBAT
38 GND — | Ground.

39 | UMour O | Limiter output to the quadrature tank.

40 | GND — | ‘Ground. '

41 Vee ' — | Power supply input for limiter. Connect to VBAT

42 | umy I | IFinput to the limiter, '

43 | GND — | Ground.

44 | GND — | Ground.

45 IFout O | IF output to bandpass filter.

46 Vcc — | Power supply input for IF amplifier. Connect to VBAT

47 | IFN | | IF inputto IF amplifier.

48 Rx VReg — | Supply voltage to external LNA.
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Absolute Maximum Ratings (ote 1)

It Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for avallability and specifications.

Power Supply Voltage (Vo) —0.3Vto +6.5V
Vp —0.3Vto +6.5V
Voltage on Any Pin with
GND = 0V (V) —0.3Vto +6.5V
Storage Temperature Range (Ts) ~65°Cto +150°C
Lead Temp. (solder, 4 sec)(T|) +260°C

Electrical Characteristics

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to
the device may occur. Operating Ratings indicate conditions for which the
device is intended to be functional, but do not guarantee specific perform-
ance limits. For guaranteed specifications and test conditions, see the Elec-
trical Characteristics. The guaranteed specifications apply only for the test
conditions listed.

Recommended Operating
Conditions

Supply Voltage (Vcc)
Operating Temperature (Ta) ‘

3.0Vto 5.5V
—10°Cto +70°C

The following specifications are guaranteed over the recommended operating conditions unless otherwise specified

Symbol Parameter Conditions Min Typ Max Units
Rxlce Receive Mode Current Consumption Tx PLL Powered Down a8 ' 45 mA
(Note 1) .
Txlcc Transmit Mode Current Consumption Rx PLL Powered Down ' 20 "5 mA
(Note 2) A
Ipp Power Down Current Tx, Rx, PLL Off 1 10 pA
fRe RF Frequency Range 1.7 2.0 GHz
fmax Maximum IF Input Frequency 120 | 150 MHz
fmin Minimum IF Input Frequency 18 20 MHz
MIXER ' fiy = 1.9 GHz :
NF Single Side Band Noise Figure 59 | 7 dB
GA Gain 16 18 dB
OolP3 Output Intercept Point -2 | 1 dBm
RF-RL RF Return Loss Zo = 5000 15 dB
IF-RL IF Return Loss Zy = 2009 15 dB
fin-RF fin to RF Isolation ' 30 dB
fin-1F fin to IF Isolation 30 dB
RF-IF RF to IF Isolation 30 dB
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Electrical Characteristics The following specmcahons are guaranteed over the recommended operating condi-
tions unless otherwise specified (Continued)

Symbol | . Parameter ' . Condlflons . | Min I Typ I Max | - Unit
IFAMPLIFIER. . . - : fiy = 120 MHz -
NF Noise Figure ' : 6 8 dB
Av Gain - S oL . 20 25 dB
OlP3 Output Intercept Point : N B 6 7 | -dBm
Znn | -Inputimpedance : : : 200 o a
" Zout * Output Impedance o 200 0
IF LIMITER fin = 120 MHz
" NF IF Limiter Noise Figure o 10 12 | dB
AV .| Limiter Gain : ' 55 60 - dB
Sens’ .| Limiter/Disc. Sensitivity : | BER=10-3. | -es | dBm
IFiN | IF Limiter Input Impedance ' ' 1200 ')
IFout IF Limiter Output Impedance ' L 1000 Q
" Vimax Maximum Input Voltage Level 500 : mVpp
Vour Output Swing - - 500 mVpp
Dynamic Range o 60 _ dB
) DISCRIMINATOR . fiN = 120 MHz . .
Vour . Discriminator Output Peak to Peak Voltage : 250° 400 i mv
Vos _Disc. Output DC Voltage . . 1.4 1.7 . v
DISCout Disc. Output Impedance ) | . ' 150 0
RSSI . , fiy = 120 MHz
RSS! RSS! Dynamic Range . 70 . 80 dB
RSSloyt | RSS! OutputVoltage - Pin ="—85dBm 01 ] 025 0.4 Y
N Pin=0dBm . 1.15 1.5 1.8 v
RSSISlope , Pin = —75t0 —25dBm | 11 20 . | mvsas
_RSSl Linearity , . - 3 dB
FREQUENCY DOUBLER four =.1.89 GHz _ , ' C
- fin Input Frequency Range 885 950 MHz
VIN Input Signal Level ZiN = 20092 -14 -11.5 -9 dBm
Zy Output Impedance 45 60 80 (4}
Fundamental Rejection (Note 3) VIN = 450 mVpp 30 dB
Harmonic Suppression (Note 3) VIN = 450 mVpp 20 dB
Pout Output Power —10 -8 dBm
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Electrical Characteristics The following specifications are guaranteed over the recommended operating condi-
tions unless otherwise specified (Continued)

09LEXWT

Symbol I ) Parameter | - Conditions Min l Typ I Max I Unit
FREQUENCY SYNTHESIZER C o

Vosc Oscillator Sensitivity | 05 1.0 Vep
ID6.source | Charge Pump Output Current Vdo = Vp/2, Icpo = LOW (Note 4) ' -15 mA
1D6.sink Vdo = Vp/2,Icpo = LOW (Note 4) 1.5 mA
1Do-source Vdo = Vp/2, lcpo = HIGH (Note 4) ’ -6.0 mA
100 sink Vdo = Vp/2, lcpo = HIGH (Note 4) 6.0 mA
'00-ri gfj Zg,"cs Vp =08 -1.0 01 | 10 | nA
VoH High-Level Output Voltage loH = —1.0mA Vec —0.4 \
VoL Low-Level Output Voltage loL = 1.0mA : 0.4 \
ViH High-Level input Voltage ) Vce —0.8 ' v
ViL Low-Level Input Voltage . ) 0.8 Vv
] Input Current GND < V|N < Ve -1.0 1.0 mA
tcs Data to Clock Set Up Time See Data Input Timing ' 50 - : ns
tcH Data to Clock Hold Time See Data input Timing 10 ns
towH Clock Pulse Width High See Data Input Timing 50 ns
towL Clock Pulse Width Low See Data Input Timing ' 50 . ns
tes Clock to Load Enable Set Up Time | See Data Input Timing 50 ns
tew Load Enable Pulse Width See Data Input Timing 50 ns
DC COMPENSATION SAMPLE AND HOLD CIRCUIT '

Vos Input Offset Voltage o ) ) 3 mV
Vivo Input/Output Voltage Swing Centered at 1.5V 1.0 Vpp
RsH Sample and Hold Resistor L . 224 336 Q
Dy Threshold Input Voltage Droop Chold = 2700 pF ‘ 1 10 mV/ms

Note 1: This includes 5 mA current sourced from the Rx VRgg pin for the external receive LNA as shown in the application diagram.

Note 2: This includes 5 mA current sourced from the Tx Vggg pin for the external transmit butfer used before the power amplifier as shown in the application
diagram.

Note 3: Measured at the output of external gain stage.

Note 4: See programmable modes for lepo description.
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Serial Data Input Timing

DATA N20: MSID( N19 NI(XNS N1 CONTROL BIT: LSB

(R20: MSB) (R19) (R8) (R7) (R6) (Ri)CONTROL BIT: LSB

e | fl ﬂ ]

oR * o s —» b[:_ v
tes — R f— town — tew
"LE —I —

- ' TL/W/12493-3

Notes: F hesis data indi progr reference divider data.
Data shifted into register on clock rising edge.
Data is shifted in MSB first. .
Test Conditions: The Serial Data Input Timing is tested using a symmetrical waveform around Vcc/2. The test waveform has an edge rate of 0.6V/ns with
amplitudes of 2.2V @ Vg = 3.0V and 2.6V @ Vg = 5.5V.

PLL Functional Description N
The simplified block diagram below shows the 20-bit F!ata register, 18-bit F latch, 12 bit N counter, and 6 bit R counter.

, N 6-BIT

05Gy 0sC R COUNTER
T

CLOCK ——P] ‘
20-BIT J 18- | Puase CHARGE
LE M bata ReaisTER ™ £ LatcH COMP. P [ 0
DATA = T

L FastLock FL,

fiy —{ PReEscALER |—] 2780 —DD—

TL/W/12493-4
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PLL Functional Description (continued)
The data stream is clocked on the rising edge of LE into the DATA input, MSB first. The last two bits are the control bits. DATA is

transferred into the counters as follows:

- Control Bits DATA Locatlon
C1 c2 )

0 0 N Counter

0 1 R Counter

1 X F Latch

X = Dont Care

Programmable Divider (N Counters)
The N counter consists of the 6-bit swallow counter (A counter) and the 6-bit programmable counter (B counter). When the
control bits are *00” data is transferred from the 20-bit shift register into two 6-bit latches. One latch sets the A counter while the
other sets the B counter, MSB first. Serial data format is shown below.

LSB

MSB

[ct [ce[ Nt ne]nana[ns e[ N7 e ] o nto] nir | 2 [ x] x| x| x]x]x]

Control Bits Divide Ratio of Programmable Divider, N

6-Bit Swallow Counter Divide Ratio (A Counter)

Divide Ratio A N6 N5 N4 N3 N2 N1
0 0 0 0
1 0 0 1
- » * * - * L]
63 1 1 1 1 1 1
Notes: Divide ratio: 0 to 63
B2A

Don't Care

091LEXINT
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6-Bit Programmable Counter Divide Ratio (B Counter)

Divide Ratio B N12 N11 N10 N9 N8 N7
3 0 0 0 0 1 1
4 0 0 0 1 0 0
. . * . * . .
63 1 1 1 1 1 1
Notes: Divide ratio: 3 to 63

B2A

Programmable Reference D|V|ders (R Counters)

If the control bits are 01" data is transferred from the 20-bit shift register into a latch which sets the 6-b|t R counter. Serial data

format is shown below.

LsB MSB
[t Jc2|mi[m|mra|me|mrs [me| x| x| x| x| x]x[x][x]x]x][x]x]
Control Bits Divide Ratio of Reference Divider Don’t Care
Divide Ratio R Ré R5 R4 R3 R2 R1
3 0 0 0 0 1 1
4 0 0 0 1 0 0
L] * * * * * *
63 1 1 1 1 1 1
Note: Divide ratio: 3 to 63
Pulse Swallow Function
fuco = [(P x B) + Al x fogc/R
fvco:  Output frequency of external voltage controlled oscillator (VCO)
B: Preset divide ratio of binary 6-bit programmable counter (3 to 63)
A: Preset divide ratio of binary 6-bit swallow counter (0 < A < P, A < B)

fosc: Output frequency of the external reference frequency oscillator
R:

Preset divide ratio of binary 6-bit programmable reference counter (3 to 63)

P: Preset modulus of dual modulus prescaler (32 or 64)




Receiver Functional Description

The simplified block diagram below shows the mixer, IF amplifier, limiter, and discriminator. In addition, the DC compensation
circuit, doubler, and voltage regulator (for external LNA) are shown.
MIXERgyy IFiy IFour LMy LiMgyr QUAD
IF HARD
AMPLIFIER LIMITER
RFyy — — DISCour
. RSSI
DC COMP,y
F LATCH
e THRESH
Rx Vpeg ——-I Vree I I_xz |POWER DOWN CONTROLI
4 —— S FIELD

iy Rx PD (SEE NOTE)

TL/W/12493-5

Note: Receiver power down can be controlled by software through the F Latch or hardwire through the Rx PD pin. This is determined by the state of F14 and F15
(See Programmable Modes).

Transmitter Functional Description
The simplified block diagram below shows the doubler and voltage regulator (for external transmit gain stage).

e~ ]
F LATCH{ -

Tx oyr — X2 I |P0wm DOWN CONTROLI
-

fin Tx PD (SEE NOTE)
TL/W/12493-6

Note: Transmitter power down can be controlled by software through the F Latch or hardwire through the Rx PD pin. This is determined by the state of F14 and F15
(See Programmable Modes).

Programmable Function Latch (F Latch)

If the control bits are “1X’ data is transferred from the 20-bit shift register into the 18-bit F latch. Serial data format is shown
below. ‘
LsB MSB
[ct [ca|Fi|ra|ra|ra|rs|re|rr]re]ro]Fro]Fi1|Fiz]Fa]ra]ris]rie]Fi7] Fis |
Control Bits
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Programmable Modes

Several modes of operation can be programmed with the function register bits F1-F18, |nclud|ng the phase detector polanty,
charge pump TRI-STATE® and CMOS outputs. In addition, software or hardwire power down modes may be selected with bits
F14 and F15. The programmable modes are latched in when the control bits are: C1 = 1, C2 = X. Truth tables for the
programmable modes are shown in Tables I-1Il.

TABLE |. Programmable Modes

F1 Prescaler Mod Select (32/64)

F2 Phase Detector Polarity ‘
" F3 - Charge Pump Current

F4 Charge Pump TRI-STATE

F5 Don’t Care

Fé ‘| - Receive Section Power Down

F7 Transmit Section Power Down -

F8.. Out 0 CMOS Output/FastLock Output .
F9 Out 1 CMOS Output/Receive Section Power Down Input
F10 ... QOut 2 CMOS Output/Transmit Section Power Down Input
F11 Don't Care '

F12 FastLock Auto/man select

F13 Out 0 Normal CMOS/FastLock Switch
F14 Mode Select. See Mode Select Table
F15 Mode Select. See Mode Select Table

- F16 Auto FastLock Counter Bit #16
F17 Auto FastLock Counter Bit #32
F18 Auto FastLock Counter Bit #64

Functional Description

F1 Pre-scaler modules select. LOW selects 32/33 and HIGH selects 64/65.
F2 Phase Detector Polarity. F2 is used to reverse the polanty of the phase detector Depending upon Vo characteristics,
F2 should be set accordingly:
When VCO characteristics are positive, F2 should be set HIGH;
When VCO characteristics are negative, F2 should be set LOW.
F3 Charge pump current. LOW selects low charge pump current (1X l¢po). High selects HIGH charge pump current
(4X lepo)- -
F4 ‘Charge Pump TRI-STATE.
F5 Don't Care.
F6-F7 Power down. When F14 = 0 and F15 = 0, F6 controls the state of the receive section and F7 controls the state of the
transmit section. A LOW powers up the section while a HIGH powers down the section.
F8-F10 | CMOS Outputs. When F13 is LOW, F8 controls sets state of outo (pin 21). When in normal power down mode (F14 =
0, F15 = 0), F9 and F10 sets the state of Out 1 (pin 22) and Out 2 (pin 23) respectively.
F11 Don’t Care. ‘ . . )
F12 FastLock Auto/Manual Mode Select. When F13 HIGH, selects auto or manual FastLock mode.
F13 Out 0 (pin 21) Normal/FastLock select. When LOW the state of Out 0 (pin 21) is controlled by F8. When HIGH Out 0 is
used for FastLock.
F14-F15 | Power Down Mode Control. See Table Il
F16-F18 | FastLock Timeout Counter. See Table IV for counter values.
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Table Il. Mode Select Truth Table
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F1 F2 F3 F4 F6-F7 F8-F10
Pre-scaler Mod. Phase Det. polarity lepo Do TRI-STATE Power Down Modes CMOS Outputs
32/33 Negative LOW Normal Operation Powered UP LOW
1 64/65 Positive HIGH TRI-STATE Powered Down HIGH
TABLE llla. Power Down Modes TABLE llib. Power Control Modes
Function F15 F14 High Low
Software Control ' 0 Software F6 Receiver Off Receiver On
Test Mode (See Note) 1 Control
Test Mode (See Note) 1 0 » F7 | Transmitter Off | Transmitter On
Hardwire Power Down 1 1 Hardwire Rx PD Receiver Off Reciever On
Control
Note: Not used in application.
TxPD | Transmitter Off | Transmitter On
PLDD PD PLL Off PLLOn

TABLE IV. Charge Pump Output, Out 0, and FastLock Decoding

F3 F12 F13 : Function

0 X 0 lepo = 1X, No FastLock, Out0 = F8

1 X 0 Icpo = 4X, No FastLock, Out0 = F8

0 0 1 lepo = 1X, Manual FastLock, Out0 = FL,

1 0 1 lcpo = 4X, Manual FastLock, Out0 = FL,

X 1 1 lepo = Setby # reference cycles present in F counter, Auto FastLock, Out0 = FL,

TABLE V. FastLock Timeout Counter Value Programming

Time Out (# ReferenceCycles) | 8 | 24 | 40 | 56 | 72 | 88 | 104 | 120
F16 0] 1 0 1 0 1 0 1
F17 0f 0 1 1 0 0 1 1
F18 [ 0 0 1 1 1 1

Example: To set FastLock timeout for 24 reference cycles, set F16 = HIGH, F17 = LOW, and F18 = LOW.
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Typical Application Block Dia

1.88GHz - 1.90 GHz

DISCRETE
LNA

gram

110.592 MHz
SAW

110.592 MHz
LC FILTER

j,,],

BPF

AMPLIFIER

. IF

HARD
LINITER

——
-|_|T’:

8PF /R , THRESH
' ST MICRO-
CONTROLLER.
. BURST MODE
. Rssi CONTROLLER.
. < Q ‘@—Q———E‘ - | PLL PD
1.776Hz - 1.90 GHz - 1o L 056w
POWER AMP N :
: : CE
1}
N D
(SEE NOTE 1) CLK
DATA
veo —| I | 13
= MO
TL/W/12493-7
Note 1: Connected when using FastLock.
System: DECT—System + 3V Only '
Data Per Stage ’ Cumulative Data
# Component Gain N Fig OIP3 # Gain N Fig 11P3 OIP3
1 Filter/Switch =20 20 100.0 1 -20 2.0 97.9 95.9
2 Discrete LNA 100 - 2.0 7.0 -2 8.0 4.0 -1.0 7.0
3 Filter —20 20 100.0 3 6.0 4.2 -1.0 5.0
4 Mixer 18.0 ° 59 |- 1.0 4 240 5.2 —23.0 1.0
5 SAW -11.0 11.0 100.0 5 13.0 5.3 —23.0 -10.0
6 IF Amplifier '25.0 4.0 57.0 6 38.0 . 5.4 —-23.0 15.0
7 BPF (LC) -20 2.0 100.0 7 36.0 5.4 —-23.0 13.0
8 IF Limiter 60.0 18.0 68.0 8 96.0 5.4 —29.2 66.8
SYSTEM CUMULATIVE VALUES
Gain 96.0dB
N Fig 5.4dB
Sensitivity (@ 25°C) —93.1 dBm 1IP3 —23.0dBm
Required Eb/No 14.0dB OIP3 66.8 dbm

Note: Assumes 50 dB attenuation of interferer by the SAW filter and 8 dB attenuation by the LC filter.
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Application Information

’

MAIN DIVIDER

PHASE
DETECTOR

p

LOOP FILTER veco

2(s)

] D
@ 1/R ¢r A'A'A_I
CRYSTAL REFERENCE - MR
DIVIDER

REFERENCE |

Frequency
Synthesizer

—@M RFout

TL/W/12493-8

FIGURE 1. Conventional PLL Architecture

Loop Gain Equations

‘A linear control system model of the phase feedback for a
PLL in the locked state is shown in Figure 2. The open loop
gain is the product of the phase comparator gain (K4), the
VCO gain (Kyeo/S), and the loop filter gain Z(s) divided by
the gain of the feedback counter modulus (N). The passive
loop filter configuration used is displayed in Figure 3, while
the complex impedance of the filter is given in Equation 2.

)Y Tk, H zs " veolo—e.
+ | S
Qi
1/N
TL/W/12493-9
FIGURE 2. PLL Linear Model
D, vco
c1 R2
I- ’ I c2
= TL/W/12493-10
FIGURE 3. a
PASSIVE LOOP FILTER
Open loop gain=H(s) G(s) = @i/@e =Ky Z(s)Kyco/Ns (1)
) = s(C20A2) +1
s2(C1 e C2e R2) + sC1 + sC2 2)

The time constants which determine the pole and zero fre-
quencies of the filter transfer function can be defined as

Clec2
m=hRe 5o 3a)
and
T2=R2eC2 (3b)

The 3rd order PLL Open Loop Gain can be calculated in
terms of frequency, w, the filter time constants T1 and T2,
and the design constants Ky, Kyco, and N.

=Ky ® Kyeoll +jw e T2) . n
o W2C1eN(1+jweTl) T2 (4)
From Equation 3 we can see that the phase term will be
dependent on the single pole and zero such that the phase

G(S)* H(S)
S=

“margin is determined in Equation 5.

$(w)=tan—1(we T2) — tan—1 (w® T1) + 180° (5)
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A plot of the magnitude and phase of G(s)H(s) for a stable
loop, is shown in Figure 4 with a solid trace. The parameter
¢p shows the amount of phase margin that exists at the
point the gain drops below zero (the cutoff frequency wp of
the loop). In a critically damped system, the amount of
phase margin would be approximately 45°.

If we were now to redefine the cut off frequency, wp', as
double the frequency which gave us our original loop band-
width, wp, the loop response time would be approximately
halved. Because the filter attenuation at the comparison fre-
quency also diminishes, the spurs would have increased by
approximately 6 dB. In the proposed FastLock scheme, the
higher spur levels and wider loop filter conditions would ex-
ist only during the initial lock-on phase—just long enough to
reap the benefits of locking faster. The objective would be
to open up the loop bandwidth but not introduce any addi-
tional complications or compromises related to our original
design criteria. We would ideally like to momentarily shift the
curve of Figure 4 over to a different cutoff frequency, illus-
trated by the dotted line, without affecting the relative open
loop gain and phase relationships. To maintain the same
gain/phase relationship at twice the original cutoff frequen-
¢y, other terms in the gain and phase equations 4 and 5 will
have to compensate by the corresponding “1/w" or *“1/w2”
factor. Examination of equations 3 and 5 indicates the
damping resistor variable R2 could be chosen to compen-
sate the “w” terms for the phase margin. This implies that
another resistor of equal value to R2 will need to be

switched in parallel with R2 during the initial lock period. We
must also insure that the magnitude of the open loop gain,
H(s)G(s) is equal to zero at wp' = 2 wp. Kyco, K¢, N, or the
net product of these terms can be changed by a factor of 4
to counteract the w2 term present in the denominator of
Equation 3. The K¢ term was chosen to complete the trans-
formation because it can readily be switched between 1X
and 4X values. This is accomplished by increasing the
charge pump output current from 1.5 mA in the standard
mode to 6 mA in FastLock.

FastlL.ock Circuit Implementation

A diagram of the FastLock scheme as implemented in Na-
tional Semiconductors LMX3160 is shown in Figure 5. When
a new frequency is loaded, the charge pump circuit receives
an input to deliver 4 times the normal current per unit phase
error while an open drain NMOS on chip device switches in
a second R2 resistor element to ground. The user calcu-
lates the loop filter component values for the normal steady
state considerations. The device configuration ensures that
as long as a second identical damping resistor is wired in
appropriately, the loop will lock faster without any additional
stability considerations to account for. Once locked on the
correct frequency, the PLL will then return to standard, low
noise operation. This transition does not affect the charge
on the loop filter capacitors and is enacted synchronous
with the charge pump output. This creates a nearly seam-
" less change between FastLock and standard mode.

Phase

Gain ‘\
Io(s) H)i R £ 6(s)H(s)
\\\ _ 2
% S 0 T
0d8 -90
~
\
Ay
\
Ay
\
N N
AR
2 2 -180
Frequenc:
q 4 TL/W/12483-11
Figure 4. Open Loop Response Bode Plot
pm——— ——— N
fin
MAIN DIVIDER
CHARGE
PUMP
PHASE Ve
DETECTOR
p | veo
AAA
1 @ "'_lfL 0, LOOP FILTER 7\ ok
~
t
@— 1/R . ¢ .'.'AJI—' et é = \J
REFERENCE v_“'j =
CRYSTAL OIVIOER L :
REFERENCE = S .,
b SR2 R2
HE fs
| Fastlock I -41 : =
]
= 1
N — 4

TL/W/12493-12

FIGURE 5. FastLock PLL Architecture
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&National Semiconductor

LMX2216

0.1 GHz to 2.0 GHz Low Noise Amplifier/Mixer
for RF Personal Communications

General Description'

The LMX2216 is a monolithic, integrated low noise amplifier
(LNA) and mixer suitable as a first stage amplifier and down-
converter for RF receiver applications. The wideband oper-
ating capabilities of the LMX2216 allow it to function over
frequencies from 0.1 GHz to 2.0 GHz. It is fabricated using
Nationa! Semiconductor’s ABIC IV BiICMOS process.

All input and output ports of the LMX2216 are single-ended.
The LNA input and output ports are designed to interface to
a 500 system. The Mixer input ports are matched to 500.
The output port is matched to 2000. The only external com-
ponents required are DC blocking capacitors. The balanced
architecture of the LMX2216 maintains consistent operating
parameters from unit to unit, since it is implemented in a
monolithic device. This consistency provides manufacturers
a significant advantage since tuning procedures—often
needed with discrete designs—can be reduced or eliminat-
ed. ’

The low noise amplifier produces very flat gain over the en-

tire operating range. The doubly-balanced, Gilbert-cell mixer

provides good LO-RF isolation and cancsellation of second-

order distortion products. A power down feature is imple-

mented on the LMX2216 that is especially useful for stand-

by operation common in Time Division Multiple Access
. (TDMA) and Time Division Duplex (TDD) systems.

The LMX2216 is available in a narrow-body 16-pin surface
mount plastic package.

Features

m Wideband RF operation from 0.1 GHz to 2.0 GHz

m No external biasing components necessary

m 3V operation

m LNA input and output ports matched to 500

B Mixer input ports matched to 509, output port matched
to 200Q.

m Doubly balanced Gilbert cell mixer (single ended input
and output)

W Low power consumption

® Power down feature

® Small outline, plastic surface mount package

Applications

m Digital European Cordless Telecommunications (DECT)
B Portable wireless communications (PCS/PCN, cordless)
m Wireless local area networks (WLANs)

m Digital cellular telephone systems

m Other wireless communications systems

Functional Block/Pin Diagram

Vee M [T © [TE] Vee A
GND [Z} [15] GND
thay 5] [14]LNAGyr
GND [7] [13] GND
GND [5] [12] GND
Ry (5] 7] Loy,
GND [7] [10] 6ND
PWON [&] 5] IFgyr
TL/W/11814-1
Order Number LMX2216M

See NS Package Number M16A
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Pin Description

:i_: NZ:':e 170 . Description
1 VeeM | Vaoltage supply for the mixer. The input voltage leve! to this pin should be a DC Voltage ranging from
2.85Vt0 3.15V.
2 GND - Ground
3 LNA|N | RF input signal to the LNA. External DC blocking capacitor is required.
4 GND Ground
5 GND Ground
6 RFIN | RF input to the mixer. The RF signal to be down converted is connected to this pin. External DC
blocking capacitor is required. .
7 GND Ground .
PWDN I Power down signal pin. Both the LNA and mixer are powered down when a HIGH level is applied to
this pin (V|p).
9 IFouTt (o) IF output signal of the mixer. External DC blocking capacitor is required.
10 GND Ground ) ’
1 LONn | Local oscillator input signal to the mixer. External DC blocking capacitor is required.
12 GND Ground
13 GND Ground
14 LNAouT (o] Output of the LNA. This pin outputs the amplified RF signal. External DC blocking capacitor is
required.
15 GND Ground
16 Vec A | LNA supply Voltage. DC Voltage ranging from 2.85V to 3.15V.

Absolute Maximum Ratlngs

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.
Supply Voltage (Vo) 6.5V
Storage Temperature (Tg) —65°Cto +150°C
Operating Temperature (To) —40°Cto +85°C

Recommended Operatmg

Conditions

Supply Voltage (Vceo) 2.85V-3.15V
Operating Temperature (Ta) ~10°Cto +70°C
RFiN 0.1 GHzt0 2.0 GHz
LOiN 0.1 GHz to 2.0 GHz
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Electrical Characteristics: LNA
(Voc = +3.0V 5%, Ta = 25°C, Z, = 50Q and fjy = 2.0 GHz @ —30 dBm unless otherwise specmed)

9LeeXN1

Symbol Parameter Conditions Min Typ Max | Units
Icc Supply Current In Operation 6.5 8.0 mA
lcc-pwonN | Supply Current In Power Down Mode 10 nA
G Gain : 9 10 dB
PidB Qutput 1 dB Compression Point -5.0 —-3.0 dBm
OIP3 Output 3rd Order Intercept Point 5.0 7.0 dBm
NF Single Side Band Noise Figure 4.8 6.0 dB
RLiN Input Return Loss 10 15 dB
RLouTt Output Return Loss 10 1 dB

Electrical Characteristics: Mixer (v = +3.0v £5%, Ty = 257, Z, = 500, fse = 2.0 GHz @
—30 dBm, fi o = 1.89 GHz @ 0 dBm; fir = 110 MHz unless otherwise specified.)

Symbol Parameter Conditions Min Typ Max | Units
lcc Supply Current In Operation 9.0 12.0 mA
lcc-pwpnN | Supply Current In Power Down Mode 10 pA
Gg Conversion Gain (Single Side Band) 4.0 6.0 dB
Pids Output 1 dB Compression Point -13.0 —9.0 dBm
OlP3 Output Third Order Intercept Point -3.0 0.0 dBm
SSB NF Single Side Band Noise Figure 17 18 dB
DSB NF Double Side Band Noise Figure 14 15 dB
LO-RF LO to RF Isolation 20 30 dB
LO-IF LO to IF Isolation 20 30 dB
RF RL RF Return Loss 10 15 dB
LORL LO Return Loss 10 15 dB
IFRL IF Return Loss 15 dB
ZiF IF Port Impedance 200 Q

Electrical Characteristics: Power Down

Symbol Parameter Conditions Min Typ Max Units
ViH High Level Input Voltage Vec — 0.8 \
ViL Low Level Input Voltage 08 \
1™ High Level Input Current VIH = Vco —10.0 10.0 RA
i Low Level Input Current ViL = GND —10.0 100 pA
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Typical Application Block Diagram
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Typical Characteristics
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Typical Characteristics (continued)
LNA (Continued)
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LMX2216

Typical Characteristics (continued)
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. Typical Characteristics (continued)
MIXER (Continued)
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LMX2216

Typical Characteristics (continued)
MIXER (Continued)
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Functional Description’
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FIGURE 3. Block Diagram of the LMX2216
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Functional Description (continued)

THE LNA

The LNA is a common emitter stage with active feedback.
This feedback network allows for wide bandwidth operation
while providing the necessary optimal input impedance for
low noise performance. The power down feature is imple-
mented using a CMOS buffer and a power-down switch. The
power down switch is implemented with CMOS devices.
During power down, the switch is open and only leakage
currents are drawn from the supply.

THE MIXER

The mixer is a Gilbert cell architecture, with the RF input
signal modulating the LO signal and single ended output
taken from the collector of one of the upper four transistors.
The power down circuitry of the mixer is similar to that of the
LNA. The power down switch is used to provide or cut off
bias to the Gilbert cell.

Typical Low Noise Amplifier

1
rRs !
1

M1 M2 RL

TL/W/11814-14
FIGURE 4. Typical LNA Structure

A typical low noise amplifier consists of an active amplifying
element and input and output matching networks. The input
matching network is usually optimized for noise perform-
ance, and the output matching network for gain. The active
element is chosen such that it has the lowest optimal noise
figure, Fpmin, an intrinsic property of the device. The noise
figure of a linear two-port is a function of the source admit-
tance and can be expressed by

R
F=Fmn + G—; [(Gon — Gg)? + (Bon — Ba)?l

generator admittance presented to
the input of the two port,

where Gg + jBg =

Gon + jBon = generator admittance at which op-
timum noise figure occurs,
Rn = empirical constant relating the

sensitivity of the noise figure to
generator admittance.

Typical Gilbert Cell

A—
[
AAA
v

Vout

TL/W/11814-15
FIGURE 5. Typical Gilbert Cell Circuit Diagram

The Gilbert cell shown above is a circuit which multiplies
two input signals, RF and LO. The input RF voltage differen-
tially modulates the currents on the collectors of the transis-
tors Q1 and Q2, which in turn modulate the LO voltage by
varying the bias currents of the transistors Q3, Q4, Q5, and
Q6. Assuming that the two signals are small, the result is a
product of the two signals, producing at the output a sum
and difference of the frequencies of the two input signals. If
either of these two signals are much larger than the thresh-
old voltage VT, the output will contain other mixing products
and higher order terms which are undesirable and may need
to be attenuated or filtered out.

Analysis of the Gilbert cell shows that the output, which is
the difference of the collector currents of Q3 and Q§, is
related to the two inputs by the equation:

1100~ s = te [t (57) | [ (32)]
Al =.Ic3 — Ics = lge [tanh (ZVT tanh vy

and the hyperbolic tangent function can be expressed as a
Taylor series
x3 x5
tanh(x) = x — —+ — — ...
(x) 3t
Assuming that the RF and LO signals are sinusoids.
VRr.= Acos (wgrt + $RF)
Vio = Beos (w0t + $L0)
then

3
Al = Igg [Acos (wprt + éRF) — %—cosa (wrrt + ¢pr)+ ... ]

. 8
. [Bcos (oot + éL0) — ?cos3 (0ot + d0) + ... ]

The lowest order term is a product of two sinusoids, yielding
a sum of two sinusoids,
e 22 [cos ((wRF + wL0) t + $RF +dLO)
2 |+ cos ((wpF — wL0)t + ¢RF — $LO)
one of which is the desired intermediate frequency signal.
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LMX2216

Figures of Merit

GAIN (G)
Many different types of gain are specified in RF engineering.
The type referred to here is called transducer gain and is
defined as the ratio of the power delivered to the load to the
available power from the source,

G = Pour _ Vour/RL _ , RsVour

PN Vin/Rs RLViN

where Voyr is the voltage across the load R_and V)y is the
generator voltage with internal resistance Rg. In terms of
scattering parameters, transducer gain is defined as

G = 20log (|S21})

where Sy is the forward transmission parameter, which can
be measured using a network analyzer.

1dB COMPRESSION POINT (P1qg)

A measure of amplitude linearity, 1 dB compression point is
the point at which the actual gain is 1dB below the ideal
linear gain. For a memoryless two-port with weak nonlineari-
ty, the output can be represented by a power series of the
input as
Vo = kqvj + kgv? + kgv? + ...

For a sinusoidal input,

) v; = Acos wqt
the output is

1 3 .
Vo=Ek2A2 + (k1 A +Tk3A3) coswqt

1 1 .
+Ek2A2c052w1t+—Z-kgA3c053w1t

assuming that all of the fourth and higher order terms are
negligible. For an amplifier, the fundamental component is
the desired output, and it can be rewritten as

Ky A [1 + %(kg/kﬂAZ].

This fundamental component is larger than k¢ A (the ideally
linear gain) if k3 > 0 and smaller if kg3 < 0. For most practi-
cal devices, k3 < 0, and the gain compresses as the ampli-
tude A of the input signal gets larger. The 1 dB compression
point can be expressed in terms of either the input power or
the output power. Measurement of P1gg can be made by
increasing the input power while observing the output power
until the gain is compressed by 1 dB. '

THIRD ORDER INTERCEPT (OIP3)

Third order intercept is another figure of merit used to char-
acterize the linearity of a two-port. It is defined as the point
at which the third order intermodulation product equals the
ideal linear, uncompressed, output. Unlike the P1g4g, OIP3
involves two input signals. However, it can be shown mathe-
matically (similar derivation as above) that the two are
closely related and OIP3 = Pygg + 10 dB. Theses two
figures of merit are illustrated in Figure 6.

Pour
3RD INTERMOD ¢ IDEAL OUTPUT
4
7z
oiPy o
R .
Pugp 148 p ACTUAL QUTPUT

[ [
TL/W/11814-16
FIGURE 6. Typical Poyt—-P)N Characteristics

NOISE FIGURE (NF)

Noise figure is defined as the input signal to noise ratio di-
vided by the output signal to noise ratio. For an amplifier, it
can also be interpreted as the amount of noise introduced
by the amplifier itself seen at the output. Mathematically,

_ SN _ Si/N; _Na+GaN;
So/No  Ga Si/(Na + Ga Nj) Gy N;
NF = 10log (F)

where S;j and N; represent the signal and noise power levels
available at the input to the amplifier, S, and N, the signal
and noise power levels available at the output, G, the avail-
able gain, and Na the noise added by the amplifier. Noise
figure is an important figure of merit used to characterize the
performance of not only a single component but also the
entire system. It is one of the factors which determine the
system sensitivity.

IMAGE FREQUENCY, DSB/SSB NF

Image frequency refers to that frequency which is also
down-converted by the mixer, along with the desired RF
component, to the intermediate frequency. This image fre-
quency is located at the same distance away from the LO,
but on the opposite side of the RF. For most mixers, it must
be filtered out before the signal is down-converted; other-
wise, an image-reject mixer must be used. Figure 7 illus-
trates the concept.

AMPL

IF IM LO RF

FREQ
TL/W/11814-17
FIGURE 7. Input and Output Spectrum of Mixers
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Figures of Merit (continued)

Due to the presence of image frequencies and the method
in which noise figure is defined, noise figures can be mea-
sured and specified in two ways: double side band (DSB) or
single side band (SSB). In DSB measurements, the image
frequency component of the input noise source is not fil-
tered and contributes to the total output noise at the inter-
mediate frequency. In SSB measurements. the image fre-
quency is filtered and the output noise is not caused by this
frequency component. In most mixer applications where
only one side band is wanted, SSB noise figure is 3 dB
higher than DSB noise figure.

In this application, the LMX2216 is used in a radio receiver
front end, where it amplifies the signal from the antenna and
then down converts it to an intermediate frequency. The
image filter placed between the LNA and the mixer attenu-

ates the image frequency. The mixer is shown to'use an LO
signal generated by a PLL synthesizer, but, depending on
the type of application, the LO signal could be generated by
adevice as simple as a free-running oscillator. The IF output
is then typically filtered by a channel-select filter following
the mixer, and this signal can then be demodulated or go
through another down conversion, depending upon the in-
termediate frequency and system requirements. This exter-
nal filter rejects adjacent channels and also attenuates any
LO feed through. Figure 9 shows a cascade analysis of a
typical RF front-end subsystem in which the LMX2216 is
used. It includes the bandpass filter and the switch through
which the input RF signal goes in a radio system before
reaching the LNA. Typical values are used for the insertion
loss of the various filters in this example.

Ve
. ) //
‘ j-:wo pF
! Ve M Vec A 16
) Lmx2216 |,
s ey =
" = ,\ “=
Fiter | switen ] } LNA Image
100pF l/ 13
L ] e
E GND GND “___L_
= =
rFYL0 I—¢
7 10 100 pF
] GND|—)
=, ¢ =
w PWON I_ Fillfor = output
100 pf
micro controller

TL/W/11814-18

FIGURE 8. Typical Applications Circuit of the LMX2216

Data per Stage

# Comp Gain N Fig OIP3
1 Filter -20 2,0 100.0
2 Switch —0.6 0.6 100.0
3 LNA 123 3.7 6.0
4 Filter -3.0 3.0 100.0
5 Mixer 5.8 13.7 3.0
6 Filter -3.0 3.0 100.0
System Cumulative Values  Gain 9.5dB

N Fig 9.7dB

1IPg —10.5dBm

OlP, —1.0dBm

Cumulative Data

# Gain N Fig 1IP3 OIP3
1 -2.0 2.0 97.9 95.9
2 —26 2.6 96.6 94.0
3 9.7 6.3 -3.7 6.0
4 6.7 6.4 -3.7 3.0
5 12.5 9.6 —10.5 20
6 9.5 9.7 —-10.5 -1.0

FIGURE 9. Cascade Analysis Example

1-11

5

91geXW1




LMX2240

&National Semiconductor

LMX2240

Intermediate Frequency Receiver - R : l,j,

General Description

The LMX2240 is a monolithic, integrated intermediate fre-
quency receiver suitable for use in Digital European Cord-
less Telecommunications (DECT) systems as well as other
mobile telephony and wireless communications applica-
tions. It is fabricated using National's ABiC™ [V BiCMOS
process (ftr = 15 GHz).

The LMX2240 consists of a high gain limiting amplifier, a
frequency discriminator, and a received signal strength indi-
cator (RSSI). The high gain limiting amplifier and discrimina-
tor operate in the 40 MHz to 150 MHz frequency rangs, and
the limiter has approximately 70 dB of gain. The use of the
limiter and the discriminator provides a low cost, high per-
formance demodulator for communications systems. The
RSSI output can be used for channel quality monitoring.
The LMX2240 is intended to support single conversion re-
ceivers. This device saves power, size, and cost by eliminat-
ing the second local oscillator (LO), second converter (mix-
er), and additional filters. The LMX2240 is recommended for
systems with channel bandwidths of 300 kHz to 2.5 MHz.
The LMX2240 is available in a 16-pin JEDEC surface mount
plastic package.

Features

m Typical operation at 110 MHz )

m RF sensitivity to — —-75 dBm; RSSI sensmwty to
—82 dBm .

| High gain (70 dB) Ilmmng amplmer .

W Average current consumption: 480 nA for DECT
handset (burst mode)

B +3V operation

m Power down mode for increased current savings

m Part of a complete receiver solution with the LMX2216
LNA/Mixer, the LMX2315/20 Phase-locked Loop, and
the LMX2411 Baseband Processor

u Gompliant to ARIT™ specification

Applications

m Digital European Cordless Telecommumcatlons (DECT)
W Portable wireless communications (PCS/PCN cordless)
B Wireless local area networks (WLANs)

= Digital cellular telephone systems

m Other wireless communications systems

Functional Block Diagram

LIM QUAD Vee

IFIN  COMP.  COMP.  GND G6ND _ ouT IN . (LIMITER)

6 s Ju Jis |2 1" 0 s

h . © B
M LiMIT -
) R |
| RSS! I

1| 2 | 4] 5] 6| 7 8|
POWER  RSSI NC GND GND MD  DEMOD Vg
DOWN out : OUT  (MIXER)

TL/W/11755-1
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Connection Diagram

OvCcTXW1

Small Outline Package

PD — 10 ~7 18f—1IF IN
RSS! OUT — 2 15 p— COMP.
NC—{3 14— CcOMP.
GND—{4 | MX2240 13}—oND
GND—]5 TOP VIEW {2k-GND
MID—{ 6 11 |=LIM. ouT
DEMOD OUT —{ 7 10 f—QUAD IN
Ve (MIXER) =1 8 9= Ve (LIM.)
TL/W/11755-2
Top View
Order Number LMX2240M

See NS Package Number M16A

Pin Description

Pin No. Pin Name 170 Description
1 PD | Power Down; a HIGH signal switches the part to power down mode.
2 RSSI Out (o} Voltage output of the received signal strength indicator (RSSI).
3 NC No connection
4 GND Ground
5 GND Ground
6 MID (o} Mid-range output of the discriminator; can be used for comparator threshold.
7 Demod Out (o} Demodulated output of the discriminator. '
8 Vce (Mixer) - : Source voltage for the mixer (discriminator).
9 Vce (Lim.) Source voltage for the limiter.

10 Quad In | Quadrature input. A DC path from source through an inductor must be present at
this pin, but, there must be no series resistance (a parallel resistor to the inductor
is acceptable).

11 Lim. Out (o} Limiter output to the quadrature tank.

12 GND Ground

13 GND Ground

14 Comp. Compensation pin for the limiter. See Applidations Information for capacitor
value.

15 Comp. Compensation pin for the limiter. See Applications Information for capacitor
value. .

16 IF In | IF input to the limiter.
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LMX2240

Absolute Maximum Ratings

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Oftfice/Distributors for avalilability and specifications.
Power Supply Voltage (Vcg) . 6.5V
Storage Temperature Range (Tg) —65°C to +150°C

Lead Temperature (T|)

(Soldering, 10 seconds) +260°C

Electrical Characteristics

The following specifications apply for supply voltage Voc =

Recommended Operating

Conditions
- Min Max Units
Supply Voltage (Vco)
3v 2.85 3.15 \'%
Operating Temperature (Ta) -10 +70 °C

+3V £5%, fiy = 120 MHz, and T = 25°C unless otherwise

specified ,
Symbol Parameter Conditions Min v.:;:e Max | Units
oo Supply Current 8 10 mA
IpD Power Down Current 115 200 pA
" frmax Maximum IF Input Frequency 120 150 MHz
fmin Minimum IF Input Frequency 10 - MHz
IF LIMITER
NF IF Limiter Noise Figure 11.5 125 dB
CAY Limiter Gain Z| = 10000 70- ' dB
© sens Limiter/Disc. Sénsitivity BER = 0.001 -75 dBm
* IFin “IF Limiter Input Impedance : 150 225 0
IFout IF Limiter Output Impedance 250 A ¢
Viax Maximum input Voltage Level 500 mVpp
Vout Output Swing 350 | 500 Vpp
Lim Input Limiting Point ' -70 dBm
DISCRIMINATOR '
Vout Discriminator Output Peak-to-Peak Voltage See Test Circuit 1.0 12 Vpp
: (Note'1) ’ - o
Vos Disc. Output DC Voltage (Pin 7) 1.4 1.7 \"
MID Mid-Range Output (Pin 6) 14 1.7 v
DISCin Disc. Input Impedaﬁce 1000 . 1)
DISCout Disc. Output Impedance 150 Q
RSS! -
RSSI RSSI Dynamic Range 70 dB
RSSloy: | RSS! Output Voltage Pin'="—80 dBm 0.35 05 0.8 v
’ o Pin = 0 dBm 1157 15 18 \)
RSSI Slope Pin = =70 dBmto —20 dBm 1 16 mV/dB
RSSI Linearity 3 dB

Note 1: The discriminator output peak-to-peak voltage is measured by operating the discriminator mixer with two separate inputs (i.e., as a mixer). A beat frequency
of 1 kHz is generated, and this tone's output swing is guaranteed to be at least 1.0 Vpp. When the mixer is configured as a discriminator with the limiter and a tank
circuit, the guaranteed 1.0 Vpp output translates to (1.0V *(36/180) = ) 200 mVpp demodulated output, assuming at least 36° phase shift across the band of

interest from the tank circuit.
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Typical Application Block Diagram

LMX22168 LNX2240 LMX24 11
el Al
% % l A ¥
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1780 oo v ?

LMX2320

PLL

1890

Microprocessor

Burst Control

Voice Codec

Functional Description

OVERVIEW

The LMX2240 IF demodulator is a low power IF processor
that includes a frequency discriminator, an IF hard limiting
amplifier, and a received signal strength indicator (RSSI).
The LMX2240 is capable of differentially demodulating an
FM or AM signal with as high an IF as 150 MHz, avoiding a
costly second down-conversion. The RSSI output can be
used for time gated channel measurements required in
TDMA and other systems. Other features include high re-
ceiver sensitivity and a power down mode to allow for stand-
by operation.

THE LIMITING AMPLIFIER

The limiting amplifier has a typical gain of 70 dB and a sen-
sitivity of about —75 dBm. This allows it to be used in the
DECT system with 20 dB net RF gain in front of it to achieve
a sensitivity of —95 dBm. The limiter is a five stage amplifier
with internal compensation at each stage to ensure stability.
Two external compensation capacitors are also required to
further enhance stability. The input to the limiter is a relative-
ly low impedance to allow easy matching to typical IF sur-

face acoustic wave (SAW) filters. The output of the limiter is -

connected off chip to an external quadrature tank circuit as
well as connected internally to the discriminator (mixer). The
output impedance of the limiter is 2500 (typical).

D Gaussian
A ROM
¢ Filter

TL/W/11755-3

THE RECEIVED SIGNAL STRENGTH INDICATOR (RSSI)

The RSSI circuit has a range of 70 dB. Its output voltage is
proportional to the logarithm of the input signal level. The
RSS! circuit has a sensitivity of —82 dBm. The output volt-
age of the circuit ranges from 0.5V to 1.5V typically.

THE FREQUENCY DISCRIMINATOR

The frequency discriminator is a Gilbert cell mixer that re-
quires an external tank circuit to create a 90° phase shift at
the desired frequency. The output of this circuit is centered
at 1.5V by an internal level shifting circuit, and a mid-range
voltage (at 1.5V) is also provided. The sensitivity of the dis-
criminator to phase inaccuracies is 5.5 mV/degree (see Ap-
plications Information). This means that for a phase imbal-

" ance of 10°, the received eye diagram will be shifted by

about 55 mV off of the 1.5V mid-range voltage. For the typi-
cal case, this amounts to about 10% of the output eye dia-
gram (for 400 mVpp output).
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LMX2240

Typical Performance Characteristics
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Typical Performance Characteristics (continued)
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LMX2240

Typical Performance Characteristics (continued)

RSSI Output vs Input Power
with Vgc as a Parameter
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Automatic Test Circuit

(U249 (1)

LIMITER OUT

- c2 L MIXER IN Vee
I_ c3 u?
= R2
: : R3
SIGNAL IN | Qi |
c1 |
_ 6 15 14 1

3 12 1 10 9

LMX2240
1 2 3 4 5 6 7 8
= RS - - <
0 MID-RANGE MIXER j: "
RSSI OUT l:l_ SIGNAL OUT ¢ IL
- TL/W/11755-14

C1 = 1000 pF %10% NPO Ceramic C2 = 1000 pF £10% NPO Ceramic
C3 = 1000 pF £10% NPO Ceramic R1 = 25Q 5% Y4W Thin Film Carbon
R2 = 1 k2 £5% YW Thin Film Carbon R3 = 1 kO £5% %W Thin Film Carbon
L1 = 10 pH £5% Air Coil C4 = 1000 pF *10% NPO Ceramic
R4 = 200 £5% V4W Thin Film Carbon » C5 = 1000 pF £10% NPO Ceramic

R5 = 3.9 kQ 5% VAW Thin Film Carbon
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LMX2240

Typical Application Example

TANK
P Vee
1 1
c5 J‘ | é |
l 1 1
c2 LK 1
B M |
‘ c4
MODULATED SIGNAL IN — ; |—0
_"_’I F'I [ =1
15 13 12 1 10 9 I
LMX2240
1 2’ 3 4 5 6 7.8
. POWER DOWN IN™ - o, o = = pevoouLATED ]

I

\AAL

. WID-RANGE SIGNAL OUT
RSSI OUT R2 &

’ c8 jt TO LMX2411

‘ : o TUW/11755-15

C1 =02 =063 =C5 = C6 = 100 pF +10% NPO Ceramic

C4 = 1 pF £10% NPO Ceramic C7 = C9 = 0.01 uF +10% NPO Ceramic
C8 = 82 pF +£10% X7R Ceramic R1 = 4k £5% Y4W Thin Film Carbon
R2 = 8800 +5% %W Thin Film Carbon Tank = Toko #638AH-0294

All supporting components 0603 surface mount except tank.
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Applications Information

THE INTERMEDIATE FREQUENCY LIMITER

The IF limiter has a large amount of gain at high enough
frequency to cause concern about oscillation. To ensure
that the limiter does not oscillate, a few precautions should
be taken. The compensation capacitors that are used
should be chosen to roll off any unwanted frequencies be-
low the band of interest. The capacitor should be a high Q,
RF type ceramic chip capacitor. For DECT, the capacitor
value should be 100 pF, and the capacitors should be sol-
dered as close to the LMX2240 as possible. This will create
a pass band from 40 MHz to 150 MHz. The AC coupling
capacitor at the input to the limiter (from the SAW filter)
should be the same value as the compensation capacitors.

THE DISCRIMINATOR

There are two types of discriminator that can be used to
demodulate FM signals. The first is a delay line discrimina-
tor, which uses a delay in one path of the received signal to
introduce a phase difference between it and the received
signal. The operation of the delay line discriminator is de-
rived in the inset box. The other type of discriminator relies
on a quadrature tank to directly introduce a phase shift in
the received signal. This is the type of implementation that
is commonly used in mobile communications because of its
relative ease of construction and low cost.

The discriminator operates best when the inputs to it are
hard-limited (i.e., square edges). If the input signal is small
enough such that the IF amplifier cannot limit it, the output
voltage swing of the limiter. will suffer. Typically, the mini-
mum voltage swing the discriminator can see and still fully
switch is about 100 mVpp. The two inputs to the discrimina-
tor can be of different peak-to-peak voltage swings as long
as both are over the lower limit. This allows the quadrature
tank circuit to have some insertion loss. In fact, up to 8 dB
insertion loss can be tolerated while still ensuring that the
discriminator output won’t suffer.

The quadrature circuit can also affect the discriminator out-
put voltage swing. The discriminator output voltage swing
specified assumes perfect quadrature at the frequency of
interest (mixer operation). With available analog compo-
nents, perfect quadrature is not possible. This is due in part
to the high frequency of the IF and the proportionally very
narrow bandwidth of the desired signal. For example, a
DECT signal is about 1 MHz wide, which is < 1% of the IF
at which the demodulation occurs. This makes the quadra-
ture circuit difficult to achieve. With moderately high Q com-
ponents, however, a reasonable phase shift can be
achieved with a single pole tank. This is illustrated by the
following equation: the output of the discriminator is given
by
DISCoyt = cos(wet) ® cos(wet+ d), It
which results in
DISCqyt = cos(weott+ wet+ ) + cos(wot—wot—od). (2)
When the double frequency component is filtered out with a
low pass filter, the cosine of the phase remains
DISCyyt = cos(—¢) = cos(d). 3)
it can be seen that at 90° phase shift, the output will be zero.
At 0°, the output will be 0.5, and at 180°, it will be —0.5. The
output swing is then set by the multiplication of the cosine
term with the discriminator output amplifier’s gain.

With a circuit that gives an output peak-to-peak voltage of
1.0 Vpp (min) with ideal quadrature, the slope is seen to be
5.5 mV/degree. With a practical quadrature tank circuit at
110.6 MHz, the phase shift over a 1 MHz bandwidth is about
45°-50°, which translates to an output peak-to-peak voltage
of about 250 mVpp.

Assume the FM modulated signal is denoted as
s(t) = cos (wct + m(t)),

t
where m(t) = mJ‘ e b(t) dt,

@)

and b(t) is the modulating baseband signal. The con-
stant m is defined as m = 2AfTb. The signal s(t) must
be delayed by some 7 so that .

I(t) = s(t+7) = cos (wc(t+7) + m(t+7)). (5)
If the delay 7 is such that
wct=2n1r+%. n=0123,..., ©)
then s(t+7) = sin(wct + m(t+7)), )
and multiplying (4) and (7) yields
s(t) it) = cos (wct + m(b)) sin (wct + m(t+ 7))
= %sin (2wct + m(t) + m(t+ 7)) (8)

+ % sin (m(t+7) — m(t)) .

The double frequency component can be filtered off
with a lowpass filter. If = is kept small,

%sin (m(t+7) — m() = -;— [m(t+7) — m(t)]
m (t+7 -
= ?J e b(t) dt —

m(t
?J_m b(t) dt

m t+71
= ?J‘ b(t) dt

:‘r%b(t).

(©)

The object for a delay line, then, is to maximize the de-
lay while retaining the approximations necessary to sat-

isfy (9), 7 < 0.1 Tb.
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A Fast Locking Scheme for
PLL Frequency
Synthesizers

ABSTRACT

Frequency synthesizers are used in a large number of time
division multiplexed (TDMA) and frequency hopping wire-
less applications where quickly attaining frequency lock is
critical. A new frequency synthesizer is described which em-
ploys a scheme for reducing lock time by a factor of two
using a conventional phase locked loop architecture. Faster
lock is attained by shifting the loop filter's zero and pole
corner frequencies while maintaining the PLL’s gain/phase
margin characteristics.

INTRODUCTION

RF system designers of TDMA based cellular systems, such
as PHS, GSM and 1S-54, need local oscillator (L.O.) or fre-
quency synthesizer blocks capable of tuning to a new chan-
nel within a small fraction of each.time slot. The suppres-
sion of reference spurs and phase noise is ‘also critical for
these modern digital standards. Base station and data
transmission applications are now striving to utilize all the
time slots available in each frame using a single synthesizer.
This push towards a *“zero blind slot” solution has put strin-
gent demands upon the radio frontend’s L.O. section.

The communication systems channel spacing determines
the upper bound for the synthesizer's frequency resolution
and loop filter bandwidth. More closely spaced channels
dictate that the synthesizer’s frequency resolution be finer,
which in turn'means the loop makes frequency corrections
less often. A wider loop filter bandwidth would make it easi-
er to attain lock within a given time constraint, but the price
paid is less attenuation of the reference frequency side-
bands and a higher integrated phase noise for the locked
condition. An examination of the equations which govern
the responsiveness of a closed loop system will provide
some solutions to this dilemma.

National Semiconductor
Application Note 1000
David Byrd

Craig Davis

© William O. Keese

CLOSED LOOP OPERATION

The basic phase-lock-loop configuration we will be cons:d-
ering is shown in Figure 1. The PLL consists of a high-stabil-
ity crystal reference oscillator, a frequency synthesizer such -
as the National Semiconductor LMX2335TM, a voltage con-
trolled oscillator (VCO), and a passive loop filter. The fre-
quency synthesizer includes a phase detector, current
mode charge pump, as well as programmable reference [R]
and feedback [N] frequency dividers. A passive loop filter-
configuration is desirable for its simplicity, low cost, and low
phase noise.

The VCO frequency is established by dividing the crystal
reference signal down via the R counter to obtain a frequen-
cy that sets the tuning resolution of the L.O. This reference
signal, fr, is then presented to the input of a phase detector '
and compared with another signal, fp, the feedback signal,
which was obtained by dividing the VCO frequency down by
way of the N counter. The phase detector’s current source’
outputs pump charge into the loop filter, which then con-
verts the charge into the VCO’s control voltage. The phase/
frequency comparators function is to adjust the voltage pre-
sented to the VCO until the feedback signals frequency (and
phase) match that of the reference signal. When this
“phase-locked” condition exists, the VCO's frequency will
be N times that of the comparison frequency. :

Increasing the value of the N counter by 1 will cause the
phase comparator to initially sense a frequency error be-
tween the reference and feedback signals. The feedback
loop responds-and eventually shifts the VCO frequency to
be N+ 1 times the reference signal. The VCO’s frequency
has in effect increased by the minimum tuning resolution of
the PLL. The rate at which the transition to the new operat-
ing frequency occurs is determined by the closed Ioop gain
and stablhty criteria. v .

l’ )
1
I fin
]
]
: Main Divider
1
1
: Charge Pump
1
: Phase
H Detector .
: p ] vyco .
! M D, Loop Filter s
1/R @ ORFou(' ’
: ; ¢, el e
1 Reference |
Crystal | piyider ‘.
Reference I ______ - -
: |Frequency 1 -
1 ISynthesuer 1
| tem—m—— 4

/

TL/W/12472-1

FIGURE 1. Conventional PLL Architecture

Reprinted with Permission of Penton Publishing.
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LOOP GAIN EQUATIONS

A linear control system model of the phase feedback for a
PLL in the locked state is shown in Figure 2. The open loop
gain is the product of the phase comparator gain (K¢), the
VCO gain (Kvco/s), and the loop filter gain Z(s) divided by
the gain of the feedback counter modulus (N). The passive
loop filter configuration used is displayed in Figure 3, while
the complex impedance of the filter is given in equation 2.
[Ref 5] '

©o

' TL/W/12472-2
FIGURE 2. PLL Linear Model

Do veo
c1 R2

= I
- TL/W/12472-3

FIGURE 3. Passive Loop Filter
Open loop gain = H(s) G(s) = @I/
= K¢ Z(s) Kvco/Ns ()
s(C2eR2) + 1 @
s2(C1eC2eR2) + sC1 + sC2)
The time constants which determine the pole and zero fre-
quencies of the filter transfer function can be defined as
C1eC2
C1 + C2

2(s) =

T1=R2e (3a)

and )
T2 = R2eC2 (3b)

The 3rd order PLL Open Loop Gain can be calculated in
terms of frequency, o, the filter time constants T1 and T2,
and the design constants K¢, Kvco, and N. )

—KpeKvco(l + jweT2) T1
Gls) * H(s) s=jow @2CTON(1 + jweT1) ‘T2
From equation 3 we can see that the phase term will be
dependent on the single pole and zero such that the phase
margin is determined in equation 5.

d(w) = tan—1(weT2) — tan—1(weT1) + 180°

(4)

O]

A plot of the magnitude and phase of G(s)H(s) for a stable
loop, is shown in Figure 4 with a solid trace. The parameter
¢p shows the amount of phase margin that exists at the
point the gain drops below zero (the cutoff frequency wp of
the loop). In a critically damped system, the amount of
phase margin would be approximately 45°. Given the pres-
sure to minimize lock time, the cutoff frequency of the loop
would be selected just wide enough to suppress the PLL's
reference frequency spurs to a tolerable level.

If we were now to redefine the cut off frequency, wp', as
double the frequency which gave us our desired level of
spurs, wp, the loop response time would be approximately
halved. Because the filter attenuation at the comparison fre-
quency also diminishes, the spurs would have increased by
approximately 6 dB. In the proposed FastLock™ scheme,
the higher spur levels and wider loop filter conditions would
ex ist only during the initial lock-on phase—just long enough
to reap the benefits of locking faster. The objective would
be to open up the loop bandwidth but not introduce any
additional complications or compromises related to our orig-
inal design criteria. We would ideally like to momentarily
shift the curve of Figure 4 over to a different cutoff frequen-
cy, illustrated by the dotted line, without affecting the rela-
tive open loop gain and phase relationships. To maintain the
same gain/phase relationship at twice the original cutoff fre-
quency, other terms in the gain and phase equations 4 and
5 will have to compensate by the corresponding “1/w" or
“1/w?2" factor. Examination of equations 3 and 5 indicates
the damping resistor variable R2 could be chosen to com-
pensate the “w” terms for the phase margin. This implies
that another resistor of equal value to R2 will need to be
switched in parallel with R2 during the initial lock period. We

‘must also insure that the magnitude of the open loop gain,

H(s)G(s) is equal to zero at wp' = 2 wp. Kveo, Ko, N, or the
net product of these terms can be changed by a factor of 4,

to counteract the w2 term present in the denominator of

equation 3. Altering Kvco could be difficult at best, however,
both N and K¢ gain terms are readily available in an inte-
grated PLL IC. The K¢ term was chosen to complete the
transformation because it can readily be switched between
1X and 4X values. This is'accomplished by increasing the
charge pump output current from 1 mA in the standard
mode to 4 mA in FastLock. Changing the N gain term could
also have been chosen to accomplish our objective. In fact,
doing so causes the PLL's reference frequency to be
pushed over in the frequency domain along with the loop
cutoff frequency. Unfortunately changing N also means
changing the R counter value by the same factor. And while
this is feasible, it probably means employing fractional coun-
ter techniques along with all the associated problems of this
approach, as an N/4 term may no longer be an integer.
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FIGURE 4. Open Loop Response Bode Plot

CIRCUIT IMPLEMENTATION

A diagram of the FastLock scheme as implemented in Na-
tional Semiconductors LMX2335 PLL is shown in Figure 5.
When a new frequency is loaded, the charge pump circuit
receives an input to deliver 4 times the normal current per
unit phase error while an open drain NMOS on chip device
switches in a second resistor element, R2, to ground. The
user calculates the loop filter component values for the nor-
mal steady state considerations. The device configuration

ensures that as long as a second identical damping resistor
is wired in appropriately, the loop will lock faster without any
additional stability considerations to account for. Once
locked on the correct frequency, the PLL will then return to
standard, low noise operation. This transition does not af-
fect the charge on the loop filter capacitors and is enacted
synchronous with the charge pump output. This creates a
nearly seamless change between FastLock and standard
mode.

4

Main Divider

[ S

Phase
Detector
$p A "“|J vCo
D, Loop Filter
f, (D 2 ~ —O RF
out
@_ ¢ o L L,
W 0
Crystal Reference =
Refeyrence Divider = :; R2’ R2
. XX FolD 1
| FastLock I ® 4 —
Lj 1 .
= [}
N e o e 0 0 o e e S S o Y B A S 2 S S S S S S o B B 4

FIGURE 5. FastLock PLL Architecture
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RESULTS

An LMX2335 PLL was utilized to address the follownng 1S-54
application constraints:

Fvco = 900 MHz, Kv = 20 MHz/V,
Channel spacing = 30 kHz.
The PLL's device attributes were as follows:

Ké = 1 mA/2w, N = 30,000,
Fref = 30kHz,  Fo = 3kHz.
The loop filter values used were:
C1=1800pF, R2=12kQ, C2=0.012uF

The modulation domain analyzer graphs in Figures 6-9

show the transient lock responses for the normal 1 mA
mode condition side by side with the response for the Fast-
Lock mode. The FastlLock operation in Figure 9 shows lock
being attained within 1 ms (to within £1 kHz) for a frequen-
cy jump of 50 MHz, compared with 1.8 ms for the standard
condition (Figure 8). As much as a 2 kHz frequency distur-
bance can result when switching back to normal operation
after steady state is fully attained. By switching out of the
FastLock mode when the PLL has settled to near the de-
sired frequency tolerance, almost the entire 2X increase in
lock time can be achieved.

SUMMARY

The FastlLock circuitry of the LMX2335 frequency synthes:z-
er provides a means of improving TDMA channel switching
speed, without compromising reference spur quality or
phase noise. Zero blind slot RF synthesizer designs can
more easily be attained through this technique.
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An Analysis and
Performance Evaluation
of a Passive Filter
Design Technique for
Charge Pump
Phase-Locked Loops

The high performance of today’s digital phase-lock loop
makes it the preferred choice for generation of stable, low
noise, tunable local oscillators in wireless communications
applications. This paper investigates the design of passive
loop filters for Frequency Synthesizers utilizing a Phase-
Frequency Detector and a current switch charge pump such
as National Semiconductor’s PLLatinum™ Series. Passive
filter design for a TYPE Il third order phase-lock loop is dis-
cussed in depth, with some discussion of higher order filters
included. Specific test results are presented for a GSM syn-
thesizer design. Optimization of phase-lock loop perform-
ance with respect to different parameters is discussed.

The basic phase-lock-loop configuration we will be consid-
ering is shown in Figure 1. The PLL consists of a high-stabil-
ity crystal reference oscillator, a frequency synthesizer such
as the National Semiconductor LMX2315TM, a voltage con-
trolled oscillator (VCO), and a passive loop filter. The fre-
quency synthesizer includes a phase detector, current
mode charge pump, and programmable frequency dividers.
A passive filter is desirable for its simplicity, low cost, and
low phase noise.

In most standard PLL’s there are several design parameters
which can be treated as constant values. This linear approx-
imation provides a good estimation of loop performance.
The values of the PLL filter design constants depend on

National Semiconductor
Application Note 1001
William O. Keese

the specific application. For example, K¢ is determined by
the synthesizer charge pump output current magnitude. The
notation and definitions for these values along with standard
units used throughout this paper are given in Table | below.

TABLE I. PLL Filter Design Constants

Kvco - (MHz/Volt)

Voltage Controlled Oscillator (VCO) Tuning Voltage
constant. The frequency vs voltage tuning ratio.

K¢ - (mA/27rad)

Phase detector/charge pump constant. The ratio of the
current output to the input phase differential.

RFopt - (MH2)
Radio Frequency output of the VCO at which the loop
filter is optimized.

Fref - (kHz)

Frequency of the phase detector inputs. Usually equiva-
lent to the RF channel spacing. .

N
Main divider ratio. Equal to RFopt/Fref.

-

Charge Pump

Phase
Detector ‘
: ki P Aa—] Loop Filter )
O; W™ |
@ ¢ ) —o Rrou\
Crystal Reference 1p ,, " I'J
ryse Divider WA— ]l
Reference I
[ — " Reference
) Frequency | Frequency IT—l
| Synthesizer |
e 4 Fret | I LML |
Main Divider
So _ ,

TL/W/12473-1

FIGURE 1. Basic Charge Pump Phase Locked Loop

Reprinted with permission from Argus Business.
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: Sbmp basic knowledge of control loop-theory is necessary
~in order to understand PLL filter dynamics, For a‘more thor-

ough treatment consult references [1] through [6]. A linear
rhathematical model representing the phase of the PLL in
the locked state is presented in Figure 2. An additional inte-
grator is needed in the transfer function for the forward gain
and is usually lumped together with the VCO in the litera-
ture, references [1-4]. Using the simplified diagram in Figure
2, and feedback theory, one may obtain the equations for
the phase transfer functions presented in Table II.

z(s) |H{Xveol oo,
s
| 1/N }
| AL |
} o TL/W/12473-2
FIGURE 2. PLL Linear Model

TABLE Il. PLL Phase Transfer Functions

Forward loop gain = G(s) = ©0/@e

= K¢ Z(s) Kvco/s
'Reverse loop galh = H(s) = ©i/@o0 = 1/N
Open loop galn = H(s) G(s) = 0i/@e

= K¢ Z(s)Kvco/Ns
Closed loop gain = ©0/0i = G(s)/ [1- H(s) G(s)]

The standard passive loop filter configuration for a type Il
current mode‘charge pump PLL is shown in Figure 3. The
loop filter is a complex impedance in parallel with the input

. capacitance of the VCO or in other words, a dnvmg pomt
" immitance. . :

~ Do veco
C1 R2

L

= I
TL/W/12473-3

FIGURE 3. 2nd Order Pass]ve Filter

The phase detector’s current source outputs pump charge

the pole and zero also allows easy determination of the loop
filter component values. The phase margin, ¢p is defined
as the difference between 180° and the phase of the open
loop transfer function at the frequency, wp, corresponding
to 0-dB gain. The phase margin is chosen. etween 30° and
70°. When designing for a higher phase margin you trade off
higher stability for a slower'loop response time. and less
attenuation of Fref. A common rule of thumb is to begln your
design with a 45° phase margin. : !

Gain - »Pha.se :
[6(s) H(s)| £6(s) H(s)
s .
0dB - .
-90
)
¢p \ ,
Y. ~180

. Frequency
TL/W/12473-4
FIGURE 4. Open Loop Response Bode Plot

The impedance of the second order filter in Figure 3 is
s(CSeR2) + 1 a
s2(C1eC2eR2) + sC1 + sC2 )

Define the time constants which determine the pole and
zero frequencies of the filter transfer function by letting

C1eC2
-C1 +.C2

Z(s) =

T1=R2e (2a) - T2=R2eC2 (2b)

Thus the 3rd order PLL Open Loop Gain in Table Il can be

calculated in terms of frequency, , the filter time constants

"T1 and T2, and the design constants K¢, Kvco, and N.

—Kpd ¢ Kvco (1 +]co'T2) T
@2C1eN( +joeTl) T2

G(s) ® H(s) )}

—j°a>

. From equation 3 we can see that the phase term will be

into the loop filter, which then converts the charge into the -

VCO's control voltage. The shunt capacitor C1:is recom-

mended to avoid discrete voltage steps at the control port

of the VCO due to the instantaneous changes in the charge
pump current output. A low pass filter section may be need-
ed for some high performance synthesizer applications that
require .additional rejection of the reference sidebands,
known as spurs.

One method of filter design uses the open loop gain band-
width and phase margin to determine the component val-
ues. Locating the point of minimum phase shift at the unity
gain frequency of the open loop response as shown in Fig-
ure 4 ensures loop stability. The phase relationship between

dependent on the single pole and zero such that the phase
margin is determined in equation 4. The available phase
margin therefore is proportional to the ratio of C1 and C2.
d(w) =tan—1 (e T2) —tan—1(w e T1) + 180° (4)
By setting the derivative of the phase margm equal to zero
as shown in equation 5, ;
dé _ T2 _ T1 -
do 1+ (@eT22 1+ (weT1)2 '
the frequency point corresponding to the phase inflection

point is found in terms of the filter time constants T1 and T2.
This relationship is given in equation 6.

wp = 1/T2eT1

0 ®)

(6
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To insure loop stability, we want the phase margin to be

maximum when the magnitude of the open loop gain equals

1. Equation 2 then gives

_ Kpd eKvcoe T1 (1 + jwp ® T2)
wp2eNeT2 (1 + jupe THI

Therefore, if the loop bandwidth, wp, and the phase margin,

¢p, are specified, equations 1 through 7 allow us to calcu-
late the two time constants, T1 and T2.

The formulas for T1 and T2 are shown in equations 8 and 9.
_ sec¢p —tan ¢,
@p

C1

@

T 8)

©)

From the time constants, T1, T2, and the loop bandwidth,
wp, the values for C1, R2, and C2 are obtained in equations
10to 12.

_T1 _KpdeKvco [1+ (wpeT2)2
T2 aZeN Vit@emz 10

T

02—010(?——1) (11)
T2

RZ—a (12)

Current switching noise in the dividers and the charge pump
at the reference rate, Fref, may cause unwanted FM side-
bands at the RF output. In wireless communications, the
phase detector comparison frequency is generally a multiple
of the RF channel spacing. These spurious sidebands can
cause noise in adjacent channels. Additional filtering of the
reference spurs is often times necessary, depending on
how narrow your loop filter is. This is usually the case in
today’s TDMA digital cellular standards, such as GSM, PDC,
PHS, or 1S-54. The sub-millisecond lock times necessary for
switching between channel frequencies makes a relatively
wide loop filter mandatory. For these performance critical
synthesizer applications placing a series resistor and a
shunt capacitor prior to the VCO provides a low pass pole
for more attenuation of unwanted spurs. The use of a pas-
sive loop filter eliminates the noise contributions from an op
amp in an active filter. This is critical due to the strict RMS.
phase error, and integrated phase noise requirements. The
recommended filter configuration is shown in Figure 5.

The added attenuation from the low pass filter is:

ATTEN = 20log [(2wFrefe R3¢ C3)2 + 1] - (13)
Defining the additional filter time constant as
T3 =R3eC3 (14)

Then in terms of the attenuation of the reference spurs add-
ed by the low pass pole we have

10(ATTN/20) — §

(27 o Fref)2

R3
AAA
VVy
% R2
I
TL/W/12473-5

FIGURE 5. 3rd Order Lowpass Filter

T3 = (15)

Do

vco
c1

-
U

The additional pole must be lower than the reference fre-
quency, in order to significantly attenuate the spurs, but
must be at least 5 times higher than the loop bandwidth, or
the loop will almost assuredly become unstable. In order to
compensate for the added low pass section, the filter com-
ponent values are recalculated using the new open loop
unity gain frequency, we, as in equation 17. The degradation
of phase margin caused by the added low pass is then miti-
gated by slightly increasing C1 and C2 while slightly de-
creasing R2. Note that wg is slightly < w), therefore the
frequency jump lock time will increase. Although not exact,
the linear assumptions used in this design technique pro-
vide suprisingly good results for loop filter bandwidths of up
to Vs of the reference rate. The derivation of w, is included
in the appendix.

T2 = 1/wc2e(T1 + T3) (16)
__tanpe(T1 +T8)
QT IT + T2+ T1e73] an
[\/1 MUERELEREIEN ]
[tan d o (T1 + T3)]2
cl= m Kpd ® Kvco %
T2 wc2eN (18)
[ (1 + w2eT22) ]'/z
(1+ 02eT12) (1 + w20 T32)
Similar to the 2nd Order filter we have
T
02—01-(?;—1). (11
T2
R2 = —
2 (12)

The only component values that need to be determined
comprise the added low pass pole. Since these values are
solely determined from equations 13 and 14, their values
are somewhat arbitrary. It is not prudent, however to have a

" capacitor value for C3 which is equal to or greater than the

other capacitors. As rule of thumb choose C3 < C1/10,
otherwise T3 will interact with the primary poles of the filter.
Likewise, choose R3 at least twice the value of R2. When
selecting C3 you must also take into account the input ca-
pacitance of the VCO tuning varactor diode which will add in
parallel.
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The following example is a typical synthesizer developed for
the Global System Mobile (GSM) digital cellular standard
using the described filter design technique. The RF channel
spacing is 200 kHz, and.a typical synthesizer frequency
range is from 865 MHz-915 MHz. Since the addition of a
low pass filter will reduce the closed loop bandwidth slightly,
select an initial design value which is slightly larger than
desired. T '

Example
Kvco = 20 MHz/V.
Kphi = 5 mA
RFopt = 900 MHz
Fref = 200 kHz
N = RFopt/Fref = 4500
"~ wp = 27 * 20 kHz = 1.25665 -

dp=45°
~ ATTEN = 20dB,
sec -~ tan
T1 =M=3.299—6
Wp

o 36720) — N ‘
8= /M ='23876 = 6
(2w » 2006 3)2

" (3.296—6 + 2.3876—6)

- C1=1.085nF
C2 = 1,085 n‘lf‘-. (Z—Zg - 1.) —106nF;
| -Haeﬁ%%essm; '
ifwe choose . R3 = 22k
then ca=%=1oepﬁ’

Converting the calculated numbers to standard component
values gives the filter shown in the test board schematic for
the synthesizer implementation, Figure 6.

Test results for the PLL loop filter design using a National
Semiconductor LMX2315 Frequency Synthesizer are shown
in the following pages. A 10 MHz crystal oscillator was used
as the reference oscillator input signal. The supply voltage
was 5V, and the entire current consumption, including the
VCO, was <15 mA.

@¢ = 1(3.296—6 + 2.3876—6)2 + 3.296—6 * 2.3876—6]

[\/1 + (3.296—6 + 2.3876—6)2 + 3.299—6 © 2.3876—6 T 1]

[(3.29¢—6 + 2.3876—6)]2

we = 7.04564
o —— R e + . " - = . -—
T2 = seay " (02996 + 23870-6) = 3.5496-5
o1 - 3:299—6 (500-3)¢ 206+6

" 3.5499—5 (7.04564)2 ¢ 4500
[1 + (7.04504)2 » (3.549¢—5)2]

Ve

[[1 + (7.04504)2 # (3.296—6)2 || 1 + (7.0456)2 * (2.396—6)2]

IRNEF 100prJ$-
. ,
51 '
100 pF
|
—NC
10 —
2.24F % <100 pF —
£ $°‘1“FJ$. Mx2315 [~ (e -
. . Data
o +Vp [ Clock Al
T pmemmmm—— N : 1 . - 8 Pin Header
ESE I e ||V
] 1
yInternel to URAEX9348 .
T T Vtune Out
[L o
| ~30 pF, .
T :‘L_ 1 ,
., 100 pF

88 pF 1000 pF

VWA %3 N $
$10nF

vCo
ouT

TL/W/12473-6

FIGURE 6. Test Fixture Schematic
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Figures 7 to 9 show HP8566 Spectrum Analyzer measure-
ments of the RF output. The measured closed loop filter
bandwidth is between 15 kHz and 17.5 kHz. The reference
spurious level is <70 dBc, due to the loop filter attenuation
and the low spurious noise level of the LMX2315. The
phase noise level at 1 kHz offset in Figure 9is —79.5 dBc/
Hz. This correlates to a phase noise floor of <150 dBc/Hz.
The relatively flat PLL closed loop characteristics gives a
measured RMS. phase error of <2°, and is also an indicator
of good loop stability. .

Of concern in any PLL loop filter design is the time it takes
to lock in to a new frequency when switching channels. The
HP53310A Modulation Domain Analyzer plots in Figures 10
and 77 show the positive and negative switching waveforms
for a frequency jump of 865 MHz-915 MHz. The well bal-
anced charge pump of the LMX2315 frequency synthesizer
causes the waveforms to be nearly inverted replicas of each
other. Narrowing the frequency span of the HP53310A Mod-
ulation Domain Analyzer enables evaluation of the frequen-
cy lock time to within £500 Hz. The lock time is seen in
Figure 12 to be <500 ps for a frequency jump of 50 MHz.

CONCLUSION

An analysis of a frequency domain design technique for
passive filters in charge pump phase-locked loops was pre-
sented. Measurements of a PLL designed using this method
show good results in a practical synthesizer realization. The
results demonstrate a high performance synthesizer in con-
junction with a passive loop filter provide a fast switching,
low noise frequency source for today’s challenging digital
wireless telecommunications standards.

MKR 10, 0 kHz
REF -0.9dBm ATTEN { 0dB  -50.6 0dB
10d8/ [ |
T
SAMPLE [ MARKER
10. 0kHz
-50.6 0 dB
VID_AVG
100 P ~
CENTER 9 00.000 MHz SPAN 1 00 kHz
RES BW fkHz VBW 3 kHz SWP 300 ms

TL/W/12473-7
FIGURE 7. PLL Output Spectrum 100 kHz span

MKR 200. 0 kHz
REF -0.9dBm ATTEN 1 0dB  -74.7 0dB

e/ | |
T

SAMPLE [ MARKER
2 00. OkHz

|
I /
-74.7 0 dB I \
/

VID AVG
100

\_\mvz

CENTER 9 00.000 MHz
RES BW 1 OkHz VBW 3 OkHz

SPAN 5 00 kHz
SWP 30.0ms

. TL/W/12473-8
FIGURE 8. PLL 200 kHz Reference spurs

MKR 1. 00 kHz
REF ~0.7dBm ATTEN 1 0dB  -59.6 0dB

" 1048/ !# |

SAMPLE [ MARKER
1. 00kHz

[-59.6 0 dB

VID AVG
50

CENTER 8 00.000 0 MHz
RES BW 1 00Hz VBW 3 00Hz

SPAN 1 0.0kHz

SWP 3. 00sec
TL/W/12473-9

FIGURE 9. PLL Close in Phase Noise

940.00 MHz

{ e ——————

890.00 MHz
| /
1
|
| i

840.00 MHz
~20.00 us 80.00 us 180.00 us
20.00 ps/div
I-a.u us B 144.89 pus 0 153.33 us

TL/W/12473-12
FIGURE 10. PLL Positive Frequency Jump Waveform
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940.00 MHz

890.00 MHz

840.00 MHz

-20.00 us

1-8.44 us

80.00 us
20.00 us/div

; 144.89 us

180.00 us

A 153.33 us
TL/W/12473-11

FIGURE 11. PLL Negative Frequency Jump Waveform

915.002500 MHz

915,000000 MHz

914.997500MHz

=500 us 2.000ms

1-24.4/4s ;478;43 0502 us

500.0 us/div

4.500ms

TL/W/12473-10

FIGURE 12. PLL Frequency Jump Lock Time
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APPENDIX
Derivation of wc
The impedance of the loop filter shown in Figure 5 is

20+ (5%)
Z7(s) = Y (19)
Z(s) + R3 + (;—a-)
where Z(s) is given by equation 1.
Kndwing_ that C1210Cg3;
and by substituting : T3 =R3eC3

along with equations 2a, 2b.
simplifies the third order equation for the open loop gain to

G(s) * H(s) _ —Kpd e Kvco (1 + jo 0T2).H. 1 20)

s=jo @2CIeN({ +jweT) T2 (1+jweT3)

dw)o(1+weT2)e(1 —weTl)e(1 — weT3) o 21
Similar to equation 9
. 1 '
| T 2
Substituting (22) into (21) gives
. / joeT1eT3 :
— 2 — —
Pw) ° 2 — w2eT1eT3 ]wO(T1_+T3)+w.(n+T3) T +T3) .(23)
Thus ‘
weTleT3 1
- 1+ 7T3) —
s = @M+ T8~ 578 * oot +19) 24
ang = 2—w2eTieT3 @4
Assuming w2eT1eT2 <K 2 (25)
After some manipulation we arrive at the characteristic equation
2t ®(T1 + T2 1
w2+ o 2tanée (T ) _ 0 (26)

[T1+ T2+ T1e73] (11 +T32+ T1eT3

Taking the negative root, and multiplying through gives the expression for the closed loop bandwidth, @¢, equation (20).

tange(T1+T3) GTF 132+ 1113
tang e (T1 + T3)12

f @ =TT + 192 + T1 e T3]
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Upgrading from the
MB150X to National
LMX1501A: Replacement
Issues

ABSTRACT

Compatibility of the LMX1501AM with the MB1501(std, and
options H, and L) and MB1502 (in the FPT-16P-MO06 pack-
age option) is inspected with emphasis on issues related to
aual sourcing, or replacement of the MB150X parts with the
LMX1501A. The devices are fundamentally similar, with
identical (1501) or compatible (1502) pin outs, and identical
programming specifications. Some key differences are

found, however, which require attention. These include,

package size and foolprint, charge pump characteristics,
loop filter configu.ation, and programming timing. In many
cases the LMX1501A will easily replace MB150X compo-
nents with few or no changes at all. This will not be true in
all cases, however, particularly when data sheet program-
ming specifications of the MB150X or LMX1501A have not
been followed, or when high charge pump tuning vollages
are required.

SIMILARITIES

® Architecture

® Pinout

e Operating voltage (Vcg)

e Programming content, format, and levels

e Temperature range

* RF fin sensitivity and impedance

DIFFERENCES

® Package Size/Footprint )

e Charge pump magnitude, balance, deadband
® Charge pump maximum supply voltage

® | oop filter configuration

® Programming timing. (Faster, tgg)

® Icc vs Voe dependency

osgy 1] O

16] ¢,
0sCour [ 2 [15] 4,
v |3 4] %
Vee [4] . 13]1,

Top View

DOE 12) Fc
GNDE 11 LE
LDE 10
leE 9

a) LMX1501A/MB1501

TL/W/12029-1

National Semiconductor
Application Note 935

COMMON ELEMENTS

The LMX1501A and MB1501(H/L)—2 have a great deal in
common. Both devices consist of 1.1 GHz programmable
prescalers with an option of 64/65 or 128/129 dual modu-
lus division. Both have a reference divider channel. Both
have an internal phase detector and charge pump circuit,
and outputs which allow use of an external charge pump
circuit. The MB1501 and the LMX1501A share pinout and
definitions, and the LMX1501A and MB1502 have compati-
ble pinouts, shown in Figure 1. The components operate
over the same temperature and voltage ranges (except the
MB1502 operates only at 5V) and are programmed with the
same information in the same format. For all these similari-
ties, there are a number of key distinctions. This application
note is focused on those issues which are relevant to re-
placing the MB150X with the LMX1501A. This means that
certain performance improvements in the LMX1501A are
not listed at length, and no effort is made to compare and
contrast the parts generally. Full specifications are available
in the LMX1501A data sheet—Lit. # 108500.

osqNE o 16] ¢,
s ] o]y
A 18] four
vee [+ 13] Bisw
Top View
0[5 12| F
oo [s 1] Le
Lbj7 10| Data
f,N[Bj 9 | Clock
TLWr2020-2
b) MB1502

FIGURE 1. Pinouts
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PHYSICAL DIFFERENCES

Footprint. The MB1501 and MB1502 are packaged in a
EIAJ standard SO 16. This package has a pin to pin pitch of
0.050 in. with a body width of 0.209". The NSC LMX1501A
is packaged in a standard JEDEC SO 16, which has the
same pin to pin pitch, but a body width of 0.153" . Figure 2
shows an overlay of the JEDEC package on a PCB showing
(typical) EIAJ solder pads. Figures 3 and 4 show the dimen-
sions of the two packages. Re-layout of the PCB is advisa-
ble, but probably not mandatory. Although not optimal,
lengthening the solder pads by 0.35” will accommodate
both package types. Corrective action: re-design the PCB
using a smaller footprint.

Y '—L 0.35"
T (8.9mm)

TL/W/12029-3
FIGURE 2. Footprint Overlay

0.386-0.394
(9.804-10.00)

fT—‘ HAAAAA
Jamnea,

—

0.150-0.157
(3.810-3,988)

TRTTEEE
Sty o

0.050 (1.27) 0.014-0.020
P (0.356~0.508)

Dimensions in
inches (millimeters)

1 CrrmmmmLd oo
'T (0.102-0.254)

TL/W/12029-4
FIGURE 3. LMX1501A Outline Drawing

0.053-0.069
(1.346-1.753)

0.392-0.410
(9.95-10.40)
HAHAHAHAHEA T
0.291-0.323 0.197-0.221
(7.40-8.20) (5.00-5.60)
[=]
v+ HHHBHHEHH
— —~ |
0.050 (1.27) 0.014-0.022
TYP (0.35-0.55) Dimensions in

inches (millimeters)
0.089
@ | GUrrgmrry.
MAX % 0.002 (0.05) MIN

TL/W/12029-5
FIGURE 4. MB150X Outline Drawing

Loop Filter Configuration. Figure 5 shows a loop filter to-
pology which is often found with MB150X components. It is
unusual in its placement of a series resistor before the inte-
grating capacitor. This resistor effectively causes the volt-
age at the charge pump (CP) output to increase instanta-
neously as the CP delivers large current pulses. For the
MB150X, since the sink current is much higher than the
source current, the delivered pump up current is limited by
this resistor, which makes the negative frequency lock time
increase. Because of the low output of the MB150X charge
pump source current, the series R does not noticeably de-
grade performance, and it allows an additional lowpass filter
function to cope with the large spurious response caused by
time and current imbalance. The LMX1501A, however, with
a balanced CP design, is sensitive to this resistance. It caus-
es current limiting in the CP output, D, which decreases
the phase detector gain. This effect is most noticeable in
large frequency steps or steps towards the high end of the
tuning range. Fortunately, this resistance can be removed
with no ill effect. The dramatically lower spurious content of
the LMX1501A eases the filter requirement substantially.
Corrective Action: remove and short the series resistor at
Do.

Charge, vCco
Pump Control
Output R1 c1 R2 Voltage
- I
Charge LMX1501A vCo
Pump Control
Qutput _L c1 % R2 Voltage
- I

TL/W/12029-6
FIGURE 5. Loop Filters
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ELECTRICAL DIFFERENCES

Charge pump output magnitude and balance of the source
and sink currents can be seen in Figure 6. Laboratory mea-
surements of the LMX1501A/MB1501 sink and source cur-
rents using an HP4145A Semiconductor Parameter Analyz-
er are shown for Vog = Vpp = 5V.

21.0

MB1501 |,

LMX1501A Tt

CP current
ma) OF T a-FA-F~--7T>%
3.00 /div

-9.00

0.0 D, Voltage 0.5000 /div (V) 5.0

TL/W/12020-7
FIGURE 6. Charge Pump Magnitude and Balance

Clearly, from the sample tested, the LMX1501A has better
balance between the sink and source currents. The positive
and negative lock times are therefore nearly equivalent, and
the spurious energy is greatly reduced. Since the overall
magnitude of the charge pump currents are markedly differ-
ent, the PLL dynamics will change due to the change in the
closed loop gain. In order to take full advantage of the supe-
rior performance of the LMX1501A charge pump, loop filter
component values should be optimized corresponding to
the LMX1501A phase detector gain. If an external charge
pump implementation is used, no modification is necessary.
Correctlve Actlon: Optimize component values for appro-
priate loop gain.

S18: MSB S17

Max voltage on the internal (Do), and external (¢, ¢p)
charge pump of the MB150X is 10V, and 6V for the
LMX1501A. Although the bulk of applications, do not require
VCO tuning voltages above 5V, certain systems use higher
Vce's. The LMX1501A cannot attain voltages higher than
6V because of the N-channel breakdown voitage. For the
charge pump of the LMX1501A to drive voltages greater
than 6V one may use an active loop filter to provide the DC
gain needed. Unfortunately, this is a redesign, and reduces
the tuning sensitivity of the PLL. Corrective Actlon: If Vp <
6V, No Action needed.

SOFTWARE COMPATIBILITY

If the specifications for the MB150X for the data timing are
met, the LMX1501A will also program correctiy, since the
programming protocol is identical. If tgg, the clock to enable
set-up time, equals O ns, then the LMX1501A will not pro-
gram correctiy, while the MB15XX will continue to function
out of spec. The data input timing of the LMX1501A is more
than fast enough to accept MB150X programming, since the
specification for setup and hold times are 250 ns, and the
MB150X specification calls for setup and hold times of
21 ps. Corrective Action: Make sure Clock returns to a
low state before the rising edge of Load Enable.

ADDITIONAL NOTES

The major differences between the LMX1501AM and the
MB150X that merit attention when replacing or dual sourc-
ing have been discussed. Although the user may realize ad-
ditional performance advantages from the LMX1501A, such
as power dissipation, phase noise, lock time, and spurious
performance, these are not discussed in depth, with the em-
phasis put on fundamental similarities and differences in the
functional operation of the parts. With attention to the pack-
age size, loop filter, and programming, the LMX1501A will
easily replace the MB150X series for many applications.

S1 Control Bit: LSB
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X
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(s7)

Data (S15: MSD( (514)
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FIGURE 7. Data Input Timing
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Specification for the DECT
ARi1™ [nterface to the
Radio Frequency Front End

INTRODUCTION

This document will describe the 1/0 necessary to drive the
National Semiconductor DECT radio frequency (RF) front
end chip set. This is intended to help the system designer
define the control signals for the RF front end, implemented
as a direct modulation, single conversion receiver architec-
ture. A single conversion transmitter and dual conversion
receiver can be added with a second PLL and some other
minor changes.

1.0 DECT SYSTEM OVERVIEW

1.1 170 Requirements

The National Semiconductor solution for the DECT RF front
end includes microwave circuits, frequency synthesizers,
and pre-baseband functions (modems, DACs, RSSI, etc.).
From the block diagram in Figure 1, it can be seen that the
analog microwave circuits require only a power down signal,
but that the digital circuits will require more control signals.
The requirements for each part will be described in detail
below.

1.2 The Front End Function

The Radio Frequency (RF) Front End serves as the air inter-
face for the communication link. When transmitting, the user
transmit data is shaped by the lowpass filter in the base-
band processor (LMX2411). This shaped data is then trans-
formed into a modulated waveform by modulating a Voltage
Controlled Oscillator (VCO). This modulated signal is ampli-
fied to the proper output level by the power amplifier and
output through a switch (or circulator), the roofing filter, and
the antenna.

When receiving, the signal is input through the antenna, the
switch (or circulator), and the roofing filter. The signal is
amplified with the low noise amplifier and downconverted

National Semiconductor
Application Note 908

with the mixer (LMX22168B) to a fixed intermediate frequen-
cy. Channel changes are done by changing the local oscilla-
tor frequency driving the mixer with the frequency synthesiz-
er (LMX2320). The intermediate frequency is then stripped
of its information by a limiter/discriminator (LMX2240). Data
values are then recovered from the signal (LMX2411) and
sent to the burst mode controller. The received signal
strength is also recovered (LMX2240) and filtered. The
RSSI signal is digitized by an ADC on the burst mode con-
troller or on the microprocessor.

To accomplish modulation of the VCO, the phase-locked
loop that is used to set the channel frequency must be
opened. This is done by powering down the LMX2320 PLL
using the Power Down (PD) pin. When this is done, the
charge pump output shifts to a TRI-STATE® modes, effec-
tively preserving the loop voltage. The modulating signal is
then added to the loop voltage by a resistive adder. The
DECT TDMA/TDD bursts are short enough that with appro-
priate components and careful design, the discharge of the
loop filter voltage (frequency accuracy) is within DECT spec-
ifications. Note that this method only requires a VCO to
have a single tuning port.

A critical feature of open loop modulation is control over the
VCO load. The receive power down signal turns the receive
mixer on and off, changing its impedance. The LO switch
transitions from this mixer to the power amplifier input. The
power amplifier input impedance is a function of the power
amplifier power down signal and of input power to it. The
timing and sequence of these control signals will affect the
VCO frequency error (jump) and should be carefully man-
aged once the PA, switch, mixer, and VCO are chosen. See
Section 2.5 for more details on open loop modulation.

—I LMX22168B |———I LMX2240

eer

1
Power Controt

RSS! !
Rx Pwr Dwn l
L |l
I Microcontroller/RAM/ROM
LMX2411 - Encoqar/Decoder
T Voice Codec
Burst Mode Controller
|
|
|
|
| =
e e mmEmm e ... —..————- Crystal Reference -
Tx Pwr Dwn I
|

AR}!
TL/W/11812-1

FIGURE 1. Typical DECT RF Front-End Subsystem with ARI1 Dividing Line Indicated
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2.0 SYSTEM CONTROL SIGNAL REQUIREMENTS

>10ms

Transmit timeslots | 1 | —
g =——— 1 I~
VCOPD sy —
400 us _|._. 100 us,
PLL_PWR_DWN 1 | | 1
. 27 #5—-| 0 us
" TX_PWR_DWN o I I |__—r—_'
' 400 ps—af  Je——ste—ops N ‘
TPAPD . ] l I ‘ | ' ’ I
' 27 us-—»l |e— |
TSWp I
. -
TSWn ) I I
o 27 us—»l bet— I
~"'Recsive timesl “l | 1
) ! 60 us—-l fe— —>-| L—‘IS Hs
" RX_PWR_DWN L |
' 26 pus—»y |
.. S_FIELD I—l

FIGURE 2. A Typical Timing Diagram for the RF Front End Power Down Signals (duﬂng Active Locked Mode).

TL/W/11912-2

Symbol Param'e’ler‘ Time before Burst ' - Time after Burst Unit

K . o : Min Typ Max Min Typ Max -
“VCOPD VCO Power Down 10 . ms
PLL_PWR_DWN PLL Power Down HIGH 30 150 400 us
TPAPD Power Amplifier Power Down 15 27 40 1S
TX_PWR_DWN Transmit Section Power Down 30 50 240 0 uS
. TSWp . T/R Switch Positive Signal 15 27 40 27 us
TSWn T/R Switch Negative Signal 15 27 40 27 ‘us
RX_PWR__DWN Receiver Section Power Down 60 ) 15 5
S__FIELD DC Compensation Circuit Enable 0 1S

In Figure 2 above, the timing diagram for the overall front
end power down signals is shown. Note that this is a typical
case, and that in fact there are some signals that will vary in
length. The table below shows the ranges of values for the
various power down signals. In the table, the times are ref-
erenced to either the time required before a burst (timeslot)
starts or the time required after a burst ends.

power up, so their times are chosen to be the same before
the burst, but they are delayed while the power amplifier
turns off to avoid any more amplitude modulation of the

. signal than necessary and to correctly terminate the power

In the above table and in Figure 2, it can be noticed that the

VCO is turned on and left on for the entire active locked
period, while the PLL is powered down between bursts. The
transmit and receive power down signals, as well as the
switch signals (see Section 2.3), are toggled for each burst
to conserve current. The numbers given in the table and
Figure 2 represent a typical DECT application. The power
amplifier should be ramped both on and off in 27 ps each
(DECT specification, Part 2: Physical Layer, Sections 5.2—
5.3, Figure 13). The S_FIELD signal should be enabled at
the start of the burst and last for 30 bits of the 32-bit pream-
ble. This allows for some timing offsets in the burst mode
logic. The transmit/receive switches need to be thrown at
the same time or before the power amplifier begins its final

amplifier. The phase locked loop and the transmit section
must be turned on 400 ps before PLL__PWR__DWN goes
LOW so that the loop compensates for the mid band volt-
age of the modulating signal. This is why they have two
different power down signals offset in Figure 2. In transmit
mode, the PLL must first settle to the transmit frequency
and then be opened to allow modulation to take place. The
transmit DAC’s output should be at mid-range voltage prior
to opening the loop to ensure that the loop centers on the
correct frequency and then deviates equally to each side
based on the modulation (see Figure 3). This is achieved by
toggling Tx PD LOW (i.e., powering up the transmit portion)
on the LMX2411 and holding Tx Data constant (either HIGH
or LOW). The first edge on Tx Data will synchronize the
LMX2411 to the transmit data and will also start transmis-
sion of the data through the digital filter.
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FIGURE 3. Plot of PLL__PWR__DWN Signal and Modulator Output after TX_PWR_DWN Is LOW

The receiver must be powered up 60 us before a receive
burst to allow the receive chain to fully power up and settle.
Note that some standard products, such as the Sierra Semi-
conductor -SC14400, have burst mode control signals that
comply with the ARil. The SC14400, for example, provides
9 pins for power down and load enable functions that are
fully flexible with respect to timing. These signals can switch
at any bit time, as long as only one is switched at a time.
Also, two of these pins are higher in current to support the
current required for PIN diode switches. A typical order of
power down signals for one burst is the following:
Action:
1) Program PLL to the transmit frequency
2) Turn on PLL
3) Turn on Baseband Processor transmit section
4) Throw LO switch to “Transmit” position
'5) After loop settles, open PLL
6) Throw RF output switch (if any) to “Transmit” position
7) Ramp on power amplifier
8) Transmit data
9) Ramp off power amplifier
10) Throw Transmit/Receive switches to “‘Receive”
position
11) Turn off Baseband Processor transmit section
12) PAUSE
13) Program PLL to the receive frequency
14) Turn on PLL . ‘
15) Turn on receiver section
16) Receive data; generate S__FIELD signal for DC
compensation
17) Turn off receiver section
18) Turn off PLL
19) Repeat steps-13) through 18) to monitor a second
channel.
It is interesting to note that the unlocked output from the
synthesizer is very low in noise. The user should consider
using the unlocked LO during receive mode. This would re-
sult in a lower noise LO, but it could also result in more
frequency drift. The drift specification in DECT is
13 kHz/ms. Presently, National Semiconductor has ob-
served typical drift measurements of 55 kHz/second, or 55
Hz/ms.

2.1 The Receive Chain

The LMX2216B is the Low Noise Amplifier and Mixer, and
the LMX2240 is the Intermediate Frequency Receiver. For
DECT, these functions should be active only during receive

mode. To accomplish this, the power down pin of either part
should be driven low to activate the device and high to pow-
er it down. This polarity is chosen so that the user can sim-
ply ground the power down pin to permanently activate the
part. The power down signal for each part should be the
global receive power down (RX_PWR_DWN) signa! for
the entire receiver. This and all global power down signals
should be CMOS power down signals unless noted other-
wise. Using CMOS signals and CMOS power down switches
on board each IC reduces power consumption and avoids
the longer power up times that would be governed by de-
coupling capacitors on regulated supplies.

In addition to the power down signal, the analog output of
the LMX2240's 'RSSI circuit should be sent to either the
burst mode controller (e.g., Sierra SC14400) or to the micro-
controller (e.g., Mitsubishi M37702) for digitization and peak
hold by the ADC. Note that the microcontroller's ADC may
not be fast enough to do'the peak hold function digitally. In
that case, an analog peak hold circuit must be added before
the input to the microcontroller's ADC.

2.2 The Phase Locked Loop (PLL)

Frequency Synthesizer

The LMX2320 is the 2.0 GHz frequency synthesizer. This
part is provided with a power down pin as well as three pins
to be used for serial programming of the desired center fre-
quency and step size. The power down pin requires a sepa-
rate control signal (PLL__PWR__DWN) because the synthe-
sizer may be operating during both transmit and receive
modes. The programming interface is a three wire
MICROWIRE™-compatible interface with write-only capa-
bility. The Load Enable (LE) pin is active low. When the LE
pin goes high, the loaded data is sent to the appropriate
register in the synthesizer.

The timing for the LMX2320 is as follows. When the LE pin
is low, the LMX2320 is ready for data from the channel con-
troller (microprocessor or burst mode controller). On each
rising edge of the clock, a serial bit is loaded from the data
input. When LE goes high, the data is loaded into the pre-
scaler and reference registers, and the channel is changed.
The data cannot be shifted into the shift register until LE
goes low.

The LMX2320 has two registers that need to be pro-
grammed. The Reference divider (R Counter) is a counter
that divides the (crystal) reference frequency. It is pro-
grammed with a 14-bit word when the control bit is high, or
“1”. A fifteenth bit is used to set the programmable
(128/129 or 64/65) prescaler. The frequency divider (N
Counter) divides the input frequency and is programmed
with a 18-bit word when the control bit is a low, or “0". The
structure of the words is given on the following page.
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To program the R Counter, the data should be the following (P = “1" for 64/65, P = “0"" for 128/129):

P D13 | D12 [ D4y | D1o | Dg Dg D7

Dg Ds Dy D3 Dy Dy

d* d d d d d d d

d d d d d d d 1

*d signifies a desired data bit, i.e., a “1” or a “0”

To program the N Counter, the data should be the following:

D17 [ D1 | D15 | D14 | D13 | D12 |-D41 [ D1o | Dy

Dg

D; [ Dg | Ds | Dy | D3 | Dy | D4

da*| d d d d d d d d

d

*d signifies a desired data bit, i.e., a “1" ora “0"

For DECT operation using a 10.368 MHz crystal and a refer-
ence, or step size, of 1.728 MHz,

R=6
N =1089...1098
P =64

For further information, please consult the LMX2320 Data
Sheet.

2.3 The Voltage Controlled Osclillator (VCO) and Trans-
mit/Receive (T/R) Switches '

The VCO power down signal will probably originate from the
LP2951 regulator directly. When the regulator is powered
up, the VCO will be powered up. This is due largely to the
long turn on times for VCO'’s. The VCO's individual data
sheets must be consulted for turn on time, as these may
vary among manufacturers.

Up to two switch functions are required. The first is the sig-
nal control between the antenna and the Low Noise Amplifi-
er (LNA) or power amplifier. A quarter wave length pin diode
switch directs the RF signal to the LNA with low power dissi-
pation. In transmit mode, current is passed through two PIN

diodes to provide a low loss connection from the power
amplifier to the antenna, and to isolate the LNA. Note that
this switch can be replaced by a circulator.

The second switch controls the output of the VCO. This
switch directs the VCO output to the receiver mixer or di-
rectly to the power amplifier input. Figure 4 shows these
functions below. Presently, two VCO manufacturers, ALPS
and muRata, produce wideband VCOs which span the en-
tire 130 MHz needed to achieve a single conversion receiv-
er. '

2.4 The Power Amplifier

The power amplifier requires a separate TPAPD signal for
turning the PA on because of the power amplifier ramping
required by DECT. (TX_PWR_DWN must turn on earlier to
allow the PLL to lock to the correct frequency and not be
offset by the mid band voltage of the LMX2411.) The power
amplifier can be ramped with a single RC circuit or with a
more complex raised cosine shaping. The technique used
will depend on the power amplifier manufacturer's circuit.
One circuit which has been used at National for GaAs pow-
er amplifiers is shown in Figure 5.

O Output control

O LO Control

TL/W/11912-4

FIGURE 4. Block Diagram of the Possible Switches Necessary In the RF Front End
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FIGURE 5. The Circuit for the Power Amplifier Ramping Used by National Semiconductor and its Typical Performance
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2.5 The Baseband Processor
2.5.1 General Functions .

The LMX2411 is the baseband processor, or the interface
between the RF front end and the digital back end. It func-
tions in both the transmit mode and the receive mode, al-
though only part of the chip is powered up at any given time.
The LMX2411 has two power down pins, Tx PD and Rx PD,
that should be driven with the appropriate global power
down signal. This power down configuration reduces current
consumption. In addition to the power down pins, the
LMX2411 requires a Sys Clock and Tx Data input, a control
signal input for its DC compensation circuit (S-Field), and a
Comp Out output line.

The Sys Clk input can be one of three system clocks com-
monly used in DECT: 10.368 MHz (9x), 13.824 MHz (12x),
and 18.432 MHz (16x). This clock is used to clock the ROM
filter and shift the Tx Data bits through the ROM addresses.
Tx Data Is the actual information data to be transmitted and
is input from the burst mode controller. The control line that
is needed for the DC compensation circuit, S__FIELD, also
comes from the burst mode controller. This should only en-
able the DC compensation circuit during 30 bits of the DECT
preamble.to allow for 3 bits of timing inaccuracy. The DC
compensation on the LMX2411 is an analog loop using a
sample and hold circuit. The DC compensation method us-
ing the sample and hold circuit is intended to provide a fast
RC averaging over a known sequence (DECT preamble).
The analog method can be used without an S__FIELD sig-
nal, providing a long term average of the DC value through
the use of a large capacitor on pin 2 of the LMX2411. How-
ever, this technique is not recommended due to its long
start-up time and its sensitivity to long strings of 1's and 0's.
Note that some burst mode controllers, in particular the Si-
erra SC14400, can support both this method and a digital
DC compensation loop (see DC Compensation). The only
output of the LMX2411 is the comparator output, which pro-
vides a CMOS level output ready for timing recovery to the
digital back end.

LMX2411 DAC out O

2.5.2 Open Loop Modulation

Open loop modulation is a technique that allows for a rela-
tively simple implementation as long as frequency pushing
and load pulling effects can be controlled. The loop is
opened by powering down the PLL, which in the LMX2320
results in a TRI-STATE at the charge pump output. For short
bursts, the loop filter will not lose the charge, and the center
frequency will not drift. Figure 6 shows a sample circuit for
modulating on an open loop. Note that the VCO requires
only one tuning port for both locking and modulation. Ry and
Rz will vary depending on which wideband VCO is used.
The proper equation to be used in determining R4 and Ra is
below: .

P2 L
VbAc R+ Ry Ky = 576 kHz (1)
In this case, Ky is the VCO sensitivity, expressed in MHz/V,
and Vpac is nominally 1V. Generally, R1 will be on the order
of 50 k@ to 250 k2, and the ratio of Ry to Rz will vary from
30:1 to 50:1 for wideband VCOs, and will be smaller for
narrowband VCOs. Also, the 576 kHz is the peak-to-peak
frequency deviation for DECT, which means the peak fre-
quency deviation is half of that, or 288 kHz.

It should be noted that the schematic in Figure 6 contains a
unity gain buffer op amp at the output of the PLL’s loop
filter. This op amp must have a low output impedance so as
not to affect the voltage summing node for open loop modu-
lation. This op amp will be necessary when using VCO’s
with high varactor leakage to prevent the varactor from dis-
charging the loop capacitor and therefore causing frequen-
cy drift. This buffer should be powered up whenever the
VCO is powered up, and so should be connected to the
VCO's power down line. Figure 7 shows a plot of typical
frequency jump and drift that can be expected from open
loop modulation when the load pulling and frequency push-
ing effects have been properly controlled.
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TL/W/11912-6

FIGURE 6. Circuit Diagram for Direct, Open Loop Modulation
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FIGURE 7. Plot of Frequency Discriminator Output of Unmodulated Open Loop Carrier over a 400 us Burst
Showing the Loop Opening at 60 us and the Resulting (Lack of) Drift. Units are kHz/us.
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Frequency pushing is controlled by putting a series 10Q re-
sistor and a shunt 1 pF to 4 pF capacitor on the VCO Vg
line from the LP2951 voltage regulator. Load pulling is con-
trolled by using an attenuator and an RF buffer between the
VCO and the power amplifier. The power amplifier and T/R
switch both affect load pulling. RF coupling can also cause
frequency drift, and this is controlled by providing good
shielding between the power amplifier and the VCO.

2.5.3 DC Compensation

Compensation of the drift in DC of the demodulated eye due
to frequency error, co-channel interference, or temperature
effects can be'implemented by using an analog “sample
and hold” technique, or by using a digital duty cycle detec-
tion. In the analog method, the received, demodulated sig-
nal is input both to the comparator “+" input and to the
sample-and-hold (S&H) buffer amplifier. The S&H buffer al-
lows a single RC filter to average the DC value of the re-
ceived signal without distorting it. This DC value is connect-
ed to the “—” input of the comparator. When the signal
S__FIELD is used (named after the synchronization field in
DECT), this circuit can acquire the DC voltage during the
preamble and then hold it (with the external capacitor) for
the duration of the burst. This solution avoids the problem of
long strings of 1’s and 0’s that conventional continuous av-
eraging circuits have while still reacting quickly to acquire
the proper DC average at the beginning of a burst. This
solution is provided internally to the LMX2411. Figure 8
shows a typical response curve of the DC threshold level
from initial startup. Note that the discharge of the capacitor
is very low, which means that once the first burst acquisition
has been done, all following bursts should be recovered
with minimal CRC errors.

Another method of DC compensation is to monitor the duty
cycle of the output of Comp Out, and adjust the level of an
external threshold DAC that drives the LMX2411’s compar-
ator threshold directly. The digital method has the added
advantage that the last value of the DAC can be pre-loaded
for each timeslot, thus introducing memory into the system.
The Sierra SG14400 supports both DC compensation meth-
ods.

2.6 Summary of ARi1 Signals

The following is a summary of all thirteen (13) signals that
are contained in the ARI! specification and their descrip-
tions.

2.6.1 Tx Interface

2.6.1.1 TX_PWR_DWN

This signal is used to change the transmitter between power
down and active modes. TX _PWR_DWN should go low
480 bits (400 ps) prior to start of transmission.

2.6.1.2 TPAPD

This signal is used for turning the power amplifier on and off.
This signal should enable the power amplifier 31 bits (27 ps)
prior to start of transmission.

2.6.1.3 TSWp/TSWn

These signals are used for the Tx/Rx switch at the antenna
and/or VCO output. They are inverse signals of each other,
and one or both may be used in a given implementation. In
the case of TSWp, a “LOW” signal indicates the output of
the VCO goes to the Rx mixer. A “HIGH" signal indicates
the output of the VCO goes to the power amplifier. For
TSWhn, the polarity is reversed. This signal should switch
approximately 30 bits (27 us) before the start of either
transmission or reception of the signal.

2.6.1.4 TX__DATA

Data to be transmitted. This is sent three bit times prior to
start of transmission to account for three bit delay in the
ROM filter. Also, three padding bits are added at the end of
the burst to ensure the last desired bit is transmitted. The
polarity of this signal determines reset state of LMX2411
ROM address. See the LMX2411 data sheet for more de-
tails.

2.6.1.5 SYS_CLK .

This is the reference clock for both the LMX2411 and the
LMX2320. It should have a frequency of either 10.368 MHz,
13.824 MHz, or 18.432 MHz and should be active anytime
the transmitter or frequency synthesizer is active. This sig-
nal can be a CMOS signal or have a voltage swing with as
little as 500 mVpp.

2.6.2 Rx Interface

2.6.2.1 RX_PWR_DWN

This signal is used for the Rx to change between power
down and active modes. RX_PWR__DWN should go LOW
70 bits (60 ps) prior to start of reception of the signal.
2.6.2.2 RSSI

This is the analog RSSI signal that originates from the
LMX2240. This signal should be connected to an ADC that
is either in the burst mode logic or the microcontroller.
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FIGURE 8. Plot of DC Compensation Circuit Response vs Time from Full Discharge of Hold Capacitor
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2.6.2.3 RX__DATA

Demodulated, received data for input to the burst mode
controller. This is the output from the comparator.

2.6.2.4 S_FIELD

This signal is used to enable the analog DC compensation
circuit on the LMX2411. This signal should go LOW 2 bits (2
ps) to 0 bits (0 ps) before the start of reception of the sig-
nal. This signal should go HIGH 32 bits (29 ps) to 30 bits (27
us) later for an effective 30-bit averaging period for the
sample and hold circuit.

2.6.3 Synthesizer Interface

2.6.3.1 PLL__PWR_DWN

This signal changes the phase-locked loop (PLL) frequency
synthesizer between power down and active modes. PLL__
PWR_DWN should go HIGH between 115 bits (100 us)
and 461 bits (400 us) before the PLL will be locked. Note
that this results in a blind slot implementation for DECT.
PLL__PWR__DWN should go LOW 31 bits (27 us) before
the start of a transmission to unlock the PLL. NOTE: THE
LMX2320 PLL CAN BE PROGRAMMED IN THE POWER
DOWN STATE.

2.6.3.2 ENABLE

Enable signal for the LMX2320 programming interface.
2.6.3.3 DATA

Data line for the LMX2320 programming interface.

ELECTRICAL CHARACTERISTICS

2.6.3.4 CLOCK

Clock line for the LMX2320 programming interface.
2.6.4 System Signals

2.6.4.1 VCO___PD

May be used as a system PD as well by connecting to an
LP2951 (or equivalent) voltage regulator output. To power
down the VCO, the regulator would be turned off, which
would also turn off the entire RF front end.

2.6.4.2 Vgat

The battery voltage that presumably will come from 3 NiCad

" battery cells or their equivalents. This is the power supply

that is regulated on board the RF front end. All ICs are
driven by this except the power amplifier, which operates
directly from the battery. This signal should be connected
directly to the battery with short lead lengths to minimize
losses during times when the power amplifier is on and also
to avoid lead inductances which cause variations in Vg
and VBaT.

2.6.4.3 GND

This is the return path to the battery.

3.0 ELECTRICAL SPECIFICATIONS

The RF front end runs on a single +3V supply. The table
below gives the pertinent electrical specifications to inter-
face to the RF front end’s CMOS circuitry.

(The following specifications apply for supply voltage Vg = +3V £5% V unless otherwise specified).

Symbol Parameter Conditions r Min | Typ | Max | Unit
DIGITAL INTERFACE SECTION
VoH High-Level Output Voltage loH = —1.0mA Vec —0.4 \
VoL Low-Level Output Voltage loL = 1.0mA 0.4 \
VIH High-Level Input Voltage Ve — 0.8 \"
ViL Low-Level Input Voltage 0.8 \"
N Input Current GND < V|y < Voo -1.0 1.0 pA
tcs Data to Clock Setup Time See Data Input Timing 50 ns
tcH Data to Clock Hold Time See Data Input Timing 0 ns
tcwH Clock Pulse Width High See Data Input Timing 50 ns
towL Clock Pulse Width Low See Data Input Timing 50 ns
tes Clock to Enable Setup Time See Data Input Timing 50 ns
tew Enable Pulse Width See Data Input Timing 50 ns

Note 1: DC Electrical Characteristics for the digital section apply to all digital input and output pins. This includes Clock, Data, LE, PD, Tx Data, Tx PD, Rx PD, Comp

Out and 3-Field.
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SERIAL DATA INPUT TIMING

Data s18: usa)( 517 s10 )(

st >Qntrol Bit: LSB

SW: MSB S1
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Control Bit: LSB

LE . ‘
tes — I‘ ten ’]
NOTES: Parenthesls data indicates programmable reference divider data.
Data shifted into register on clock rising edge.

.

tes

-]

LQEW..

TL/W/11992-9
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Introduction to Single Chip
Microwave PLLs

ABSTRACT

Synthesizer and Phase Locked Loop (PLL) figures of merit
including phase noise, spurious output and lock time, at mi-
crowave frequencies, are examined. Measurement methods
for these parameters and supporting software are discussed
in detail. The requirements for the loop filler, the charge
pump, the dual modulus prescaler and their effects on PLL
performance are analyzed.

INTRODUCTION

Phase Locked Loops are used for many radio applications
including frequency synthesizers, carrier recovery and clock
recovery circuits, tunable filters, frequency multipliers, re-

PHASE
DETECTOR

REFERENCE

CRYSTAL DIVIDER

REFERENCE

National Semiconductor
Application Note 885
Cynthia L. Barker
Wireless Communications

ceiver demodulators and modulators. This application note
will concentrate on the use of a PLL as a frequency synthe-
sizer, as shown in Figure 1.

There are two main reasons for using a PLL as a frequency
synthesizer. One is to translate the frequency accuracy of a
high quality signal source to a tunable signal source. The
second is to translate the noise characteristics of a high
quality signal source to a lower quality signal source. The
block diagram of a basic PLL is shown in Figure 1. The high
quality signal source, in this case, is a crystal reference.

A single chip PLL consists of the reference divider, the main
divider (including a dua! modulus prescaler), the phase de-
tector and a charge pump.

vco

MAIN DIVIDER

TL/W/11815-1

FIGURE 1. Block Diagram of a Basic Phase Locked Loop

SYNTHESIZER AND PLL FIGURES OF MERIT

Phase noise is a measure of the spectral purity of the tone
produced by the PLL. It is dependent on the noise charac-
teristics of the crystal oscillator reference and the VCO as
well as some noise contribution of the dividers. Phase noise
is defined as the ratio of the single sideband power (within a
1 Hz bandwidth at some offset frequency) to the total carrier
power. Phase noise is often measured in units of dBc/Hz.

Spurious output is a measure of the level of the reference
spurs (sometimes referred to as reference sidebands) on
the output tone. The reference spurs appear on the output
tone at the center frequency + the reference frequency and
at integer multiples of the reference frequency. For exam-
ple, a PLL operating at 836 MHz with a reference frequency
of 25 kHz will have reference spurs at 836.025 MHz,
835.075 MHz, 836.050 MHz, 835.050 MHz, etc.

Lock time or switching speed is a measure of the settling
time of the PLL once a change in frequency has been initiat-
ed. The frequency step and the frequency accuracy to de-
fine “locked” must both be defined for this measurement to
be useful.

PHASE NOISE MEASUREMENT METHODS

The phase noise characteristics of the PLL can be mea-
sured on a spectrum analyzer or using a phase noise test
set. The spectrum analyzer test technique is described
here. Phase noise is measured in units of dBc/Hz. This is
done at several offsets from the output signal such as 1
kHz, 10 kHz and 100 kHz. The spectrum analyzer is tuned
to the desired center frequency and the span is adjusted so
the appropriate offset frequency can be viewed. The differ-

ence between the level of the carrier and the noise level
minus 10 [log (resolution bandwidth)] is equal to the phase
noise in dBc/Hz. The resolution bandwidth is read directly
from the spectrum analyzer. The phase noise result in
dBc/Hz is a negative number. Since phase noise is mea-
sured in dBc/Hz the measurement is always normalized to a
1 Hz bandwidth. The video averaging feature of the analyzer
is used to better determine the noise level. An example of
such a measurement, for the LMX1501A PLL using a refer-
ence frequency of 25 kHz, is shown in Figure 2. Refer to the
LMX1501A data sheet for application circuits.

- REF-0.4dBm ATTEN 10dB

1048/
SAMPLE

VID AVG
51

I
Il

001 { ‘ -76dBe
] |
[

[ 11
T

CENTER 826. 00 MHz SPAN 1.00 MHz
RES BW 10 kHz SWP 30.0ms
TL/W/11815-2
FIGURE 2. An 826 MHz Synthesizer Phase Nolise
Measurement @ 100 kHz = —116 dBc/Hz.
Using the LMX1501A PLL.

VBW 30 kHz
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Example Phase Noise Calculation - . directly. This method shows the damping characteristics of
phase noise : the loop but does not provide the accuracy of the frequency
(@100kHz) = —76 dBc —10  log(res.BW) mateh. N o

= —76dBc — 10 « log (10 kHz) "o Figure 4 illustrates an evaluation method using a mixer to

determine the accuracy of the frequency match. The signal

= (=76 — 10 * 4) dBc/Hz generator is phase locked to the crystal reference input to

= —116 dBc/Hz the PLL. This is accomplished by using a signal generator
REFERENCE SIDEBAND ME. ASUREMENT METHODS for the crystal reference and having the 10'MHz reference
X used as an external reference for the other signal generator.
The reference s:debands. can be seen on a sp_ectrum ana- The output of the VCO is mixed with a signal (from a signal
lyzer and are measured in dBc. The analyzer is set to the generator) at the desired frequency (using the mixer as a
desired center frequency and the span is set to allow the phase detector). When the frequencies are matched a DC
reference sidebands to be viewed. For example, to see the voltage appears at the output of the mixer. When the fre-
reference spurs for a 1.7 MHz reference frequency the span . - quencies are mismatched a beat note appears at the output
would be set to 10 MHz. The spurious output is the differ- of the mixer. Either of these signals is viewed on a scope.
ence between the level of the PLL tone (at the center fre- The peak to peak amplitude of the beat note represents a
quency) and the level of the reference spur (at the center phase offset of +180°. The slope of the beat note repre-
frequency + the reference frequency). In Figure 3, the ref- sents a change in phase divided by time, which is equivalent
erence sidebands for a 1.7 MHz reference frequency are to frequency. This frequency represents the frequency mis-
about 78 dB down from the PLL tone, or —78 dBc. Refer to match. As the slope of the line approaches zero the fre-
the LMX2320 data sheet for application circuits. quencies converge, and the loop locks. This method gives a
WKR 1.881 82 GHz frequency accuracy within 100 Hz.
REF - 4.0dBm ATTEN 1048 -4.50dBm . An example of the above two types of switching speed mea-
1048/  surements is shown in Figure 4. Channel 1 shows the VCO
SAMPLE } g : tuning voltage and channel 2 shows the output of the mixer
- : IF port. :
o A third method uses a spectrum analyzer to view the tran-
10.0 MHz ~78 dBe sient response by setting the frequency span to 0 Hz. The
. display is effectively now frequency versus time. The video
VID AVG band width should be set on maximum. The frequency off-
» . setwill be equal to the resolution bandwidth setting at 10 dB
I down from the top on the vertical axis. This is due to the
l \ filter characteristics of the analyzer. To be fully accurate the
{ F— = external trigger of the analyzer should be triggered off. the
o M/ . loading of .the new frequency. This method is not.recom-
: [ | mended for measuring lock times under 10 milliseconds be-
CENTER 1.881 7GHz SPAN 10.0 MHz cause on some spectrum analyzers the display response
RES BW 30kHz  VBW 100kHz  SWP 30.0ms - - time of the analyzer is longer than a few milliseconds and
' . " TL/W/11815-3 erroneous data can result. A modulation domain analyzer
FIGURE 3. An 1881 MHz Synthesizer with a - can also be used to measure switching speed. It displays
Reference Frequency of 1.7 MHz and Sidebands frequency versus._time directly. but it is not available in all
@ 1.7 MHz = —78 dBe. Using the LMX2320 PLL. labs. ’
SWITCHING SPEED MEASUREMENT METHODS
Switching speed is measured on an oscilloscope by probing
the VCO tuning voltage. The transient response will be seen
t?g.rt:yl gs{:‘iﬁ;‘scope r{o‘l::.s:: grg:‘ﬁsg:‘"’wr ; 5ms .
. M83C mn(arLo l IOM}‘iz 1.'$.°4ngv ___i . l
RF time base ) l
Ch.1 ext. Trigger Ch.2 ) 3.5 ms / * ~—— channel 1
- — | 5°4m7vmv L |2
VCO output - =3
LE .
VCO tuning voltage Eeu::lsom ext. refarence I IS = chame 2
oard crystal ref.
o e L[]
e Signal Generator 6.5ms — 11.45ms
Trigger on the rising edge of Load Enable. -

-~ At 1.7650ms -~ 566.57Hz
1 0.1V 0C al
TLWTBIS-4  somy bc I 1 D¢ 3.00v R '
' ' - " TL/W/11815-5
FIGURE 4. Test Setup and Lock Time for 10 MHz Step = 1.77 ms - :

using a LMX1501A with a Reference Frequency of 25 kHz.
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SUPPORTING SOFTWARE

A software program of some kind is needed in order to pro-
gram the PLL chip to test it. National Semiconductors LMX
series of PLL chips are programmed via a three line
MICROWIRE™ serial interface (clock, data, load enable).
National Semiconductor Corporation provides a DOS pro-
gram to allow the'user to program the chip from the parallel
port of a DOS personal computer. The user enters the fre-
quency of operation, the reference frequency and the crys-
tal frequency then presses one key to load in the appropri-
ate divider values. The frequency can be tuned in steps of
the reference frequency and a switching mode is available

to test the lock time. The user enters the number of steps

and the PLL will switch between the two frequencies. The
user interface for the program is function key driven. De-
tailed operating instructions are provided with the software.
For more information on the PLL software program contact:

(in Asia Paclfic region)

Wireless Communications Product Applications
National Semiconductor Hong Kong Ltd.
Ocean Center 15/F, Stralght Block'

5 Canton Road

Tsimshatsui, Kowloon, Hong Kong
852-737-1800

(in Europe)

Wireless Communications Field Applications
National Semiconductor European Headquarters
Industriestrasse 10

D-8080 Furstenteldbruck

Germany

49-8141-103-557

(in Japan)

Innovative Product Application Engineering
Communication Business Center

National Semiconductor Japan Ltd.
Sansei-doh Shinjuku Bldg. 5F

4-15-3 Nishi Shinjuku

Shinjuku-ku, Tokyo, Japan

81-3-3299-7001

(in North or South America)

Wireless Communications Applications
National Semiconductor Corp.

1090 Kifer Rd.

Santa Clara, CA

(408) 721-4748

LOOP FILTER

The design-of the loop filter involves a trade off between
reference sidebands and switching speed. The-loop- filter
must be designed for the correct balance between refer-

~ ence spurs and lock time that the system requires. General-

ly, the narrower the loop bandwidth the lower the reference
spurs but the longer the lock time. The circuit in Figure 5§
shows a type 2 third order passive loop filter configuration
and its transfer function. )

CHARGE _Toveo
PUMP
TL/W/11815-6
GLE(s) = ReC2es +1

s(C2+ Cl(ReC2es + 1))

FIGURE 5. Passive Loop Filter Circuit
and Loop Filter Transfer Function.

A type 2 loop has two integrators within the loop, a VCO and
an integrator/filter. The order of the loop is determined by
number of poles of the transfer function. Using the phase
detector and VCO constants (K and Ky) and the loop filter
transfer function (G g) the open loop Bode plot can be cal-
culated. K4 and Ky are available from the PLL IC and VCO
manufacturers. The control circuit, the open loop transfer
function and the open loop Bode plot are shown in Figure 6.
The loop bandwidth is shown on the Bode plot as (wp) the
point of unity gain.

Control Circuit

K¢

Gpe(s) H X four

(G = Forward transfer function, H = Feed back)
Open Loop Transfer Equation

GH(s) = &—Gh‘f’ Ky

TL/W/11815-8

Open Loop Response Bode Piot

GAIN
“p
0dB
-90
PHASE MARGIN
-180 L 2
FREQUENCY

TL/W/11815-9

FIGURE 6. Control Circult, Open Loop Equation and Bode Plot
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CHARGE PUMP AND PHASE DETECTOR

A current charge pump and a phase frequency detector are
implemented in National Semiconductor's LMX series of
PLL chips. To increase the VCO frequency the charge pump
outputs a pump up (source) current. To decrease the VCO
frequency the charge pump outputs a pump down (sink) cur-
rent. This current pulse charges the voltage of the capacitor
C1. The charge pump is capable of supplying a controlled
charge to the loop filter over a wide range of voltages, as

.shown in-Figure 7.

The phase detector and charge pump are difficult to charac-
terize separately. The figures of merit for the combination
include linearity, sensitivity and deadband range. The linear-
ity of the charge produced by the charge pump with respect
to the detected phase error is critical to providing low spuri-
ous and low phase noise. The sensitivity (Kg) is measured
in mA/radian and depends on the charge pump current ca-
pability. Current mode charge pumps commonly have a
dead zone where the gain changes dramatically for a very
small phase error. The divider outputs fr and fp are a series
of pulses whose relative timing reflect the phase or frequen-
cy error, as shown in Figure 8. At some point the pulses are
too close together for the phase frequency detector to dis-

tinguish them. This is the deadband or dead zone, as shown
in Figure 9. The LMX series of PLLs use a proprietary feed-
back method to minimize deadband.

Charge Pump Current vs Do, Voltage

6 .
5 Vo = 5V |
: : .
‘7 Ve = 4V
/ ! /
T 2 Vo = 3V
/4 :
= !
z Vo = 3V
£ ‘ 74 7
3 -2 Vo = 4V
o 3 l~’|l __1" /‘/
:; Vp = 5V
-6 | '

0 05 1 15 2 25 3 35 4 45 5
D, VOLTAGE (V)

TU/W/11815-7

FIGURE 7. Charge Pump Current vs Voltage for the LMX
Serles of PLL Chips

1 LT L1

LT LTI |

e lmimimBmil R

e e e T il

> A=A <t f<fy <

! TL/W/11815-11
FIGURE 8. Phase/Frequency Error Pulses
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Phase Detector/Charge Pump Linearity
lo

: TL/W/11815-10
FIGURE 9. Charge Pump Current vs. Phase Error,
showing Deadband.

DUAL MODULUS PRESCALER

Dual modulus prescalers allow operation of the divider chain
at high frequencies while most of the divider operates at a
lower frequency. However, this capability sets limits on the
range of the divider. The divider is made up of an A counter
and a B counter. The A counter is the swallow counter and
the B counter is the programmable divider. The condition for
a legal divide ratio is that B > A.

The necessary divide number (N) is calculated by dividing
the desired frequency by the reference frequency.

N
fout = Nfref = ﬁfcrystal

crystal frequency

fref
The output frequency must be an integer multiple of the
reference frequency. Once the divide ratio is calculated a
check can be made to determine whether it is above the
minimum continuous divide ratio. The minimum continuous
divide ratio is equal to P(P—1) where P is the prescaler
divider. For example the minimum divide ratio for a 64/65
prescaler is 64(64—1) or 4032. If the divide ratio required
(N) is below the minimum continuous divide ratio it may be a
legal number but it must be verified that B > A. The values
for A and B can be calculated from the following equations:
B = NdivP
A=NmodP
A dee ratio that is above the minimum continuous divide
ratio or satisfies the condition B > A is a legal divide num-
ber."The PLL will not operate it it is programmed with an
illegal divide number. For example, in choosing a prescaler
for a DECT (Digital European Cordless Telephony) system
the required divide ratios for the transmit side would be
1089 to 1098. The frequencies of operation for DECT are

R = reference divide ratio =

1881.792MHz to 1897.344 MHz with a channel spacing of
1.728 MHz. The reference frequency used is 1.728 MHz.
1881.792 1897.344
1.728 1.728
The minimum continuous divide ratio for a 64/65 prescaler
is 64(64—1) or 4032. The minimum continuous divide ratio
for a 128/129 prescaler is 128(128—1) or 16,256. For
DECT the divide ratios required do not exceed the minimum
continuous divide ratio for a 64/65 or 128/129 prescaler.
Therefore, it must be verified that the condition of B = A
holds true. This is determined as follows:

=1089 and = 1098

TABLE I. Example Dual Modulus Prescaler Calculation

N 64/65 128/129
B A B A
1089 17 1 8 65
1090 17 . 2 8 66
1097 17 9 8 73
1098 17 10 . 8 - - 74

For the 64/65 prescaler, Table 1 shows B > A therefore it
can be used. The 128/129 prescaler cannot be used since
A > B. The above calculation demonstrates that a 64/65
prescaler can be used in the DECT system for the transmit
PLL.

CONCLUSION

The performance of a PLL as a frequency synthesizer is
measured in terms of phase noise, spurious output and lock
time. The techniques for measuring these parameters have
been discussed. The loop filter, charge pump/phase detec-
tor and dual modulus prescaler and their impact on PLL
performance have been analyzed. Example performance
metrics were demonstrated for National Semiconductor's
LMX series of PLL chips. These ICs provide the capability to
produce a low power, low noise, low spurious and fast
switching frequency synthesizer. With a properly designed
loop filter excellent performance can be achieved. The LMX
series of PLL chips provide the building block around which
a high performance frequency synthesizer can be designed.
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Integrated LNA and Mixer
Basics

ABSTRACT

Basic theory and operation of low noise amphflers and mix-
ers are presented. Important figures of merits of these two
devices such as gain, noise figure, compression point, and
third order intercept point are introduced and derived. Mea-
surement methods of these figures of merit are also de-
scribed.

LNA

Low noise amplifiers (LNAs) are widely used in wireless
communications. They can be found in almost all RF and
microwave receivers in commercial applications such as
cordless telephones, cellular phones, wireless local area
networks, and satellite uplinks and downlinks-and in military
applications such as doppler radars and signal interceptors.
Depending upon the system in which they are used, low
noise amplifiers can adopt many design topologies and
structures—those used in military applications tend to be
discrete, large in size, and consume high power, whereas
those in commercial applications aim toward high integra-
tion and low voltage and bias currents. The LMX2215 and
LMX2216B, for example, can be classified into the latter
catergory. LNAs are usually placed at the front-end of a
receiver system, immediately following the antenna. A band
pass filter may be required in front of it if there are many
adjacent interfering bands leaking through the antenna, but
this filter generally degrades the noise performance of the
system. The purpose of an LNA is to boost the desired sig-
nal power while adding as little noise and distortion as pos-
sible so that retrieval of this signal is possible in the later
stages in the system. With this in mind, low noise amplifier
designers have developed many design concepts and theo-
ries applied to low noise amplifiers and important figures of
merit used to characterize and compare their performance.
These concepts and figures of ment are discussed in the
following sections.

MIXER

Mixers are found in virtually all wireless communication sys-
tems. They are frequency translating devices that convert
input signals from one frequency to another by mixing these
signals with another signal of known frequency. One reason
frequency translation is a necessary process in wireless
transmission is that information signals such as human
speech or digital data are usually low frequency signals and
are not suitable for a wireless channel. Another is that wire-
less channels are common channels that are shared by
many signals and these signals must be separated into dif-
ferent frequency bins so that electronic circuits (which con-
tain frequency selective components) can keep them from
destructively interfering with each other. Among many other
properties, frequency is one that is most easily exploited in
signal identification.

Mixers can be classified into two broad categories: passive
or active. The most commonly available and used are pas-
sive diode mixers since they are easier to design and more
thoroughly understood. Active mixers, on the other hand,

National Semiconductor
Application Note 884
A.Dao

involve transistors and the most popular ones are built from
the basic Gilbert cell structure. Some higher frequency ac-
tive mixers exploit the nonlinear characteristics of high gain
transistors and can perform the mixing action using only one
transistor. Among these types, the Gilbert cell structure has
the most desirable characteristics in terms of isolation and
harmonic suppression due to its balanced structure. The
LMX2215, LMX2216B, and LMX2213B use the Gilbert cell
(the LMX2216B is the 3V equivalent of the LMX2215, and
the LMX2213B is the LMX2216B without the LNA).

Most down converting mixers are three-port devices, as
shown in Figure 1. They take two input signals: the RF and
the LO (local oscillator) signals. The output is a mixing prod-
uct of these two inputs and is an intermediate frequency (IF)
signal. There are self-oscillating mixers which provide their
own LO signal by having an internal resonating element
coupled with the RF input. The LMX2215 and LMX221SB
require external LO drives.

RF

Lo
) . TL/W/11808-1
FIGURE 1. Three-Port Mixer

Mixers perform the mixing operation by multiplying the two
input signals. The output, IF, is the product of the two sig-
nals RF and LO, and it contains the sum and difference of
the two input frequencies. In receivers, the lower frequency
component is usually the desired one and can be obtained
by lowpass filtering the mixer output signal. Derivations of
the mixer effect are shown below in the sectlon on nonlln-
earities (OIP3).

CONCEPTS

Noise

Noise in electrical systems is defined as random fluctua-
tions in voltage and current. It can be generated internally
by components employed in the system or externally by
electrical radiation from other systems or induced mechani-
cal vibrations. RF and microwave oscillators, for example,
are very susceptible to external radiation if they are not
properly shielded. They are also susceptible to mechanical
vibrations, a phenomenon called microphonics, if they are
not sufficiently isolated from physical contact with nearby
objects. Integrated low noise amplifiers are, on the other
hand, most vulnerable to noise that is generated by their
own transistors and resistors. Transistors exhibit flicker
noise, which is caused by a change in conductance caused
by a relatively slow process (e.g. the exchange of charge
with surface traps or metallic impurities through tunneling),
and shot noise, which is due to random one-way crossings
of some barrier by discrete quantities of charge. For amplifi-
ers at radio and microwave frequencies, flicker noise is neg-
ligible since it's power spectrum has a 1/f property. The
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power spectral density of flicker noise is described by equa-
tion (1) below:
|a

- Gif) = C1f-b v M

where a ~ 1102, b ~ 1, and Cq is a device dependent
constant. Shot noise power, however, depends on the net
total current crossing the pn junctions, and its power spec-
tral density is given by

Gif) = ql @
where q is the electronic charge and | is the total current.
Resistors exhibit thermal noise, which is generated by the
random movement of electrons inside the resistive material
at a non zero absolute temperature. The thermal noise pow-
er (per unit of frequency) of resistors, thus, depends on tem-
perature and the resistance value of the resistors. However,
the available thermal noise power depends solely on tem-
perature. Equation (3) gives the power spectral density of
thermal noise

Gy(f) = KTR (3)
where K is the Boltzmann’s constant, T is the absolute tem-
perature in Kelvins, and R is the resistance.

The combined effect from the noise sources mentioned
above and all other possible noise sources is often treated
as though it were caused by only thermal noise. Moreover,
LNAs are sometimes specified, not by their noise figure, but
by their noise temperature, the temperature at which a resis-
tor would generate the equivalent noise power.

Nolise Figure (NF)

Noise figure is noise factor in decibel units (dB) and is an
important figure of merit used to characterize the perform-
ance of not only a single component but also the entire
system. It is one of the factors which determine the system
sensitivity. Noise factor is defined as the input signal to
noise ratio divided by the output signal to noise ratio. For an
amplifier, it can also be interpreted as the amount of noise
introduced by the amplifier seen at the output besides that
which is caused by the noise of the input signal. Mathemati-
cally,

_ Si/N; _ Si/N; _Na+ GaNi @
So/No  GaS/(Na + GaN)  GaN;
NF = 10log (F) (5)

where S;, and N;, represent the signal and noise power lev-
els available at the input to the amplifier, Sy and Ny the
signal and noise power levels available at the output, G, the
available gain, and N the noise added by the amplifier. For
a mixer which is used in applications where the desired sig-
nal power is contained in only one sideband, N; is interpret-
ed as the input noise contained in only one sideband.
Therefore, in specifying noise figure for mixers, the term sin-
gle-sideband or double-sideband must be noted to indicate
how N; was measured. In most communication receivers,
single-sideband noise figure is the “true™ noise figure and is
3 dB higher than double-sideband noise figure.

Design for Optimum Noise Performance

Based on the above equations, noise models for transistors
can be developed. Furthermore, analysis of these models

shows that for an amplifier using bipolar transistors, the only
noise determining factor is the input match (which can also
be translated into a bias current dependence). If resistors
are also employed in the matching networks, then these will
affect the noise performance as well. For each transistor
operating at a particular frequency and bias current, there
exists an optimum input match T'opt = Ropt + jXopt (6),
which will yield an optimum noise figure Fopy This input
match can be obtained by measurements using a noise fig-
ure meter and a vector network analyzer. A matching net-
work designed to present this optimum impedance at the
input of the transistor yields the optimum noise perform-
ance. The noise figure of the resulting amplifier can be cal-
culated using the following formula,

4R - 2
F=F°pt+_n.¢&L

7
Zo N+ T2 (1 -0

where R, = noise resistance
Zy = system impedance
T's = input reflection coefficient seen by the device

(see Figure 1).
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:

TL/W/11808-2
FIGURE 2. Typical LNA Topology

Note that if the input match is perfect, the noise figure is
Fopt- This value is usually not achievable in practice and
tradeotfs between noise performance, match to available
filters, gain, and stability is often required.

Noise Figure Measurements

Noise figure can be measured using a noise figure meter,
which consists of a noise source and an RF receiver. The
noise source is placed at the input of the device under test
(DUT), and the output of the DUT is connected to the re-
ceiver (see Figure 3). There are several methods which
noise figure receivers use to calculate noise figure, one of
which involves computing the Y factor. With this method,
the noise source (an avalanche diode) is cycled between
two effective noise temperatures: Ty, and T¢, shown in Fig-
ure 4. Ty corresponds to the hot temperature, when the
diode is bias with a DC current, and T corresponds to the
cold temperature, when the diode is off. The receiver de-
tects the noise power at the output of the DUT under these
two temperatures and computes the straight-line noise
characteristics, from which the noise added, Ny, can be de-
termined. Along with N,, the noise figure meter also mea-
sures the available gain of the DUT to compute the noise
figure using equations (4) and (5). Figures 3 and 4 below
illustrate the measurement setup and the straight-line noise
characteristic.
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NOISE SOURCE | _ RECEIVER
IR B . Pour

. TL/W/11808-3
FIGURE 3. Noise Figure Measurement Setup

~ POWER

Ny

TEMP
Te Tw
. TL/W/11808-4
FIGURE 4. Noise Power vs Nolse Source Temperature

GAIN (G)

At radio and microwave. frequencies, efficiency in transmis-
sion of signal power is of great importance. For this reason,
RF and microwave circuits are optimized for power gain in-
stead of voltage or current gain as commonly found in most
low frequency circuits. The unit of power used to specify
absolute power level is the dBm, or decibels referenced to 1
mW. Power levels in dBm can be computed from the equa-
tion
_ P(mw)\ -
P(dBm) 10 log (—1 W ) 8)
In cases where the load impedance is known or assumed,
equivalent voltage levels can be used to specify power lev-
els indirectly. In these cases, the unit dBpV is often used. A
similar equation converts p,V units to dBpV units.

VirV) )
Y . (9)

The importance of power transfer is one of the reasons for
which power gain, and not voltage or current gain, is often
used to specify RF and microwave devices. Many different
types of power gain are used in RF engineering. The type
used here is called transducer gain, which is defined as the
ratio of the power delivered to the load to the available pow-
er from the source,

V(dBuV) = 20 log (

_ Pout _ Vout/HL Rs Vout (10)
Pin V.n/4Rs } V|

where Vout is the voltage across the Ioad Ry, and Vi is the
generator voltage with internal resistance Rs. In terms of
scattenng parameters, transducer gain is defined as

G = 20 log (IS21)) (11

where S5, is the forward transmission parameter, which can
be measured using a network analyzer.

1 dB COMPRESSION POINT (P1gp) .

A measure of amplitude linearity, 1 dB compression point is
the point at which the actual gain is 1 dB below the ideal
linear gain. For a memoryless two-port network with weak
nonlinearity, the output can be represented by a power se-
ries of the input as

Vo = K1 Vi + kov? + kgv¥ + (12)
For a sinusoidal input, :
= Acos wqt (13)
the output is
1 3
vo=-—koA2+ ki A+ —k3 A3 | cos wqt
2 4 (14)

1
+ % ko A2 cos 2mwqt + 7 k3 A3 cos 3wqt

assuming that all of the fourth and higher order terms are
negligible. For an amplifier, the fundamental component is
the desired output, and it can be rewritten as -

k1A[1 +T(k3/k1)A2] (15)
This fundamental component is larger than kq A (the ideally
linear gain) if k3 > 0 and smaller if k3 < 0. For most practi-
cal devices, k3 < 0, and the gain compresses as the ampli-
tude A of the input signal gets larger. The 1 dB compression
point can be expressed in terms of either the input power or
the output power. Measurement of Pigg can be made by
increasing the input power while observing the output power
until the gain is compressed by 1 dB.

P14s is an important characteristic of a device since it indi-
cates the upper limit of the power level of the input signal
without saturating the device and generating nonlinear ef-
fects.

THIRD ORDER INTERCEPT (OIP3)

Third order intercept is another figure of merit used to char-
acterize the linearity of a two-port. It is defined as the point
at which the third order intermodulation product equals ths
ideal linear, uncompressed, output. Unlike the Pygg, OIP3
involves two input signals. However, it can be shown mathe-
matically (similar derivation as above) that the two are
closely related and OIP3 = Pygg + 10 dB. Theses two
figures of merit are illustrated in Figure 5 below.

Pour .
3RD INTERMOD |+ IDEAL OUTPUT
{4
Py fmmm e - JEp
' d
/’
B TR

Prap | === .f ..... ' ACTUAL OUTPUT
1
!
1
]
)
!

Pin

TL/W/11808-5
FIGURE 5. Typlcal Pout=Pin Characteristics
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Third order intermodulation products are important since
their frequencies are located close to the wanted signal fre-
quency, making them more difficult to be rejected by practi-
cal filters. If the two-port network is an LNA used in a receiv-
er, intermodulation products at the output of the LNA can
mask out signals from adjacent channels. For example, the
third order intermodulation products resulted from 2 chan-
nels at 1 MHz apart, f1 = 408 MHz and f2 = 409 MHz, will
be at 407 MHz and 410 MHz, a 1 MHz offset from f1 and f2.
Similarly, two channels f4 = 411 MHz and 5 = 412 MHz
will produce intermodulation products at 410 MHz and
413 MHz. It 3 = 410 MHz is the desired signal, it will be
interfered with by the intermodulation products created by
its adjacent channels f1, 2, f4, and 5.

To see how third order intermodulation products come
about, assume that the input to a two-port with the same
output-input relationship as stated in the above section con-
sists of a sum of two sinusoids:

vi = A(cos wqf + cos wat) (16)
Then, the output voltage is
Vo = ki1 A (cos wqt + cos wat)
+ ko A2 (cos w1t + cos wat)2 17

+ k3 A3 (cos wit + cos wat)3 + ...
Expanding these square and cube terms and ignoring the
higher order terms, the output voltage is seen to contain not
only harmonics of each of the two individual input frequen-
cies but also the intermodulation terms:

3
vy ka A3 cos (2wp o)t
and
3 .
7 k3 A3 cos (2wq o)t

The amplitude of these terms are proportional to the cube of
the amplitude of the input signals; therefore, these terms
increase three times faster than the fundamental term as
the input signals increase, as can be seen in Figure 5.

MATCHING

Matching and microwave circuit design are to some design--

ers synonymous. It is the act of making the source and load
impedances matched to achieve the desired amount of
power reflected and power transferred. Matching is required
if the circuit is t0 yield optimum gain and return loss. Poorly
matched devices can cause large amount of reflected pow-
er, poor noise performance, and low gain. For an LNA, pow-
er reflected caused by improper input match can travel back
to the antenna and be re-radiated. Poor input match can
also reduce the gain of the LNA and causes the system to
have non-optimum noise performance. .

Amplifiers can achieve maximum gain and return loss when
they are presented with conjugate impedances at the input
and output ports. There are two types of matching networks:
resistive and reactive. Resistive matching networks rely on
resistive elements for matching, usually have wider band-
widths, and consume more power than their reactive coun-
terparts, which use lossless elements (capacitors and in-
ductors). Simple matching networks can be designed with
the help of the Smith chart, but more complicated ones of-
ten require the use of a computer and some type of network
synthesis software.

Standard input and output impedances of most microwave
instruments are 5042. Therefore, microwave and RF devices
are designed to have 500 input and output impedances so
that they can be easily characterized. In a communication
system, however, not every component can be designed or
optimized for 50§ impedances due to other constraints.
While most RF ceramic or helical filters have 50Q imped-
ances, most available SAW filters used to filter intermediate
frequencies, for example, exhibit 2000 impedances, IF ce-
ramic filters usually have impedances of 33012, and crystal
filters have 1 k2 impedances. So, devices that are designed
to be used with these components may have input or output
impedances that are different from 500 and need matching
networks to perform the necessary impedance transforma-
tion for proper characterization. In this case, simple narrow
band LC matching networks can be designed to operate at

the frequency of interest. Narrow band matches are also

useful to reduce NF in some devices and to trade current for
voltage in low headroom power amplifiers (such as 3V de-
vices). Shown below is an example of a 5001 to 2000
matching network . -

L

7, = 500 o—N\T—c 7 = 2000
‘T
TL/W/11808-6

FIGURE 6. 502-2009) Matching Network

The actual values of inductance and capacitance for the
above network depend on the frequency of operation, f, and
can be obtained using the following equations

L 0.75

— = 1000 3 = —

c” 000 LC @2
In general, for a step-up transformer where Z;j, < Z; and
both are real impedances, the following equations apply:

1—Zin/2y

LC =
C (2mf)2

L
'6=-Zinzl,

MIXER CONVERSION GAIN

Conversion gain of mixers is defined as the delivered IF
power divided by the available input RF power. The term
conversion is used to refer to the frequency converting ac-
tion of the mixer. Conversion gain can be measured using
similar method and equipment setup as those used to mea-
sure amplifier gain. More details on conversion gain mea-
surement are deferred to a later application note.

MIXER ISOLATION

Isolation is a measure of how much power is coupled from
one port to the next. The two most useful isolation measure-
ments are LO-to-IF isolation and LO-to-RF isolation. The
former indicates how much LO power leaks through the out-
put-IF port, and the latter indicates how much LO power
leaks through the input RF port. LO appearing at the output
IF port can be attenuated easily by a lowpass filter since the
two frequencies are far apart, but it is more difficult to sup-
press at the RF port. LO leakage through the RF port usual-
ly results in a re-radiation through the antenna if the mixer is
used as the first downconverter in a wireless receiver.

(19)

(18)

1-157

p88-NV




AN-884

MIXER NOISE FIGURE (DSB vs SSB)

Mixer noise figures can be measured and specified in two
ways: double side band or single side band. Double side
band noise figure measurements involve measuring the
noise power contained in both the IF and image compo-
nents, whereas single side band measurements demand
that the image component be filtered out, and only the noise
power in the IF component is measured. The DSB method
assumes that the gain of the DUT is the same at both image

and intermediate frequencies, so it is not recommended for

a narrowband DUT or a high intermediate frequency. The
SSB method does not require this assumption but doss re-
quire an external image frequency filter at the input of the
DUT. SSB noise figure is used in'most applications where
the desired information is contained only in the intermediate
frequency and the image frequency is rejected. If the DSB
measurement method is employed, 3 dB must be added to
the measured noise flgure to arrive at the’ SSB noise flgure
number

MEASUREMENT TECHNIQUES

Galn, Return Loss, and Pygp

Gain, return loss, and P1gg of the LNA can be measured
using a standard scalar S parameter test set which includes
a signal generator (e.g., HP8350), a scalar network analyzer
(e.g., HP8757) with detector and directional bridge, a two-
way splitter, and a variable attenuator. £ fgure 7 shows the
setup. R .

SCALAR NA
R A B

PLOTTER

OIR J
[ spumter o DETECTOR

HP8350 VAR ..
SIG GEN ATTEN

TL/W/11808-7
FIGURE 7. Gain, RL, P1gp Measurement Setup

After the signal generator is set to sweep over the desired
frequency range and the variable attenuator at the desired
value, the system can be calibrated using ‘standard short
and open terminations. Once calibrated, gain measurement
can be obtained by setting the scalar analyzer to display the
corrected (memory subtracted) channel B power divided by
channel R power. This method allows the calculation to re-
main valid as the signal generator output power is changed
The variable attenuator value must be set such that the in-
put power into the DUT is far (at least 10 dB) below the
expected 1 dB compression point so that the DUT is operat-
ing in its linear region. To measure input return loss, the
analyzer should display the corrected channel A divided by

channel R power. Most analyzers allow:dual channel dis-.

plays, in which case, gain and return loss can be obtained in
one plot. P1gg can be obtained by gradually decreasing the
attenuator value until the observed gain is 1.dB below the
linear gain. .

Intercept Point (OIP3)

Output third order intercept point measurement requires two
signal generators, a combiner, and a spectrum analyzer.
The input of the DUT is a sum of two continuous wave RF
signals at Af apart, combined by the combiner, and the out-
put is displayed on the spectrum analyzer. The power level
of the two input signals are such that the DUT is operating in’
the linear range, and Af is abouit a few hundred kHz or a few
MHz. The intercept point is obtained by dividing the mea--
sured power level difference between the fundamental and
the third order mixing product components (denoted by D in
Figure'8) by 2 and adding the result to the power level of
the fundamental component (Pg). The frequency’ spectrum”*
observed on the spectrum analyzer may look similar to that
illustrated by the Figure below.

AMPL
S
0 T
1D
1

P ___.___-l-

26,-fp f t, 26,~f;. . FREQ
! TL/W/11808-8

FIGURE 8. Third Order Intermodulation

As shown above, the output third order intercept paint |s
given by the following equation: '
C ‘D,
OlP3 = Py + —
2
This equation is a direct result of the fact the third order
products grow three times faster than the fundamental term,
as mentioned earlier.

CONCLUSION

Basic theory and operation of low noise amplmers and mix-
ers have been presented together with the most important
figures of merit and measurement methods. Also discussed
were fundamental concepts on noise in electrical systems,
particularly how it is generated and measured as applled to
low noise amplifiers.. . .
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ﬂNational Semiconductor

LMX2411

- PRELIMINARY

Baseband Processor for Radio Communications

General Description

The LMX2411 is a monolithic, integrated baseband proces-
sor suitable for use in Digital European Cordless Telecom-
munications (DECT) systems as well as other mobile teleph-
ony and wireless communications applications. It is fabricat-
ed using National's ABiC IV BiCMOS process (it
15 GHz).

The LMX2411 contains both transmit and receive functions.
The transmitter utilizes a low power, high speed digital-to-
analog converter (DAC) and a mask programmable Read
Only Memory (ROM) to generate a Gaussian filter pulse
shape. The receiver includes a high speed, low power volt-
age comparator for making hard decisions on incoming data
and a CMOS switch coupled with a sample and hold circuit
for DC compensation. Supply voltage can range from 2.85V
to 3.6V. The LMX2411 features very low current consump-
tion of 2.5 mA transmit and 5 mA receive (steady state). It
also has separate power down pins for transmit and receive
functions to further reduce power consumption.

The LMX2411 can be used with the LMX2216B LNA/Mixer,
the LMX2240 IF Receiver, and the LMX2320 Phase-Locked
Loop to form a complete RF front end solution. These chips
form the major blocks of an RF front end solution for DECT.
The LMX2411 is available in a 16-pin JEDEC surface mount
plastic package.

Features

m High speed voltage comparator (40 ns settling time)

m Generates Gaussian filtered modulating signal for a di-
rect VCO modulator

m Bit rates to 1.152 Mb/s (DECT)

- m Supports 10.368, 13.824, and 18.432 MHz system

clocks through pin selection

m_On-chip DC compensation circuit

| Average current consumption 0.6 mA for DECT handset
(burst mode operation) o

a Power down mode for extended battery life

# Compatible with Sierra SC14400 and Philips PCD5040
DECT Burst Mode Controllers

Applications

m Digital European Cordless Telecommunications (DECT)
m Portable wireless communications (PCS/PCN, cordless)
| Wireless local area networks (WLANS)

m Other wireless communications systems

This data sheet contalns the design specifications for product development.
Specifications may change in any manner without notice.

Functional Block Diagram

1 . S RoM Selt
Comp In - \
/ ——— ROM Sel2
Thresh 210
14
R P> Comp Out
3
Vop =]
Voltage 13
6nd 4 J f——— Rx PD
Reference
5 12
Gnd S-Field
6], 11
DAC Out < < Tx Data
7 10
D <
6nd AC le ROM |« Sys Clk
8
V] 9
o L TxPD

TL/W/11811-1
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LMX2411

LMX2411 Connection Diagram

Pin Description

Small Outline Package—{SOP)

[¢)
Comp In |1 16] ROM Selt
Thresh % [15] ROM Sel2
AVpp 3] . E Comp Out
AGnd [4]  LMx2411  [13] Rx PD
AGnd % Top View  [12] S-Field
DAC Out [6] [11) Tx Data
oend [7] [10] Sys Cik
ovyp [3] 9] T PD
TL/W/11911-2
Top View :
Order Number LMX2411M

See NS Package Number M16A

PinNo. | PinName | 1/0 Description
1 Comp In | Positive ihput to the threshold comparator
2 Thresh 170 | Negative input to the threshold comparator. This pin should be connected to a DC véltagé only
if the internal DC compensation circuit is not used. When the DC compensation loop is used,
this pin should have a capacitor to ground on it.
3 Vbb Supply voltage
4 GND Ground
5 GND Ground .
6 DAC Out (0] Output of the Gaussian filter for modulating a VCO
7 GND Ground
8 Vop Supply voltage
9 TxPD I Transmitter power down. DAC is set to 128 (HEX 80) (Mid-range) when this is HIGH.
10 Sys Clk | Oversampling input clock from the system (9x, 12x, or 16x the bit rate). If 12x or 16x is used, the
effective sampling rate for the ROM filter is 6x or 8x, respectively.
11 Tx Data | Transmit data input
12 S-Field | DC compensation circuit enable. While LOW, the DC compensation circuit is enabled, and the
threshold is updated through the DC compensation loop. While HIGH, the switch is opened, and
the comparator threshold is held by the external capacitor.
13 Rx PD | Receiver power down pin; should be grounded if power down is not used.
14 Comp Out (0] Comparator output
15 ROM Sel2 | ROM selection pin 2. Selects the oversampling clock to be used for the ROM filter.
16 ROM Sel1 | ROM selection pin 1. Selects the oversampling clock to be used for the ROM filter.

Gaussian ROM Selection Table

ROM Sel2 | ROM Sel1 ) Function
0 0 10.368 MHz System Clk ROM is selected
0 1 13.824 MHz System Clk ROM is selected
1 0 18.432 MHz System Clk ROM is selected
1 1 Reserved
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Absolute Maximum Ratings

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for avallabllity and specifications.

Power Supply Voltage (Vo) 6.5V
Storage Temperature Range (Ts) —65°Cto +150°C

Lead Temperature (T))
(Soldering, 10 Seconds)

DC Electrical Characteristics

The following specifications are guaranteed over the recommended operating conditions.

Recommended Operating
Conditions

Supply Range (Vcc)
Operating Temperature (Ta)

LIPTXWNT

2.85Vto 3.6V
—10°Cto +70°C

+260°C

Symbol { Parameter l Conditions L Min J Typ Max [ Unit
DIGITAL INTERFACE SECTION (Note 1)

VoH High Leve! Output Voltage loy = —1.0mA Vce — 0.4 \

VoL Low Level Output Voltage loL = 1.0mA 0.4 \

ViH High Level Input Voltage Ve — 0.8 Vv

ViL Low Level Input Voltage 0.8 \

N Input Current GND < V|ny < Vgo -1.0 1.0 rA

Note 1: DC Electrical Characteristics for the digital section apply to all digital input and output pins. This includes Tx Data, Tx PD, Rx PD, Comp Out, ROM Sel1,
ROM Sel2, and 5-Field.

Electrical Characteristics The following specifications are guaranteed over recommended operating condi-
tions, and oscillator (Sys Clk) frequency of 10.368 MHz unless otherwise specified.

Symbol Parameter Condition Min Typ Max Unit
IRx Rx Mode Current Consumption {(Note 1) Tx Mode Off 6 7 mA
Irx Tx Mode Current Consumption (Note 2) Rx Mode Off 3.5 5 mA
lpp Standby Current (Power Down) Tx and Rx Mode Off 50 100 pA
SYSTEM CLK INPUT
Vosc Oscillator Sensitivity Sys Clk Input 0.5 Vpp
fosc Maximum Oscillator Frequency 40% < Duty Cycle < 60% 19 MHz
VoFg Oscillator DC Offset 1.5 \
losc Oscillator Input Current GND < Viy < Veo +30 +50 pA
TRANSMIT ROM FILTER
ts ?AC Voltage Settling Time to within CrLoap = 3pF 100 ns
1. LSB AllO'stoall 1's
Rout Output Impedance (Pin 6) 2.9 4.1 kQ
VouT Output Voltage Swing (Pin 6) (Note 3) Measured from OV 0.95 1.05 \
DAC Midband Voltage DAC Code = 10000000 479 529 mV
Gaussian Filter Pulse Response +05 %
Accuracy (Note 4)
I1SI from Gaussian Filter (Note 5) Bp T = 0.5 Filter 1 %
DC COMPENSATION SAMPLE AND HOLD CIRCUIT
Vos Input Offset Voltage 3 mV
Vivo Input/Output Voltage Swing Centered at 1.5V 1 Vpp
RsH Sample and Hold Resistor 2240 3360 Q
Dv Threshold Input Voltage Droop CHoLp = 2700 pF (Pin 2) 1 10 mV/ms
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LMX2411

Electrical Characteristics The following specifications are guarariteed over recommended operatmg condl*
tions, and osciflator (Sys Clk) frequency of 10.368 MHz unless otherwise specified. (Continued) -

<

Symbol . , Parameter Condition I Min I " Typ " Max' unit’
COMPARATOR
tsET Settling Time 100 mV step with 5 mV 40 ns‘
QOverdrive; 20 pF load :

VIN Input Voltage Range Centered at 1.5V 1.1 v
IgiAs Comp In Bias Current (Pin 1) ' A
It Threshold Input Bias Current 2.7 27 _NA
Vios * Input Offset Voltage 3 ‘mV.

Note 1: Average current consumption for an 8% power up duty cycle is 8% X 6 mA = 0.48 mA; average current consumption for a 40'/J power hp duty cyclev'ls‘

40% X 6 MA = 2.4 mA.
Note 2: Average current consumption for a 5% power up duty cycle is 5% X 3.5 mA = 0.175 mA.
Note 3: Output range = 0 to (VRer * 0.8). VRer is an internal bandgap reference which produces a voltage of nominally 1.25V 50 mV.

Note 4: Pulse response accuracy is measured as a percentage of the measured output pulse response vs. the calculated ideal Gaussnan pulse response

Note 5: IS| is Inter-symbol Interference, and is defined as the smallest peak-to-peak voltage obtalnsd by an altevnanng bit panern divided by the fargest peak-to-
peak voltage obtained by alternating four 1's and four 0's. .

Typical Performance Characteristics

Droop (mV)

0.25
0.2
0.15'
0.1

0.05

Sample and Hold Droop vs Time

COmparat_or Output vs Time

- 3 —
E 2.5 r \ Vop = 3.0V
E 2 T=+25°C
E ~ 1.5 l \Cload = 20 pF
£ ke~ 9 ‘ —\Thresh = 1.5V
- Ve = +3V— 3 ] |
E / T=+25¢C C |
“/' C=2700pF 1.505 .5 mV overdrive
E A 1.105 f
0 50 100 150 200 | |

Time (ms) 0 20 40 60 80 100

TL/W/11911-3 Time (ns)

Vout (V)

Gaussian B, T = 0.5 Output Eye Diagram

- 4N O MmO o N WO T
- F - - 8 & & Mo,

Sys Clk cycles (9x clock)

TL/W/11811-5

TL/W/11911-4
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Typical Performance Characteristics (continued)

LEPTXIA

DAC Output at Start of Transmit Burst vs Time

3 - _
F Tx Data I / \ I '

0+ :

s E

s F X PD

1 - : .
N YA A A,

0 S T S TR R St 11\4L/| '.v l\l/ 1:\/
0 2 4 6 8 10 ) 12

Time (us) '

TL/W/11911-6

DC Comp. Circuit Response vs Time
(from Full Discharge of Hold Capacitor)
(See Application Circuit)

: Sl I
1.55 F '
NANNNANNT YA N7
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- 1,55 Ccrr;pln
s B =
3 " Thresh
OF
SE
E Comp Out
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-1 4 9 14 19 24 29 34

TL/W/11811-7

Typical Application Block Diagram

LMX2216B LMX2240 LMX2411

N o HH A
2. X
1780
\|/ LNX2320 1

) Microprocessor
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2.7 /J PL Burst Control
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Voice Codec
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LMX2411

Functional Description
OVERVIEW

The LMX2411 is a 3V integrated circuit desigried tobeca- *

pable of regenerating received GMSK data.and generating
GMSK transmitter drive signals to mest the specifications of
the Digital European Cordless Telecommunications (DECT)
standard.

The transmit portion of the LMX2411 functions as a pulse
shaper for incoming serial data, delivering a filtered data
stream capable of modulating a VCO. The ROM and sup-

porting logic is designed to create Gaussian filter pulse re- -

sponses. The output of the LPF ROM and DAC is the modu-

lating baseband drive signal that is fed to a VCO.

The receiver section of the LMX2411 processes the filtered
data stream produced by a demodulator (e.g., the
LMX2240). The data stream is compared against a thresh-
old voltage determined by the DC'compensation circuit. This
DC compensation circuit allows control over DC drift due to
temperature, frequency drift, component tolerance, and
aging.

THE TRANSMIT ROMFILTER
The LMX2411 uses a mask-programmable Read-Only

Memory (ROM) look-up table to construct pulse responses = *

of a Gaussian filter shape. For DECT, this filter is half the"

bandwidth of the bit rate (B, T = 0.5). The output of the
ROM addresses a (voltage mode output) digital-to-analog

converter (DAC). The LMX2411 ROM Filter supports three -

different system clocks selected by two, external pins.

These pins (ROM Sel1 and ROM Sel2) choose the proper . -

oversampling clock. When the 12x or 16x clock is chosen, a -

divide by 2 flip flop is enabled to give the ROM a 6x or 8x . ° '

clock from which to operate. However, when the 9x over-

" sampling clock (10.368 MHz) is chosen, the divide by 2 cir-

cuit is not enabled. The-Tx Data is synchronized with the
Sys Clk in the following manner: When Tx PD is taken LOW,
the first edge (rising or falling) of Tx Data initializes an inter-
nal counter, so that the data bits are sampled near their
center. The power up state of the three bit memory in the
ROM filter depends on the state of Tx Data during power
down. If Tx Data is LOW when the Tx PD pin is HIGH, the
ROM filter register will be set to 010. If Tx Data is HIGH
when the Tx PD pin is HIGH, the ROM filter register will be
set to 101. This allows the filter to be set for either base
station or handset operation.

THE COMPARATOR AND ANALOG DC COMPENSATION
CIRCUIT i

The high speed comparator's threshold can be set either by
an external voltage or by using the internal DC compensa-
tion circuit. When using the internal DC compensation loop,
the received, demodulated signal is input both to the com-
parator “+" input and to the sample-and-hold (S&H) buffer
amplifier. The S&H buffer allows a single RC filter to aver-
age the DC value of the received signal without distorting it.

'_ This DC value is connected to the *“—" input of the compar-

ator. When the signal S-Field is used (named after the syn-

_chronization field in DECT), this circuit can acquire the DC

voltage during the preamble and then hold it (with the exter-
nal capacitor) for the duration of the burst. This solution

- avoids the problem of long strings of 1’s and 0’s that con-

ventional continuous averaging circuits have while still re-
acting quickly to,acquire the proper DC average at the be-

" ginning of a burst.




Typical Application Examples

Ci=1 ;.J.F +10% Tantalum (polarized) C2 = 0.01 pF £10% NPO Ceramic .

€3 = 0.01 uF £10% NPO Ceramic

CHoLp = 2700 pF +10% NPO Ceramic

R1 and R2 are 5% Y,W Thin Film Carbon (values calculated from equation (1))
LPF = 1 MHz low pass filter (Toko H354LAI-2484DDD)

From RF LMX2411 -
- LNX2240 LPF e 1 16
o 15 ] Q7
¢ Yee c2 3 14 ROl
T AT | Pod-Rcy
ct 4 13 .
PD5-~DCENZ Sierra
To Power Amp E 12 00 )
6 1 D SC14400
R1 Ve F_ 7 10 RFCLK
" PD3-TRx
s . 9
R2
v
TL/W/11911-8
(@)
. oy
cc
From RF LMX2411 T
LMX2240 LPF 1 16
2 15— %
S ¢ 3 ” R DATA
Chold / \ ' R ENABLEN Philips
~ ¢ SLICE CTR
To Power Amp 5 12 PCD5040/
6 » T DATA 5041
XTAL2
7 10
T ENABLEN
8 9
v
TL/W/11911-10
(b)
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Application Information

THE TRANSMIT DAC

The transmit DAC uses a voltage mode output. By nature,
the output impedance of voltage mode DACs is relatively
high. To conserve current, the output impedance of the
LMX2411 was designed at 3 k€. This results in very low
current consumption in the resistor strings, but also results
in low drive capability. The user should be aware that in
order to achieve the minimum settling time, the maximum
capacitive load for the DACs should be no more than 3 pF.
To achieve a settling time suitable for DECT bit rates, the
maximum capacitive load the transmit DAC should see is
about 15 pF.

VCO modulation of a TDD and/or TDMA radio requires’

some compromise to the VCO phase-locked loop circuitry.
A common practice is to use a very narrow PLL loop band-
width to avoid distorting the modulating signal. However,
this is not an effective technique when fast switching is re-
quired. Rapid switching times demand a wide loop band-
width. A typical loop bandwidth of 20 kHz will distort the
lower frequency components of the DECT modulating sig-
nal.

LMX2411 DAC out
©

LMCE583CIM R
LMX2320 Do

TL/W/11911-11

FIGURE 1. lllustration of a Circuit That Could
Be Used to Modulate an Open Loop VCO.

An alternate modulation technique is to open the loop by
powering down the PLL, which in the LMX2320 results in a
TRI-STATE® at the charge pump output. For short bursts,
the loop filter will not lose the charge, and the center fre-
quency will not drift. Figure 1 shows a sample circuit for
modulating on an open loop. Note that the VCO requires
only one tuning port for both locking and modulation. R1
and R2 will vary depending on which wideband VCO is
used. The proper equation to be used in determining R1 and
R2 is below:

e vCo
R2 Tune

B2 o

Vbac RT T R2 Ky = 576 kHz (1)
In this case, Ky is the VCO sensitivity, expressed in MHz/V,
and Vpac is nominally 1V. Generally, R1 will be on the order
of 50 k2 to 250 k2, and the ratio of R1 to R2 will vary from
30:1 to 50:1 for wideband VCOs, and will be smaller for
narrowband VCOs. Also, the 576 kHz is the peak to peak
frequency deviation for DECT, which means the peak is half
of that, or 288 kHz.

The Gaussian filter ROM DAC uses a three bit memory to
represent the filter's pulse response. The result is an effec-
tive 3 bit time delay from input of the first bit to when that bit

is actually output from the filter. When using the LMX2411
transmit section, the bits must be sent two bit times before
they must be seen at the antenna to account for this small
delay in the ROM DAC. There is also a half bit sample delay
to allow the 2411 to sample the data near the center of the
bit. Also, the end of the information data stream must be
padded by 3 bits to push the last data bit through the filter.
Finally, it should be noted that after the Tx PD pin goes low,
the ROM filter output will be at the mid-band voltage until
the first edge of Tx Data, which is used for synchronizing the
internal clock with the transmitted data.

The three bit address of the ROM filter is preset to an aiter-
nating pattern when Tx PD is HIGH. The value of the alter-
nating pattern depends on the polarity of Tx Data when Tx
PDis HIGH. If Tx Data is HIGH (handset), the three bit
memory is set to 101, and if Tx Data is LOW (base station),
the three bit memory is set to 010. This allows for either the
base station or handset preamble.

When beginning the burst for open loop modulation, the Tx
Data line should be held constant at the polarity opposite to
the first bit to be transmitted. For handsets, this means Tx
Data should be HIGH; for base stations, this means Tx Data
should be LOW. When Tx PD goes LOW, the output of the
ROM filter will stay at mid-band (DAC code ‘“10000000")
until the first edge on Tx Data. This allows the DAC average
output voltage to be added to the PLL loop voltage while the
center frequency is being acquired, thus avoiding a frequen-
cy offset problem.

THE DC COMPENSATION LOOP

The analog DC compensation loop is designed to provide a
simple yet accurate way to track and correct the effects of
DC drift due to center frequency drift. This loop will provide
accurate representations of the center voltage of the re-
ceived signal. However, on initial startup (i.e., full Hold ca-
pacitor discharge), the average DG value will not be recov-
ered until the end of the DECT synchronization word for the
first burst. The second and subsequent bursts should have
the DC value recovered within the first few bits of the syn-
chronization field. This means that in normal situations, the
receiver will miss the first burst due to lack of synchroniza-
tion (i.e., too many errors in the CRC).

It should be noted, however, that because the droop in the
sample and hold circuit is small, a normal DECT conversa-
tion can take place without degradation. The Typical Per-
formance Characteristics plots should be consulted for ex-
pected droop values and DC compensation loop perform-
ance.

Some burst mode controllers support a digital DC compen-
sation method (i.e., Sierra SC14400). In this method, the
duty cycle of the incoming signal is monitored by a counter,
and an update value is sent to a DAC that sets the threshold
value for the comparator. In this case, the LMX2411 should
have the pin for S-Field pulled HIGH, and the output of the
BMC's DAC should be input directly to the comparator’s
threshold input (pin 2).
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&National Semiconductor

The 8-Bit COP8™ Family:
Optimized for Value

Key Features

* High-performance 8-bit microcontroller

e Full 8-bit architecture and implementation

¢ 1 us instruction-cycle time

e High code efficiency with single-byte, muitiple-function
instructions

UART

A/D converter

WATCHDOGTM/clock monitor

Brown Out Detect

On-chip ROM from 768 bytes to 16k bytes
On-chip RAM to 256 bytes

EEPROM '

M2CMOS™ fabrication

MICROWIRE/PLUS™ serial interface

e Wide operating voltage range: +2.3V to +6V

e Military temp range available: —55°C to +125°C
* MIL-STD-883C versions available

16- to 44-pin packages

The COP8 combines a powerful single-byte, multiple-func-
tion instruction set with a memory-mapped core architec-
ture. .

Key Applications
m Automotive systems

m Process control

B Robotics

m Telecommunications
AC-motor control
DC-motor control
Keyboard controllers
Modems

RS232C controllers

Toys and games

m Industrial control

m Small appliances

The COP8 family offers high performance in a low-cost,
easy-to-design-in package.

An Example of COP888 Block Diagram (COP888CF)
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COP8 Family

Embedded Control: Practical Solutions to Real Problems

Microcontrollers have played an important role in the semi- -

conductor industry for quite some time. Unlike microproces-
sors, which typically address a range of more compute in-
tensive, general purpose applications, microcontrollers are
based on a central processing unit, data memory and input/
output circuitry that are designed primarily for specmc, sin-
gle function applications.

During the 1970s, microcontrollers were mmally used in sim-
ple applications such as calculators and digital watches. But
the combination of decreasing costs and increasing integra-
tion and performance has created many new application op-
portunities over the years. Even as the bulk of application
growth occurs in the 8-bit arena, the same issues that sys-
tem designers were concerned with in the 4-bit world contin-
ue in force today. These include cost/performance trade-
offs, low power and low voltage capabilities, time to market,
space/pin efficiency and ease of design.

e Cost/Performance. A price difference of just a few pen-
nies can be wne gating factor in today’s 8-bit design deci-
sions. Manufacturers must offer a wide range of cost/
performance options in order to meet customer de-
mands.

e Low Power and Low Voltage. The mcreasung range of
mobile and/or battery-powered applications is placing a
premium on low-power, low-voltage, CMOS and BiCMOS
embedded control solutions. ‘

* Time to Market. All 8-bit microcontroller’s architecture,
functionality and feature set have a major influence on
product design cycles in today's competmve market, with
its shrinking windows of opportunity.

Space/Pin Efficiency. Real estate and board configura-
tion considerations demand maximum space and 1/0 pin
efficiency, particularly given today’s high integration and
small product form factors.

* Ease of Design. A familiar and easy to use application
design environment—including complete development
tool support—is one of the driving factors affecting to-
day’s 8-bit microcontroller design decisions.

All of these issues must be considered when searching for -

the appropriate 8-bit microcontroller to meet specific appli-

cation needs. And that's why . National Semiconductor’s .

COP8 family of 8-bit microcontrollers is enjoying widespread
success in today’s global embedded control marketplace.

One of the leaders in the design, manufacture and sale of 8- .
bit microcontrollers is National Semiconductor. Long a

prominent player in the worldwide microcontroller market,

National and its COP8 family of products spans today’s

range of applications, providing customers with a wealth of

options at every price/performance point in the 8-bit micro- -

controller market. )
National’s 8-bit COP8 microcontrollers enable the company

to mest a wide range of embedded control application re- - .

quirements. COP8 microcontrollers offer users cost-effec-
tive solutions at virtually every price/performance point in
today’s market for 8 bit applications.

Designers can select from a variety of building blocks cen-
tered around a common memory-mapped core and modi-
fied Harvard architecture. These building blocks inciude
ROM, RAM, user programmable memory, UART, compara-
tor, A/D and 1/0 functions.

The COP8 family incorporates 1 ps instruction cycle times,
watchdog and clock monitors, multi-input wake up

circuitry and National's MICROWIRE/PLUS™ interface. In
addition, National’s COP8 microcontrollers are available in a
wide variety of temperature range configurations from
—55°C on up through + 125°C—optimizing them for rugged
industrial and military applications.

COP8 Benefits

The COP8 family provides designers with a number of fea-
tures that result in substantial benefits. These include a
code-efficient instruction set, low power/voltage features,
efficient 1/0, a flexible and configurable design methodolo-
gy, robust design tools and electromagnetic |nterference
(EMI) control.

The COP8 family’s compact, efficient and easy-to-program
instruction set enables designers to reduce time to market
for their products. Thanks to the instruction set, efficient
ROM utilization lowers costs while providing the opportunity
to integrate additional functionality on-chip. Low voltage op-
eration, low current drain, multi-input wakeup and several
power saving modes reduce power consumption for today's
increasing range of handheld, battery-driven applications.
And an array of user-friendly development tools—including
hardware from Metalink, and state of the industry assem-
blers, C compilers, and a “fuzzy logic” design environment
help design engineers save valuable development time.

National’s Configurable Controller Methodology (CCM) for
the COP8 family creates “whole products” that are bug-
free, fully tested and characterized, and supported by a
range of documentation and hardware/software tools. Na-
tional developed CCM because the majority of customer re-
quests for new products have typically called for reconfigu-
rations of existing proven blocks—such as RAM, ROM, tim-
ers, comparators, UARTS, and 1/0.

In addition, COP8 products incorporate circuitry that guards
against electromagnetic interference—an increasing prob-
lem in todays microcontroller board designs. Nationals pat-
ented EMI reduction technology offers low EMI clock circuit-
ry, EMI-optimized pinouts gradual turn-on outputs (GTO) an
on-chip choke device and to help customers circumvent
many of the EMI issues influencing embedded control de-
signs.

A Growmg Family

National’s wide-ranging ‘COP8 family is well-positioned to
meet the expanding variety of consumer 8- bit microcontrol-
ler applications. Available in a wealth of different ROM (768
bytes to 16k bytes) and RAM (64 x 8, 128 x 8, and 512 x 8)
configurations, COP8 microcontrollers provide designers
with cost-effective solutions at every price/performance
point in todays market. And the recent introduction of the
new COP912C—National’s first 8 bit microcontroller priced
below 50¢ per unit when purchased in volume quantities—
continues to drive pnces down in the highly competitive 8-bit

" market.

A code-efficient instruction set. Low power operation. 1/0
pin efficiency. A “whole product” philosophy that includes
superior development tools, documentation and support.
These are the reasons that National’s COP8 family is a key

‘player in the worldwide 8-bit microcontroller market. As that

market continues to expand. National continues its micro-
controller technology research and development efforts—
an ongoing commitment that began during the infancy of
embedded control and continues in full force today.




COP8 Features/Benefits Analysis

Key Features Benefits
Instruction Set e Efficient Instruction Set o Efficient ROM Utilization (compact code)
(77% Single Byte/Single Cycle) ® Low Cost Microcontroller (small ROM size)
® Easy To Program ® Fast Time To Market
e Compact Instruction Set
® Multi Function Instructions
® Ten Addressing Modes
Low Power * Low Voltage Operation * Lower Power Consumption for Hand Held
® Lower Current Drain Battery Driven Applications
® Multi-Input Wakeup
® Power Savings Modes (HALT/IDLE)
Efficient |/0 ® Software Programmable I/0 * Multiple Use of I/0 Pins
¢ Efficient Pin Utilization * Economical Use of External Components
® Breadth of Available Packages (lower system cost) .
® Package Types Including Variety of Low Pin Count ¢ Cleaner Hardware Design
Devices ¢ Choice of Optimum Package Type (price/
¢ High Current Outputs outline/pinout) ’ .
® Schmitt Trigger Inputs
Flexible/Powerful * Smart 16-Bit Timers (processor independent PWM) ® Timers Allow Less Software/Process

On-Board Features

® Comparators

¢ UART

® Multi-Input Wakeup

® Multi-Source Hardware Interrupts

¢ MICROWIRE/PLUS Serial Interface

® Application Specific Features
(CAN, Motor Control Timers, etc.)

Overhead for Frequency

¢ Measurement (capture) and PWM

¢ Cleaner Hardware (eliminating the need for
external components)

¢ Overall Cost Reduction

Safety/Software- * WATCHDOG * No Need for External Protection Circuitry
Runaway Protection | e Software Interrupt ® Brown Out Detection Allows the Use of Low
® Clock Monitor Cost Power Supply
® Brown Out Detection :
Development Tools | Hardware: * Saves Engineering Development Time—Fast

® New, User Friendly, Development Tool Hardware
from MetaLink

® Low Cost Version of the Development Tool (Debug
Module) )

® Various Third Party Programmers for Programming
OTPs

Software:

* New, User Friendly Assembler, a C Compiler and a
“Fuzzy” Logic Design Environment

Time to Market

:3-5
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COP8 Family

COP8 Features/Applications Matrix

Appropriate

Applications Microcontroller
Market Segment Applications Features/Functions Features Required COP8 Devices
Consumer Children Toys Basketball/Baseball Games Battery Driven - Very Low Price COP912C
and Games Children Electronic Toys Replacing Discrete with Low Cost Low Power Consumption COP920C/COP922C
Darts Driving Piezo/Speaker/LEDs Wide Voltage Range
Throws Directly " High Current Outputs
Juke Box Very Cost Sensitive * Small Packages
Pinball - - :
Laser Gun
Electronic Audio Greeting Cards Battery Driven Wide Voltage Range COP912C
Audio Electronic Musical Equipment Tone Generation " Low Power Consumption COP820C/840C/880C
ltems Low Power . Efficient Table Lookup
Flexible Timer .
Electronic Small Appliances: Low Cost Power Supply . Brown Out Detection COP820/840
Appliances/ Irons Temp Measurement On-Board Comparator COP820CJ Family
Tools Coffee Makers Safety Features - High Cumrent Outputs -
Digital Scales Noise Immunity Watchdog/Software Interrupt
Microwave Ovens Driving LEDs/Relays/Heating Schmtt Trigger Inputs
Cookers Elements 16-Bit PWM Timer
Food Processors
Blenders .
Household Appliances: Rely on Hard-Wire Relay Circuits, Brown Out Detection COP820CJ (on-board
Oven Control Timers, Counters, Mechanical On-Board Comparator comparator)
Dishwasher Sequence Controllers On-Board A/D COP888CF (on-board A/D)
Washing Machine/Dryer Temp Control Watchdog/Soft interrupt
Vacuum Cleaner Noise Immunity Schmitt Trigger Inputs
Electronic Heater Safety Features Flexible Timers
Electronic Home Control Timing Control PWM Outputs
(Doorbell, Light Dimmer, - Main Driven High Current Outputs
Climate) . Safety Features
Sewing Machine
Portable/ Scales Battery Driven Low Voltage Operation COP820CJ
Handheld/ Multimeters (portable) Minimal Power Consumptlon Low Power Consumption COP840/COP880
Battery Electronic Key " Low Voltage Wide Voltage Range COP888CL (Keyboards)
Powered Laptop/Notebook Keyboard Sensing Power Saving Modes COP8646 (Smart Cards)
Mouse Measurement Multi-Input Wakeup - . D
Garage Door Opener Standby Mode On-Board Comparator -
TV/Electronic Remote Control Flexible Package Offerings " Small Packages :
Portable PRP or Retail Pos Device Small Physical Size -
Jogging Monitor . - -
Smart Cards
Personal Communications Cordless Phone (base/handset) Low Power . Low Current Drain . Cordless Phone: E
Phone Dialer Timing Low Voltage Operation COP840/COP880 :
Answering Machine Serial Interfaces Standby Mode Feature Phone PBX Card:
Feature Phone Low Voltage UART COP888CG/COPSBBEG
PBX Card Tone Dialing Serial Synchronous Interface Others:
CB Radios/Digital Tuners Battery Saving Functions - 16-Bit Timers Generic COP8 Devices
Cable Converter Small Physical Size Schmitt Trigger Inputs

LED Direct Drive
Sufficient 170 in Small Packages
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coPs Features/Applications Matrix (continue)

Rl . . Applications Microcontroller Appropriate
Market Segment Applications Features/Functions Features Required ___COP8 Devices
Medical - Monitors Thermometer Battery Driven On-Board Comparator COP820CJ (on-board)
’ v . Pressure Monitors Sensing/Measurement (low cost A/D) comparator) :
Various Portable Monitors Data Transmission 16-Bit Timer COP840/COP880
. . Low Power Low Power Consumption COP888CL
: . Low Voltage Low Voltage Operation
Medical - Bed-Side Pump/Timers- Monitoring Data Serial Interface COP888CSs
Equipment Ultrasonic Imaging System Data Transmission A/D COP888CF
. . Analyzers (chemical, data) Timing 16-Bit Timers COP888CG/COPB8BEG
Electronic Microscopes .
Industrial Motion Control Motor Control Motor Speed Control Flexible PWM Timers COP820/COP840
Power Tools Noisy Environment Schmitt Trigger Inputs COP888CL
Timing Control High Current Outputs
Security/ Security Systems Data Transmission : UART Basic Systems:
Monitoring Burglar Alarms . Monitoring (scan inputs from Flexible 16-Bit PWM Timers COP840/C0OP880, COP888CL
System Remote Data Monitoring System: sensors) Flexible 110 (Multi-Input wakeup)
Emergency Control Systems . Keypad Scan Single Slop A/D Capability More Involved Systems: .
Security Switches Timing Power Saving Modes (HALT, COP888CS/COP888CG
Diagnostic Multi-Input wakeup) COP888EK (muxed analog
Data Monitoring Serial Synchronous Interface inputs, constant current
Drive Alarm Sounders source)
Interface to Phone System
Standby Mode
Misc. Switch Controls (elevator, Timing/Counting . Generic Microcontroller Generic COP8 Microcontroller:
: traffic, power switches) Sensing . COP820/COP840/COP880
Sensing Control Systems/Displays Measurement
Pressure Control (scales) -
Metering (utility, monetary,
industrial)
Lawn Sprinkler/Lawn Mowers
Taxi Meter
Coin Controls
Industrial Timers
Temperature Meters
Gas Pump -
Gas/Smoke Detectors
Automotive Radio/Tape Deck Controls Timing Flexible PWM Timers Radio/Climate Control:
Window/Seat/Mirror/Door/ Motion Control Power Saving Modes COP888CG/888EG/888EK
Controls Display Control . Multi-Input Wakeup Seat/Motional Control,
Heat/Climate/Controls Soft Runaway/Trap Recovery WATCHDOG Software Trap Slave Controller: COP884BC
:Headlight/Antenna (safety considerations) UART - - Dashboard Controt:
Power Steering EMI/Noise Immunity CAN Intertace : COP888GW
Anti Theft Serial Interfaces Special Features for Dashboard Mirror Control, etc.:

Slave Controllers

" Standby Modes
. Wide Temp Range -

Control (counters, capture
modules, MUL/DIV)

Reduced EMI

Wide Temp Range

Climate Control: COP888CF

COP8 Basic Family

Apwed 8409
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COPB8 Family

COP8 Family Selection Guide

Common Features: _ @ Multi-Source Interrupt ¢ MICROWIRE Serial Communication * CMOS Process Technology ¢ Wide Temperature Range
© Pinout ¢ 1 us Instruction Cycle Time © Halt Mode * Development Tools
© Instruction Set * Wide Power Supply—2.3V to 6.0V © Software Selectable 1/0 * OTP Emulators (Note 2)
Comm Ind Mil Memory /0 Packages Features
Temp Temp Temp 3 . fe )
CCto | —40°Cto | —55°Cto | ROM | RAM | | #of | | | | interrupt L'mlrf Compar-| .\ | WATCH- ':f‘"':l't Idle Additional
+70°C +85°C +125°c | (Bytes)| (Bytes) Pins Sources Capture ators DOG Wa:eup Timer Features
COP823CJ 1.0k 64 1 16 X 3 1 1 X X Brown Out Detection
COP822CJ 1.0k 64 15 20 | x| x 3 1 1 X X Modulator, Special PWM,
COP820CJ 1.0k 64 23 28 x| x 3 1 1 X X Timer, High Current Outputs
COP942CJ | COP842CJ [COP642CJ| 2.0k 128 15 20 x| x 3 1 1 X X Brown Out Detection
COP940CJ | COP840CJ |COP640CJ| 2.0k | - 128 23 28 |x| x 3 1 1 X X Modulator, Special PWM
Timer, High Current Outputs
COoP912C 768 64 15 20 x| x 3 1
COP922C |COP822C | COP622C 1.0k 64 15 20 |x| x 3 1
COP920C | COP820C | COP620C 1.0k 64 23 28 x| x 3 1
COP942C |COP842C |COP642C 2.0k 128 15 20 | x| x 3 1
COP940C |COP840C | COP640C 2.0k 128 23 28 x| x 3 1
COP981C [ COP881C COP681C 4.0k 128 23 28 | x| x 3 1
(Note 1)
COP980C | COP880C | COP680C 4.0k 128 35 |[40/44(x X 3 1
(Note 1)
COP8622C | COP6622C| 1.0k 64 15 20 x| x 3 1
COP86L22C | COP6622C| 1.0k 64 15. | 20 x| x 3 1
COP8620C | COP6620C| 1.0k 64 23 | 28 |x| .x 3 1 64x8
COP86L20C | COP6620C| 1.0k 64 23 28 |x]| x 3 1 EEPROM
COP8642C | COP6642C| 2.0k 64 15 20 | x| x 3 1 IN
COP86L42C | COP6642C| 2.0k 64 15 |" 20 |x| x 3 1 RAM
COP8640C | COP6640C| 2.0k 64 23 28 | x| x 3 1
COP86L40C | COP6640C| 2.0k | 64 23 28 Ix| x 3 1
COP984CL | COP884CL | COP684CL| 4.0k 128 23 28 x| x 10 2 X - X X Clock
COP988CL | COP888CL | COP688CL| 4.0k 128 |33/39|40/44 x X 10 2 X X X Monitor
COP984CF | COP884CF 4.0k 128 23 28 x| x 10 2 X x X 8 Channel
COP988CF | COP888CF 4.0k 128 |33/37|40/44 | x X 10 2 X X X (8-bit) A/D
Note 1: MIL-STD-883 in J Pkg N = Plastic DIP - WM = Small Outline Package—Wide Body

Note 2: Contact sales office for availability.

v = Plastic Leaded Chip Carrier (PLCC)
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COP8 Family Selection Guide (continued)

Common Features: ® Multi-Source Interrupt * MICROWIRE Serial Communication * CMOS Process Technology ¢ Wide Temperature Range
* Pinout * 1 ps Instruction Cycle Time * Halt Mode * Development Tools
e Instruction Set * Wide Power Supply—2.3V to 6.0V o Software Selectable I/0 * OTP Emulators (Note 2)
Comm Ind Mil Memory 170 Packages Features
Temp Temp Temp + i
0°Cto | —40Cto | —55°Cto | ROM | RAM | _ | #of Interrupt | 1ME'S | Gompar- watcH-| MUt g Additional
(Bytes) | (Bytes) Pins Pins N WM Sources PwM/ ators UART DOG Input Timer Features
+70°C +85°C +125°C - Capture Wakeup | -
COP984CS | COP884CS | COP684CS | 4.0k | 192 23 28 | x| x 12 1 1 X X X X
COP988CS | COP888CS | COP688CS | 4.0k | 192 |35/39]40/44(x 12 1 1 X X X X
COP884CG 4.0k 192 23 28 | x| x 14 3 2 X X X X Reduced EMI
COP888CG 4.0k 192 |35/39]{40/44 | x 14 3 2 X X X X Reduced EMI
COP984EK | COP884EK | COP684EK [ 8.0k 256 23 28 | x| x 12 3 1 X X SX 6 Analog Inputs, Constant
COP988EK | COP888EK | COP688EK | 8.0k 256 |35/39]40/44  x 12 3 1 X X X Current Source,
Reduced EMI
COP984EG | COP884EG | COP684EG | 8.0k 256 23 28 | x| x - 14 3 2 X X X X '
COP988EG | COP888EG | COP688EG | 8.0k 256 |35/39|40/44 | x 14 3 2 X X T X X
COP888GG 16.0k |. 512 |35/39|40/44| x 14 3 2 X X X X Reduced EMI
COP884BC 2.0k " 64 18 28 X 12 - 1 2 X X CAN Interface, Motor
Control Timer
COP888GW 16.0k 512 56 68 14 2 X X X Hardware Multiply/
Divide Function,
R 4x Counter Block,
Reduced EMI
Note 1: MIL-STD-883 in J Pkg N = Plastic DIP

Note 2: Contact sales office for availability.

- -V = Plastic Leaded Chip Carrier (PLCC)

WM = Small Outline Package—Wide Body
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COP472-3

ﬂNational Semiconductor

COP472-3 Liquid Crystal Display Controller

General Description

The COP472-3 Liquid Crystal Display (LCD) Controller is a
peripheral member of the COPS™ family, fabricated using
CMOS technology. The COP472-3 drives a multiplexed lig-
uid crystal display directly. Data is loaded serially and is held
in internal latches. The COP472-3 contains an on-chip oscil-
lator and generates all the multi-level waveforms for back-
planes and segment outputs on a triplex display. One
COP472-3 can drive 36 segments multiplexed as 3 x 12
(41/, digit display). Two COP472-3 devices can be used to-
gether to drive 72 segments (3 x 24) which could be an 81,
digit display.

Features

m Direct interface to TRIPLEX LCD
B Low power dissipation (100 pW typ.)

B Low cost

m Compatible with all COPS processors

® Needs no refresh from processol
B On-chip oscillator and latches
m Expandable to longer displays
m Operates from display voltage
m MICROWIRE™ compatible serial

r

11/0

W 20-pin Dual-In-Line package and 20-pin SO

Block Diagram
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Absolute Maximum Ratings : 2
Voltage at CS, DI, SK pins ~-0.3Vto +9.5V Storage Temperature —65°Cto +150°C s
Voltage at all other Pins —0.3Vto Vpp+0.3V Lead Temp. (Soldering, 10 Seconds) 300°C &
Operating Temperature Range 0°Cto 70°C
DC Electrical Characteristics
GND = 0V, Vpp = 3.0V to 5.5V, Tp = 0°C to 70°C (depends on display characteristics)
Parameter Conditions Min Max Units
Power Supply Voltage, Vpp 3.0 - 55 Volts
Power Supply Current, Ipp (Note 1) Vpp=5.5V 250 RA
) Vpp=3V 100 pA
Input Levels
DI, SK, CS
ViL 0.8 Volts
ViH 0.7 Vpp 9.5 Volts
BPA (as Osc. in)
ViL 0.6 Volts
ViH Vpp—0.6 Vbp - " Volts
Output Levels, BPC (as Osc. Out)
VoL 0.4 Volts
VoH Vpp—04 - Vop Volts
Backplane Outputs (BPA, BPB, BPC)
Vapa, BPB, BPC ON During Vpp—AV Vop Volts
VBpA, BPB, BPC OFF BP+ Time 1 Vpp—AV 143 Vpp+AV ' Volts
Vapa, 8rB, BPC ON During 0 AV Volts
Vapa, 8rP8, BPC OFF BP— Time 2/,Vpp—AV %4 Vppt+AV Volts
Segment Outputs (SA ~ SAy)
Vseg ON During 0 AV Volts
Vseg OFF BP+ Time %4 Vpp—AV %3 Vpp+AV. Volts
Vseg ON During Vpp—AV Vbp Volts
Vseg OFF BP— Time Y2 Vpp—AV VaVpp+AV Volts
Internal Oscillator Frequency ] 15 80 kHz
Frame Time (Int. Osc. + 192) 2.4 12.8 ms
Scan Frequency (1/Tscan) 39 . 208 Hz
SK Clock Frequency 4 250 kHz
SK Width 1.7 us
o] .
Data Setup, tseTup 1.0 us
Data Hold, tho.p . 100 ns
[
tseTuP 1.0 ns
tHoLD 1.0 ' us
Qutput Loading Capacitance 100 pF
Note 1: Power supply current is measured in stand-alone mode with all outputs open and all inputs at Vpp. )
Note 2: AV=0.05Vpp.
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COP472-3

Absolute Maximum Ratings

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Oftfice/Distributors for avallability and specifications.

Storage Temperature
Lead Temperature -

i

—65°Cto +150°C

. 300°C

(Soldering, 10 seconds)
Voltage at CS, DI, SK Pins —0.3Vto +9.5V
Voltage at All Other Pins —0.3Vto Vpp+0.3V
Operating Temperature Range —40°Cto +85°C 2
- DC Electrical Characteristics N o -
GND = 0V, Vpp = 3.0V to 5.5V, T = —40°C to +85°C (depends on display characteristics)
Parameter Conditions - Min Max Units
Power Supply Voltage, Vpp 3.0 5.5 Volts
Power Supply Current, Ipp (Note 1) Vpp=5.5V 300 | uA-
' Vpp=3V 120 RA
Input Levels '
‘DI, SK, CS o
ViL . 0.8 " Volts
ViH , 0.7 Vpp 9.5 Volts
" BPA (as Osc. In) ’ o
Vi ) 0.6 Volts
VIH Vpp—0.6 Vop Volts
Output Levels, BPC (as Osc. Out) S ‘
VoL 0.4 "Volts
VoH Vpp—0.4 Voo’ Volts
Backplane Outputs (BPA, BPB, BPC) o ) o
“‘ Vepa, BPB, BPC ON : During - Vpp—AV Voo “ Volts
Vgpa, BPB, BPC OFF -BP* Time Y Vpp—AV Y3 Vpp+AV - - Volts
VipA, BPB, BPC ON During ) 0 Toav Volts
VepA, BPB, BPC OFF BP— Time " 243 Vpp—AV 2/, Vpp+AV Volts
_ Segment Outputs (SAq ~ SAg) . co o o
Vseg ON During ) 0 AV "~ Volts
Vgeg OFF BP+ Time 24 Vpp—AV - 2/, Vpp+AV- Volts-
Vsgg ON During - Vpp—AV Voo - | Volts -
Vseg OFF BP— Time 2 Vpp—AV VaVpp+ AVt Volts
Internal Oscillator Frequency 15 - 80 - " 'kHz
Frame Time (Int. Osc. =+ 192) 24 12.8 - i ms
Scan Frequency (1/Tscan) 39 208 © Hz
SK Clock Frequency 4 250 kHz
SK Width 1.7 ‘ us
DI : LT
Data Setup, tseTup 1.0 us
Data Hold, tHoLp 100 ns
tseTuP 10 - - -ps
tHoLp 1.0 us
Output Loading Capacitance 100 pF

Note 1: Power supply current is measured in stand-alone mode with all outputs open and all inputs at Vpp.

Note 2: AV = 0.05 Vpp.
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Dual-In-Line Package Pin Description
w [¢5] Chip select
::; _ ; W — s:; Vob Power supply (display voltage)
583 — 3 18 b= SC1 GND Ground
55— 17 [— B8PB DI Serial data input
Voo 1 § 16 [— e . 8K Serial clock input
GNo—] 6 15 f— 8PA . : .
o — 7 14— s BPa Display backplane A (or oscillator in)
SAZ ——{ 8 13 p— scs BPg Display backplane B
584 —1 9 12 [ SC2 BP¢c Display backplane C (or oscillator out)
582 — 10 L el SA1~SC4 12 multiplexed outputs

TL/DD/6932-2
Top View

Order Number COP472MW-3 or COP472N-3
See NS Package Number M20A or N20A

FIGURE 2. Connection Dlagram

T3
R e
— [-—
s —
L] |
N rrmnrnnnrrn
Ll
D 1.0 11 ]0_0 o0 0
—>| |e——SETUP
+-| |<—HOLD

TL/DD/6932-3
FIGURE 3. Serial Load Timing Diagram

[ e igigigigigigigigigigigiy!
Voo
-
SR
0
Voo
PB
wr L L L
0
Voo
“Vpp
0 ~<6—BP+—>|¢— BP-—»|
Yoo OFF_OFF [ TN _"LI__I_I-_
OFF OFF
SEGMENT v,
n! b (L] ___l
€~ TrRAME— P
| Tscan—————>

TL/DD/6932-4
FIGURE 4. Backplane and Segment Waveforms

SA1

TL/DD/6932-5
FIGURE 5. Typical Display Internal Connections
Epson LD-370
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COP472-3

Functional Description

The COP472-3 drives 36 bits of display information orga-
nized as twelve segments and three backplanes. The
COP472-3 requires 40 information bits: 36 data and 4 con-
trol. The function of each control bit is described below.
Display information format is a function of the LCD intercon-
nections. A typical segment/backplane configuration is illus-
trated in Figure 5, with this configuration the COP472-3 will
drive 4 digits of 9 segments.

To adapt the COP472-3 to any LCD display configuration,
the segment/backplane multiplex scheme is illustrated in
Table I

Two or more COP472-3 chips can be cascaded to drive
additional segments. There is no limit to the number of

COP472-3's that can be used as long as the output loadlng

capacitance does not exceed specification.

TABLE I. COP472-3 Segment/Backplane
Multiplex Scheme

Segment, Data to
Bit Number Backplane Numeric Display
1 SA1,BPC  SH
2 SB1,BPB  SG
3 SC1, BPA SF
4 SC1,BPB  SE -
5 SB1.BPC  SD Digit 1
6 SA1,BPB  SC
7 SA1, BPA SB
8 SB1, BPA SA
9 SA2, BPC SH
10 SB2,BPB  SG
11 SC2,BPA  SF
12 SC2,BPB  SE o
13 SB2,BPC  SD Digit 2
14 SA2,BPB SC
15 SA2,BPA  SB
16 SB2,BPA  SA
17 SA3,BPC  SH
18 SB3,BPB  SG
19 SC3, BPA SF
20 SC3,BPB  SE -
21 SB3,BPC  SD Digit 3
22 SA3,BPB  SC
23 SA3,BPA  SB
24 SB3,BPA  SA
25 SA4, BPC SH
26 SB4,BPB  SG
27 SC4, BPA SF
28 SC4,BPB  SE .
29 SB4BPC  SD Digit 4
30 SA4, BPB SC
31 SA4,BPA  SB
32 SB4,BPA  SA
33 SC1,BPC  SPA Digit 1
34 SC2,BPC  SP2 Digit 2
35 SC3,BPC  SP3 Digit 3
36 SC4, BPC SP4 Digit 4
37 not used
38 Q6
39 Q7
40 SYNC

SEGMENT DATA BITS

Data is loaded in serially, in sets of elght bits. Each set of
segment data is in the following format‘

| sA | sB | sc| sb | SE | SF | sa | sH |

Data is shifted into an eight bit shift register. The first bit of
the data is for segment H, digit 1. The eighth bit is segment
A, digit 1. A set of eight bits is shifted in and then loaded into
the digit one latches. The second set of 8 bits is loaded into
digit two latches. The third set into digit three latches, and
the fourth set is loaded into digit four latches.

CONTROL BITS

The fifth set of 8 data bits contains special segment data
and control data in the following format:

| syNc | Q7 | @6 | x| SPa | sP3 | sP2 | sP1 |

The first four bits shifted in contain the special character
segment data. The fifth bit is not used. The sixth and sev-
enth bits program the COP472-3 as a stand alone LCD driv-
er or as a master or slave for cascading COP472-3's. BPC
of the master is connected to BPA of each slave. The fol-
lowing table summarizes the function of bits six and seven:

Q7 Q@6  Function BPC Output BPA Output
1 1 Slave Backplane Oscillator
Output Input
0 1 StandAlone Backplane  Backplane
' Output Output
1 0 NotUsed Internal Oscillator
! Osc. Output  Input
0 0  Master Internal Backplane
Osc. Output  Output

The ‘eighth bit is used to synchronize two COP472-3's to
drive an 8Y/,-digit display.
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LOADING SEQUENCE TO DRIVE A 4'>-DIGIT DISPLAY
Steps: ' '

Turn CE low.

Clock in 8 bits of data for digit 1.

Clock in 8 bits of data for digit 2.

Clock in 8 bits of data for digit 3.

Clock in 8 bits of data for digit 4. . :

Clock in 8 bits of data for special segment and control
fynctlon of BPC and BPA.

[o] o] 1| 1] sp4| sP3 | sp2 | sp1 |
7. Turn CS high.

Note: TS may be turned high after any step. For example to
load only 2 digits of data,:do steps 1, 2, 3, and 7.

CS must make a high to low transition before Ioadlng data in
order to reset internal counters.

LOADING SEQUENCE TO DRIVE AN
81,-DIGIT DISPLAY

L N

Two or more COP472-3's may be connected together to

drive additional segments. An eight digit multiplexed display

is shown in Figure 7. The following is the loading sequence

to drive an eight digit display using two COP472-8's. The

right chip is the master and the left the slave.

Steps:

1. Turn TS low.on both COP472-3's.

2. Shift in 32 blts of data for the slave’s four dlglts )

3. Shift in 4 bits of special segment data: a zero and three
ones.

| 1 |1|1|0|8P4|SP3|SP2|SP1|"

This synchronizes both the chips and BPA is oscillator
input. Both chips are now stopped.

Turn CS high to both chips.

Turn CS low to master COP472-3.

Shift in 32 bits.of data for the master’s 4 digits.

Shift in four bits of special segment data, a one and
three zeros.

o] o] o 1] sps| spa| sp2] spi|

This sets the master COP472-3 to' BPA as a normal
backplane output and BPC as oscillator output. Now
both the chips start and run off the same oscillator.

8. Turn CS high.

The chips are now synchronized and drlvmg 8 digits of dis-

N o oM

play. To load new data simply load each chip separately in-

the normal manner, keeping the correct status bits to each
COP472-3 (0110 or 0001).

Vic
4% DIGIT LD ,
. ) 12 ”
coPeno  SEGMENTS f 1 ‘
BP BPy BPC
50 (]

Ry - SK COPAT23 Vo >—- 3':&'}@:

GND D0 & :

I L

TL/DD/6932-6
FIGURE 6. System Diagram -~ 47/, Digit Dlsplay

. : - 8% DIGIT LCD
Vee B 14 B » - Y
| ssumsmst f . 121 f f
B BPy BPy

DI SK (§ 01’ SK €S
C0PE00 = =
s0
sK
00
[

' TUDD/E9I2- 7
FIGURE 7. System Dlagram 8‘/. Dlglt Dlsplay

- €-2Lvd0D

Vop—=]  cor472-3 BPa Je—BP; COPaTZY  —vVpp
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NSAM265SR/NSAM265SF

‘ﬁNational Semiconductor

NSAM265SR/NSAM265SF

PRELIMINARY

‘CompactSPEECH™ Digital Speech Processors

General Description

The NSAM265SR and the NSAM265SF are members of
National Semiconductor's CompactSPEECH, Digital
Speech processors family. These processors provide Digital
Answering Machine (DAM) functionality to embedded sys-
tems. Both processors are based on the NSAM265.

" Unless specified otherwise, all references to the Compact-

SPEECH processor. in this document apply to both the

+ NSAM265SR and the NSAM265SF. .

The CompactSPEECH processor integrates the functions of
a traditional Digital Signal Processing (DSP) chip and a gen-
eral purpose 16-bit RISC processor. The device contains
system support functions such as DRAM Controller, Inter-
rupt Control Unit, Codec Interface, MICROWIRETM -inter-
face, WATCHDOG™ timer and a Clock Generator.

The CompactSPEECH processor operates as a slave pe-
ripheral that is controlled by an external microcontroller via
a serial MICROWIRE interface. In a typical DAM environ-

- ment the microcontroller controls the analog circuits, but-

tons and display, and activates the CompactSPEECH by
sending it commands. The CompactSPEECH processor ex-
ecutes the commands and returns status information to the
rmicrocontroller.

The CompactSPEECH firmware implements voice compres-
sion and decompression, tone detection and generation,
message storage management, on-chip speech synthesis
for time and day stamp, and support for user-defined voice
prompts in.various languages.

The , NSAM265SR CompactSPEECH' supports DRAM/
ARAM for message storage whilé the NSAM265SF sup-
ports FLASH/AFLASH. In all other respects, the processors
are identical.

The CompactSPEECH implements echo cancellation tech-
niques to support |mproved DTMF tone detection dunng
message playback.

CompactSPEECH supports speech synthesis: the technolo-
gy used to create voice prompts from predefined words and
phrases stored in a vocabulary

 The CompactSPEECH can synthesnze messages in various
" languages, in addition to the on-chip English vocabulary, via
. the International Vocabulary Support (IVS) mechanism. Syn-

thesized messages can be stored on an external ROM. One
ROM can contain several vocabularies in various lan-
guages. The NSAM265SF can also store vocabularies on
FLASH memory. DAM manufacturers can thus create ma-

. chines that “speak” in different languages, simply by using

other vocabularies. For more details about IVS, refer to the
IVS User’s Manual.

Features

m Designed around a 16-bit RISC processor

W 16-bit architecture and implementation

W 20.48 MHz operation .

m On-chip DSP Module (DSPM) for high speed DSP
operations .

m On-chip Codec clock generation and interface

m Power-down mode ) .

m MICROWIRE interface to an external microcontroller

m Storage and management of messages )

m Programmable message tag for message categoriza-
tion, e.g., Mailboxes, InComing Messages (ICM), Out-
Going Messages (OGM) .

m Skip forward or backward during message playback

m Variable speed playback

m Built-in vocabulary for speech synthesis, and support
for external vocabularies. using expansion ROM

m Multi-lingual speech synthesis using Internanonal Vo-
cabulary Support (IVS) :

m DTMF and single tone generation and detection

m DTMF tone detection during OutGomg Message play-
back

m Telephone line functions, including busy and ‘dial tone
detection

m Real-time clock

m Direct access to message memory

m Supports long-frame and short-frame codecs

| Available in PLCC €8-pin, and PQFP 100-pin packages

NSAM265SR only

m On-chip ARAM/DRAM Controller for 4-Mbit (1M x 4)
and 16-Mbit (4M x 4) devices

m 15 minutes recording on a 4-Mbit ARAM

m Supports various ARAM conflguratlons No glue Ioglc
required

m Storage of up to 1600 messages

m Production diagnostics support

NSAM265SF only

m Supports 4-Mbit ‘and ' 8-Mbit,
AFLASH devices

m Up to 15 minutes recording on a 4-Mbit FLASH

m Supports various AFLASH configurations. No glue logic
required for a single AFLASH configuration

H The number of messages that can be stored is limited
only by memory size

m Supports prerecorded IVS and OGM on FLASH

byte wide, FLASH/ -
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Block Diagrams

Microcontroller

NSAM265SF Basic Conflguration

Microcontroller

8, Data Bus
00-7 i - ;
1
16 B N
A0-15 L » AFLASH :
: / Address Bus - :
NSAM265SF T 1711
6, Extended Address: EA16-21
RESET PBO-5 // .
WRo AFLASH_OE
| MWCLK P86 _
> I i, ,
MWOIN TS
< MWRQST cFso > -
»] MWCS - CDOUT > Codec
< MWRDY COIN fe 13054
< MWDOUT CCLK > )
XTAL ]
" TL/EE/12500-1
NSAM265SR Basic Configuration
8/ Data Bus
. 00-7 Q™7
1
:
12 ]
AQ-10, RA1 1 [ Pl R 1
Address Bus :
F F S
RESET NSAM2655R RAS o
CAS
1 MWCLK DWE GND
1 MWDIN
< MWRQST CFSO >
P MWCS CDOUT o Codec
< MWRDY COIN | TP3054
< MWDOUT CCLK »
XTAL

TL/EE/12500-2
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NSAM265SR/NSAM265SF

Physical Dimensions inches (milimeters)

=1 50
% 17.6 £ 0.2 TYP
% 14.0 £.0.1
100 /(O _ ‘ % 31
PN 1 leHHHHHHHHHHHHHHHHHHE)I%IHHHHHHlLHO
0.3£0.1 TYP— . — = 0.65 £ 0.10 ve EAX
.—'—[\‘/—ssc DETAIL A | . 00-122 il | l
. 2.7 % 0.1 J0.105
% J e e Lossum
0.15 £ 0.03 TYP - DETAIL A
TYPICAL

100-Pin Molded Plastic Quad Flat Package (EIAJ)
Order Number NSAM265SRA/SFA
NS Package Number VLJ100A
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Physwal Dimensions inches (millimeters) (Continued) E
N
+0.006
0-950 _0.000 a
—n oy 0.01740.004 10 &b
25137 [0.43£0.10] I
PIN 1 IDENT S
0.045
9 \ 168 61 45°x [y ,4]—¥ =
OrnnonNAaonnnnaann . [
10 ko) 60 4 = 1 Jg’
| B 0.02920.003 ] ]
g B [0.740.08) o
E : g
i o 0.910£0.020 .o m
d h [23.1120.51)
d i
d h
d h
d h
d h
d i
g i
d h |~ SEATING PLANE
26 i s
ﬁ%ﬂmﬁ&# ] HH R
27y T4 ¢ 0.020 MIN TYP :
__| | 0.050 [0.51]MIN TY 0.990+0.005
1.27] 1" TYP
0.800 01.27] 0.105£0.015 [25.15£0.13]
{20.32]7"P {2.6720.38] 11° '
0.165-0.180
[4.19-4.57] TP

[2]o-004[0.10]

68-Pin Plastic Leaded Chip Carrier (V)
Order Number NSAM265SRA/SFA
NS Package Number V68A

TL/EE/12500-4
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LCD Triplex Drive with
COP820CJ

INTRODUCTION

There are many applications which use a microcontroller in
combination with a Liquid Crystal Display. The normal meth-
od to control a LCD panel is to connect it to a special LCD
driver device, which receives the display data from a micro-
controller. A cheaper solution is to drive the LCD directly

from the microcontroller. With the flexibility of a COP8 mi-

crocontroller the multiplexed LCD direct drive is possible.

This application note shows a way how to drive a three way .

multiplexed LCD with up to 36 segments using a 28-pin
COPBOO device.

ABOUT MULTIPLEXED LCD’S

There is a wide variety of LCD’s, ranging from static devices
to multiplexed versions with multiplex rates of up to 1:256.

1.25%6.4V
Vee

‘-‘#F“(;Z‘% 8 8 B B
=] g=00"=00""00""0

National Semiconductor
Application Note 953
Klaus Jaensch and
Siegfried Rueth

The multiplex rate of a LCD is determined by the number of
its backplanes (segment-common planes). The number of
segments controlled by one line (with one segment pin) is
“equal to the number of backplanes on the LCD. So, a three
way multiplexed LCD has three backplanes and three seg-
ments are controlled with one segment pin. For example in
a three way multiplexed LCD with three segment inputs (SA,
SB, SC) one can drive-a 7-segment digit plus two special
segments. .
These are 3 X 3 = 7 + 2 = 9 segments. The special
segments can have an application specmc |mage '+,
wn e enan i), .

Vee
oV, INg 14
o cc 100K Tegs
0.1 uF RESET
| 1] '~|
v
6 x 47k o I' HF B L
* u L 24 A4 A8
G4/50
BP2 <
G5/SK D0-D3
BP3 < 2
G2
BP1 < 27 L0-L7
GO/INT
25 Vee
100
Ll_l Ccops20CJ 00k
I nf
Vee
63/T00 3 x 47k
| 28
Se 0
61 " MEET
2 NI TZ?
5 4 9
CKI 2 MHz CKo
|:||-—0
M
33pF —L 33pF

L. I

TL/DD/12076-1

FIGURE 1. Schematic for LCD Triplex Driver
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BP2
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TL/DD/12076-2

FIGURE 2. Example: Backplane-Segment Arrangement

A typical configuration of a triplex LCD is a four digit display
with 8. special segments (thus.having a total of 36 seg-
ments). Fifteen outputs of the COP8 are needed; 4 X. 3
segment pins and 3 backplane pins. - .
Common to all LCD's is that the voltage across back-
plane(s) and segment(s) has to be an AC-voltage. This is to
avoid electrochemical degradation of the liquid crystal layer.
A segment being “off” or “on” depends on the r.m.s. volt-
age across a segment. o
The maximum attainable ratio of “on’ to “off" r.m.s. voltage
(discrimination) is determined by the multiplex ratio. It is giv-
en by: ! . .
(Von/VorrF)max = SQR((SQR(N) + 1)/(SQR(N) — 1))
N is the multiplex ratio.

%
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g 8
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The maximum discrimination of a 3 way multiplexed LCD is
1.93, however, it is also possible to order a customized dis-
play with a smaller ratio. With the approach used in this
application note, it may not be possible to acheive the opti-
mum contrast acheived with a standard 3 way muxed driver.
As a result of decreased discrimination (1.93 to 1.73) the
user may have to live with a tighter viewing angle and a
tighter temperature range.

In this application you get a VrmsOFF voltage of 0.408*Vop
and a VrmsON voltage of 0.707*Vop. Vop is the operating
voltage of the LCD. Typical Vop values range from 3V-5V.
With the optoelectrical curve of the LCD you can evaluate
the maximum contrast of the LCD by calculating the differ-
ence between the relative “OFF” contrast and the relative
“ON" contrast.

Vrus OFF

In this example:
VrmsON = 0.707*Vop
VrmsOFF = 0.408*Vop

Vrus ON

DRIVE VOLTAGE Vgys
TL/DD/12076-3

FIGURE 3. Example Curve: Contrast vs r.m.s. Drive Voltage
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The backplane signals are generated with the voltage steps
0V, Vop/2 and Vop at the backplanes; also see Figure 4.

Two resistors are necessary for each backplane to establish
all these levels.

The backplane connection scheme is shown in Figure 1.
The Vop/2 level is generated by swntchlng the appropnate
COP’s port pin to Hi-Z.

The following timing considerations show a snmple way how
to establish a discrimination ratio of 1, 732

TIMING CONSIDERATIONS

A Refresh cycle is subdivided.in 6 tlmephases F/yure 4
shows the timing for the backplanes during the equal distant
timephases 0 ... 5.

Backplane Control
' “REFRESH" ..
|' CYCLE '|
TIMEPHASE | 0 | 1§ 2
BP1 VOP,_ .
C O vor/2

[N
.‘.“. H
.;. -
.‘.". -
.‘.3. -

ol

BP2 VOP
" vor/2

0 . ) .
BP3 voP
voP/2

[}

TL/DD/12076-4

Note: After timephase 5 is over the backplane control timing starts with .

timephase 0 again.
FIGURE 4. Backplane Timing

While the backplane control timing continuously repeats af-
ter 6 timephases, the segment control depends on the com-
bination of segments just being activated.

TABLE . Possible Segment ON/OFF Varlations

Tiphtab Address | Segment A | Segment B | Segment C
0 | off off off
1 on off off
2 off . on off
3 on ~| on off
4 off off on
5 on off on
6 off on on
7 " on on on

Figure 5 through Figure 12 below show all possible combi-
nations of controlling a “Segment Triple” with help of the 3
backplane connections and one segment pin. The segment
switching has to be done according to the ON/OFF combl-’
nation required (see also Table I). ’
Each figure shows in the flrst 3 graphs the constant back-
plane timing. -

The 4th graph from the top shows the segrnent control tim-
ing necessary to switch the 3 segments (SA/SB/SC) actl-
vated from one pin, in the eight possible ways.

The 3 lower graphs show the resulting' r.m.s. voltages
across the 3 segments (SA SB SC)
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Segment/Backpiane Control-Timing
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REFRESH FREQUENCY

One period with six tlmephasas is called a refresh cycle
(also see Figure 4).

The refresh cycle should be in a frequency range of 30 ...
60 Hz. A frequency below 30 Hz will cause a flickering dis-
play. On the other hand, current consumption’increases
with the LCD’s frequency. So it is also recommended to
choose a frequency below 60 Hz.
In order to periodically update the xC’s port pins (involved in
backplane or segment control) at the beginning of a new
timephase, the COPB needs a timebase of typ. 4 ms which
is realized with an external RC-circuit at the GO/INT pin.
The GO pin is programmable as input (Schmitt Trigger). The
conditions for the external interrupt could be set for a low to
high transition on the GO pin setting the IPND-flag (external
interrupt pending flag) upon an occurrence of such a tran-
sition. The external capacitor can be discharged, with the
GO pin configured as Push/Pull output and programmed to
“0". When, switching GO as input the Cap. will be charged
through the resistor, until the threshold voltage of the
Schmitt-Trigger input is reached. This triggers the external
interrupt. The first thing the interrupt service routine has to
do is to discharge the capacitor and switch GO as input to
restart the procedure.
This timing method has the advantage, that the timer of the
device is free for other tasks (for example to do an A/D
conversion).
The time interval between two interrupts depends on the RC
circuit and the threshold of the GO Schmitt Trigger V.
The refresh frequency is independent of the clock frequen-
cy provided to the COPs device.
The variations of “threshold” levels relative to Vcc (over
process) are as follows:
(Vrw/Vee) min = 0.376
(V1/Vcc) max = 0.572
at Voo = 5V
Charge Time:
T = —({In(1-VT/Vec)*RC)
To prevent a flickering display one should aim at a minimum
refresh frequency of frgfy = 30 Hz. This means an interrupt
frequency of fipy = 6 X 30 Hz = 180 Hz. So, the maximum
charge up time Tpax must not exceed 5.5 ms (Tmin =
2.78 ms).
With the formula:
RCmax = Tmax/(—In{1— (Vri/Vcc)max)) = 5.5 ms X 0.849
RCpax = 6.48 ms
(RCin = 5.98 ms)

The maximum RC time-constant is calculated. The minimum
RC time constant can be calculated similarly.

A capacitor in the nF-range should be used (e.g. 68 nF),
because a bigger one needs too much time to discharge. To
discharge a 68 nF Cap., the GO pin of the device has to be
low for about 40 ps.

On the other hand the capacitor should be large enough to
reduce noise susceptibility.
When the RC combination is chosen, one can caIcuIate the
maximum refresh frequency by using the minimum values of
the RC constant and the minimum threshold voltage:
RCmin*(—In{(1—(Vyn/Vcc)min=RCpmin*0.472
and

'refr,mhx = flnl,max/ 6 = 1/(Tmin*6)
In the above example one timephase would be minimum
2.82 ms long. This means that about 250 instructions could
be executed during this time.

SOFTWARE

The software for the triplex LCD drive-demo is composed of
three parts:

1. The initialization routine is executed only once after reset-
ting the device, as part of the general initialization routine of
the main program. The function of this routine is to config-
ure the ports, set the timephase counter (tiphase) to
zero, discharge the external capacitor and enable the
external interrupt.

The initialization routine needs 37 bytes ROM.

Figure 13 shows the flowchart of this routine.

Temin=

| INITIALIZE STACKPOINTER |

!

CONFIGURE PORTS I

I INITIALIZE TIPHASE COUNTER I

I ENABLE EXTERNAL INTERRUPT |

I DISCHARGE EXTERNAL C I

I LOAD DEFAULT DISPLAY DATA I

TL/DD/12076-13
FIGURE 13. Flowchart for Initialization Routine

2. The update routine calculates the port-data for each time-
phase according to the BCD codes in the RAM locations
‘digit1’ ... ‘digit4’ and the special segments. This routine
is only called if the display image changes.
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The routine converts the BCD code to a list 1st, which is
used by the refresh routine. Figure 74 gives an overview and
illustrates the data flow in this routine.

In Figure 15 the data flow chatt is filled with example data
according to the display image in Figure 16.

First the routine creates the seg1st (4 bytes long), which
contains the “on/off” configuration of each segment of the
display. The display.has 36 segments but the 4 bytes have
only 32 bits, so the four spec:al segments $1 are stored in
the specbuf Iocatlon The bedsegtab table (in ROM) con-
tains the LOOK-UP data for all possmle Hex numbers from
OtoF.

The routine takes three bits at the begmmng of ‘each time-
phase from the seg1st.

These 3 bits address the 8 bytes of the tiphtab table in
ROM. Each byte of this table contains the time curve for a
segment pin (only 6 bits out of 8 are used).Using this infor-
mation, the program creates the lists for port D and port L
(pod1st, poj1st). Every byte.of this list contalns the tlmlng
representatives for the pins DO~ D3 and Lo~ L7 to allow
an easy handllng of the refresh routme

The external interrupt has to- be dlsabled while the copy
routine is working, because the mixed data of two different
display images would result in improper data on the dlsplay
Figure 17 shows the flowchart of the update routme Tha
Flowchart of the convert subroutine is shown in F/gure 18.

MEMORY REQUIREMENTS
ROM: 152 bytes incl. look up tables
RAM- 43 bytes (Fit gure 15 |llustrates the RAM Iocatlons)
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DIGIT1

DIGIT2

DIGIT3

DIGIT4

SPECIAL SEGMENTS

ADDRESS

52=1
EFDGA&CB

SPECIAL

. | specaur

$2

v

LT 3 BIT ADDRESS

SEGLST :I—j TEmP

Z

0:4—|

(8]

(7]

S

o\’

N

w

~

w

TIPHASE

TIPHASE

PODLST

POLLST

LST

NoOUArUUN—~O

ROM LOCATIONS

"™ ram LocaTioNs

FIGURE 14. Data Flow Chart for Update Routine

TL/DD/12076-14
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0
"0
3
e

00 000

00000001
00 010
00000101

00 DIGIT1 10001000
01 DIGIT2
0A DIGIT3
03 DIGIT4

ADDRESS

88 SPECIAL

s2=1
EFDGA*CB BCDSEGTAB

" SPECIAL SEGMENTS

A 4
i||ooo1o:o:o:|l! SPECBUF

s2

! A
111010

oolooolo

11101110

00111111

T

EB SEGLST
0

DB
3F

] 7Eme
h

v

3 BIT ADDRESS

TIPHASE

-

o

~N

[

'
f

»~

o W

N

(7]

FS

w

TIPHASE

0000xxxx

0000xxxx

0 X XXX

X XXX

XX XX

X X

0

olojo

0
0

0
00
0

—|o|olo
o

Y

xxxx0000

00101010

xxxx000

00111010

X XXX

0110

X XXX

11010

xxxx1

o|=|o

11000

xxxx1000

10011000

0x PODLST

A2 POLLST

x0 LST
2A
x0
3A
x7
67
xF
D5
x1
cs
xF
98

TIPHTAB

NOUVE UGN -0

ROM LOCATIONS

1 rawm LocaTions

FIGURE 15. Data Fiow Chart for Update untine

TL/DD/12076-15
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l

1
ﬂ

|‘_—’I

o G,
DIGIT — 1 2

3

TL/DD/12076-16

FIGURE 16. Display Example

3. The refresh routine is the interrupt service routine of the
external interrupt and is invoked at the beginning of a new
timephase. First the routine discharges the external capaci-
tor and switches the GO/INT pin back to the input mode, to
initialize the next timephase. The backplane ports G2, G4
and G5 and the segment pin ports D and L are updated by
this routine according to the actual timephase. For the back-
planes the data are loaded from the bptab table in ROM.

Table 1l shows how the bptab values are gathered. Figure
20 shows the flowchart for the refresh routine.

TIME REQUIREMENTS

The routine runs max. 150 cycles.

For a non flickering display, the refresh frequency must be
30 Hz minimum. One refresh cycle has six timephases and
is max. 33 ms long. So each timephase is 5.5 ms long. With
an oscillator (CKI) frequency of 2 MHz, one instruction cycle
takes 1/(2 MHz/10) = 5 ps to execute. During one time-
phase the controller can execute:

5.5 ms/5 ps = 1100 cycles. So the refresh routine needs
134/1100 = 0.122 = 12.2% of the whole processing hme
(in this case).

With a refresh frequency of 50 Hz the routine needs about
20.1% of the whole processing time.

The refresh routine needs about 103 ROM bytes.

TABLE Il. Phase Values

Tiphase G5 G4 G2 Portg Data Hex Portg ‘Config. Hex
0 0/0 0/0 1/1 XX00X1XX 04 XX00X1XX 04
1 0/0 N 0/0 XX01X0XX 10 XX01X0XX 10
2 N 0/0 0/0 XX10X0XX 20 XX10X0XX 20
3 0/0 0/0 0/1 XX00X0XX 00 XX00X1XX 04
4 0/0 0/1 0/0 XX00X0XX 00 XX01X0XX 10
5 0/1 0/0 0/0 XX00X0XX 00 XX10X0XX 20

data/configuration register of portg
0/0 : Hi-Z input

0/1 : output low

1/1 : output high
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SUMMARY OF IMPORTANT DATA

LCD type: 3 way multiplexed
Amount of segments: 36

Vop = (Vcg) (range): 2.5V to 6V
Oscillator frequency: 2 MHz (typ.)

Instruction cycle time: 5pus
ROM requirements:
init routine: 37 bytes

update routine: 152 bytes

refreshroutine: 103 bytes

total: 292 bytes
RAM requirements:

permanent use: 25 bytes

temporaryuse: 18 bytes

stack: 6 bytes
total: 49 bytes
. . (also see Figure 19)
Timer: not used .
External interrupt:  with RC circuit used as time-base gen-
erator
Ports D, L: " used for LCD control
Port G: 3 G-pins are still free for other
purposes +
Port I: can be used as key-inp.
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I LOAD BCD CODE FROM DIGIT LIST I‘—- Y

I INCREMENT DIGIT COUNTER- l

¥

LOAD SEGMENT SETTING BYTE
FROM 'BCDSEGTAB'

¥

I SET/RES SPECIAL SEGMENT l

[T CONVERT SEGLST TO PODLST | l

I LOAD SEGMENT BIT S1T0 CARRY l‘—‘

Y

LOAD SEGMENT BYTE

Y

SHIFT SEGMENT BYTE RIGHT |

¥

I SHIFT SEGMENT BYTE RIGHT I

¥

I SHIFT SEGMENT BYTE RIGHT I

LAST SEGMENT BYTE ?

l I CONVERT SEGLST TO POLLST (1) |1

Y
L LOAD SEGMENT BYTE Iﬂ—
r .

SHIFT SEGMENT BYTE RIGHT I

!

I SHIFT SEGMENT BYTE RIGHT - I

T

l SHIFT SEGMENT BYTE RIGHT I

LAST SEGMENT BYTE ?

I I CONVERT SEGLST T0 POLLST (2) H

¥

DISABLE EXTERNAL INTERRUPT I

T

. LOAD BYTE FROM PORTDIST I"—

X

SWAP PORTD BYTE

¥

e ) e

* STORE TO REFRESH LIST LST I

LAST PORTD BYTE ?

LOAD BYTE FROM PORTLIST I‘-—

.

SWAP PORTL BYTE I

¥

STORE TO REFRESH LIST LST I

- LAST PORTL BYTE ?

ENABLE EXTERNAL INTERRUPT I

T

RETURN FROM UPDATE
SUBROUTINE

FIGURE 17. Flowchart for Update Routine

TL/DD/12076-17
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—

I LOAD SEGMENT BYTE l‘—_

]

l MASK OUT 3 BIT ADDRESS I

j—

[ LOAD TIMEPHASE CURVE l

!

l POINTER ON POLLST I

. WORKING ON PORTDIST

I POINTER ON PORTD LIST l

r STORE TIMEPHASE CURVE Iﬂ-ﬂ

I SHIFT OUT ONE BIT OF CURVE Iﬂ-—

—

—

—]

I STORE SHIFTED TIME CURVE I

} |

Lsmrr BIT IN PORT LIST (D OR L) l

I INCREMENT PORT LIST COUNTER I

SHIFTED OUT 6 TIME-
PHASES ?

LAST SEGMENT BYTE ?

( RETURN FROM CONVERT ROUTINE ]

FIGURE 18. Flowchart for Convert Subroutine

TL/DD/12076~18
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4 DIGIT3

12
13 DIGIT4
14 ACCSTO
15 \ BSTO
16 POLLST PSWSTO
17 N
18
19
1A
18
SEGLST 1c R SPECBUF STACK
10 RN TEMP
1€ PUIHIGIII Tipnase
\F QLA SPECIAL
RAM LOCATION TABLE
1 FRee RAM LOCATIONS
PODBUF F8 ‘
oo iy SN remporary usep Frou
POGCEUF Bl ‘ UPDATE ROUTINE
FLAGS FC X {22 CONTAIN THE DISPLAY IMAGE
Fo [SXXXY sp L
:§ 8 [T conminuaL useD For
LCD REFRESHING
REGISTER TABLE m USED BY COP8 CORE

TL/DD/12076-19
FIGURE 19. RAM Assignment
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L : \ R E
L‘ - DISCHARGE EXTERNAL C_ —l

; | _ STORE ACCU, B, CARRY, HCARRY |

L POINTER:=TIPHASE * 2 . I

3

I *. LOAD PORTD"BYTE FROM.LST

L STORE IT TO PORTD BUFFER j

I LOAD PORTL BYTE FROM LST |

— 7

I . STORE IT TO PORTL BUFFER |

: POINTER ON BACKPLANE:TABLE" - I

" LOAD PORTGD BYTE FROM ROM

]

STORE IT TO PORTGD BUFFER |

e

LOAD PORTGC BYTE FROM ROM 1

e

11 ri1rir

STORE IT TO PORTGC BUFFER |

!

COPY BUFFER BYTES TO PORTD
PORTL, PORTGD AND PORTGC

I}

INC TIPHASE |

| SET TIPHASE:=0 1

RESTORE CARRY, HALFCARRY BIT,
B, ACCU

( RETURN FROM REFRESH ROUTINE ]

FIGURE 20. Flowchart for Refresh-Routine

TL/DD/12076-20
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Llsting
; DEMO FOR COP820CJ:

; 3 WAY MULTIPLEXED LCD DRIVER DEMO

CONSTANT DISPLAY "01A3" and two special segments on

.incld cop820cj.inc

;RAM assignments

tiphase=01E
special=01F

digit1=020
digit2=021
digit3=022
digit4=023

accsto=024

bsto=025
pswsto=026

;jregister definition:

podbuf=0£0
polbuf=0£1
pogdbuf=0£2
pogcbuf=0£3
flags=0£4

;flag definition in flags byte

pod£fla=07

;this byte must contain the
;on/off configuration of
;the extra segments
;('-=',"1low bat’,etc.)

;in these RAM locations the
;BCD code of the display
;digits are stored.

’

;accu buffer used during
;interrupt service routine
;b buffer

;psw buffer

;jportd buffer
;portl buffer.
;jportgd buffer
;portgc buffer
;flag byte for podfla

’-************** initialization routine KKK A KK KKK AKRKR R KA IR KRR XX KRR RXTY YT

init:

1d sp, #02f

ld portlc, #0ff
1d portgc, #037

ld portgd, #00

1d tiphase, #00

1d psw, #002

;initialize stackpointer

;port 1 output

;jport g:G1,G2,G4,GS are
joutputs

;all outputs low, all
;inputs Hi-2

;C at GO0 is discharged
;begin with timephase 0
;jext. interrupt enable

TL/DD/12076-21

€56-NV




AN-953

begin: sbit #gie,psw

rbit #00, portgc

1d
1d

b, #special
[b+], #088

1d
1d
“1ld
- Id

{b+], #00
[b+],#001
[b+], #00A
(b}, #003

;interrupts are welcome now
;now the external C can be

.:,charged

;two spec1al segments
‘;are 'ON’ - :

;display:"01lA3"
;digitl
;digit2 - .
;digit3:
;digitd

;**k*********** main -program Kkkkkkkhkhkhkhkhkkhhkhhk kR kkkkxhkkrdhkhhkkkk

loop: L
jsr ‘update
jp loop

;************** update subroutine Khkkkkkkhdkhkkkhhkk Kk kkkrhkhkkdkkhhkkkkk

;RAM definitions:

specbuf=01C
temp=01D

;pointer on tables:

podlst=010
pollst=016
l1st .=000

seglst=00C

.=0200

.local
update:

1d a, special

X a, specbuf

1d x, #seglst

ld.b, #digitl

nxtdig: 1d a, [b+]

add-a,#L(bcdsegtéﬁ)
- laid" '
X a,temp

ld a, specbuf
rrc a

;buffer for special’
;temporary used’

;adress of list for port d
;adress of list for port 1
;main list for display
;routine to refresh

;port d,1 each timephase

;this list contains the
;jon/off configuration of
;the segments

;load ’'special’ register
;to the buffer ’specbuf’

;x points the segmentlist
;b points digitlist

;load BCD code of

;jcurrent digit

;set pointer on look up
;table for segment setting
;load segment data of
;current digit

;store it to RAM

;load special bit

;jto carry

TL/DD/12076-22
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x a,specbuf

‘ifnc .
rbit #2,temp

1d a, temp
x a, [x+]

ifbne #04
jp nxtdig

sbitb#podfla,flags

jsr convert

;shift with carry

shwc: ’ S

1d b, #seglst. -

nxtshwc: 1d a, specbuf
rrc a -
x:a, specbuf

1d a, {b]
rrc-a . :
rrc a

rrc a
x.-a, [b+] - T
ifbne #00

jp nxtshwc

rbit #podfla,flags

- jsr convert

;shift (without carry)

shift: .-~ 1ld.b, #seglst
nxtshift: 1d a, (b}
. rrcra .
rrc a
rrc a
x a, [b+]
ifbne #00-

jp nxtshift

Lo

;prepare for next
;special segment
;special bit not set ?
ithen reset it in the

‘;temp byte

;store temp

;to the seglst list

;1f not last digit

;load data for next digit

;set flag- -for working at
jport d list

jconvert 3 bits from the
;segment bytes to the
;timephaselist for portd

;b points: seglst -

;load special segment bit
;jto carry .

;prepare for next
;special segment:

;shift the segmentbyte
;three positions right
;and append the special
;segment bit

;store shifted byte
;end of segment list
;not reached 2. = .

;then shift the next
;segment byte

;reset flag. . for working
;at port 1 list.

;convert 3 bits. of the

; segment bytes to the
;timephaselist for port 1

;b points .segmnet list
;load segment byte

;shift the segmentbyte
;three positions right

’

;store shifted byte
;end of segment list
;not reached ?

;then shift the next
;segment byte

TL/DD/12076-23
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jsr’ convert

;copy portdata to the list on which the

copy:

1d b, #podlst
1d x, #1st
nxtd: 1ld a, [b+]
: swap-a
X a, [x+]
1d a, [x+]’
ifbne #06

ip nxtd

1ld b, #pollst

1d x, #1lst

nxtl: ld a, [x+] " -

. 1ld a, [b+)

swap a

X a, {x+]

ifbne #0C

jp nxtl

sbit- #eni,psw

ret

isubroutines for update routine:

convert: :

1d x, #seglst

nxtsgl: 14 a, [x+]
and a, #007

add a, #L(tlphtab)

laid

1d b, #pollst

ifbit #podfla, flags
-"1d"b, #podlst

rbit #eni,psw

;convert 3 -bits of the
;segment bytes to the
;timephaselist for port 1

refresh routine will access

;disable interrupt to
;prevent fail display

;b points podlst

;% points refresh list
;load portbyte

;swap it

;store it to refresh list
;increment x

;1f the end of the podlst
;is not reached

;then next timephase

;b points pollst

;%X points refresh list
;increment. x

;load portbyte

;swap it

;store it to refresh list
;if the end of the pollst
;is not reached

;then next timephase
;jrefresh routine-allowed
;again

;end of update routine

;X points segment list
;load segment byte

;mask out first three bits
;pointer on timephase table
;load timephase curve for
;jone segment pin

;b points list for portd
;working at podlst ?

;then b points on podlst

;shift timephase data accordlng to 3 bits ( 8 combinations are

;possible with 3 segments)

tipsh: . .
X a,temp
nxtphsh:
1d a, temp
r-c a

;store timephase’curve to
;temp buffer

;load timephase curve again
;shift out one bit into

TL/OD/12076-24
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' .;carry bit
X a,temp ;store shifted curve

1d a, [b] o ;load . portbyte
rrc a ;shift in one bit from
;jcarry bit
X a, [b+) ;store shifted portbyte
;again
1d a, #pollst ;end of podlst ?
ifeq a,b o HE
jp eplst ;then return
ifbne #0C ;else end of pollst
jp nxtphsh : ;
eplst: o
1d a, #L(seglst+4) ,lf the end of the segment
lfgt a,x : ;list is not reached
jp nxtsgl . . ;work. at next segment byte
ret . o . ‘
bcdsegtab:

;in this bytes are the on/off conflguratlon of the segments
;for a digit are stored. there are only 7 bits of each byte
;the configuration of the 2 special segments is stored

;in the 'special’ byte. L

.BYTE 0EF,007,0BD,03F ,’0'...’3(

.BYTE 057,07E,; OFE, 00F prar .00

.BYTE OFF,07F,ODF,0F6 ;'8r...'B!

.BYTE 0OEC,0B7,0FC,0DC ;'CHLL U E!
tiphtab:

;jone pin controls 3 segments. there are 8 poséible
;combinations. for each combination there is- one byte.
;6 bits of one byte control the pin for each timephase.

BYTE 007, 00E, 015,01C, 023,023, 031,038

jxxkxxkxxkkxx** interrupt service routine KRARKKKK KK KKK KKK KR KKK KK

.=0ff
refresh:
X a,accsto : .- ;jstore accu
1d a,b ;store b
X a,bsto * y ; R

1d b, #portgd . L

;discharge C

rbit #00, (b}

1d a, [b+] ;increment b (b=#portgc)

sbit #00, (b} ;by switching GO to a
;low output

TL/DD/12076~25
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rbit #00, (b]
ld b, #psw
rbit #ipnd, (b]

1d a, [b]
X a,pswsto

1d a,tiphase
add a,tiphase

% a,b
1d a, [b+]

x a,podbuf
1d a, [b+]
x a,polbuf
1d a,b

add a, #L(bptab)-2

X a,b

1ld a,b

laid

x a,pogdbuf

1d a, [b+]
1d a,b

laid

X a,pogcbuf

1d b, #podbuf
1d a, [b+]

X a,portd
1d a, [b+]

X a,portld

1d portgc, #00

1d a, (b+]
x a,portgd
1d a, (kb+]
X a,portgc

ld a,tiphase
inc a

ifeq a, #06
1d a, #00

X a,tiphase
1d b, #pswsto

rc :
ifbit #07, (b]

;C can be charged again

;reset. ext. interrupt
;pending flag

;load psw

;store psw

;accu:=tiphase*2

)

;store accu in b

;load portbyte from
;refresh list (’1lst’)
;store it to port d buffer
;load portbyte

;store it to port 1 buffer
;accu:=timephase*2+2

;jaccu points on

,backplane table

,store pointer

,load port g data byte
;store it to port g data
;buffer

;increment b

;load pointer

;load portg conf. byte
;jstore it to buffer

;b points buffer list
;refresh port d

lrefresh port 1

;all backplane wires on
iVop/2 level to prevent
;spikes

;refresh port g data
;refresh port g config.
;update timephase counter
;tiphase = 0..5

;irestore carry bit

;

TL/DD/12076-26
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bptab:

sbit #07,psw

ifbit #06, [b] ;restore halfcarry bit
sbit #06,psw : ’ : ‘
1d a,bsto ;restore b

X a,b . ; o

1d a,accsto ;restore accu

reti - sreturn from lcd

;srefresh routine

.BYTE 004,004,010,010,020,020
.BYTE 000,004,000,010,000,020"

.END

TL/DD/12076-27
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DTMF Generation with a
3.58 MHz Crystal

DTMF (Dual Tone Multiple Frequency) is associated with
digital telephony, and provides two selected output frequen-
cies (one high band, one low band) for a duration of 100 ms.
DTMF generation consists of selecting and combining two
audio tone frequencies associated with the rows (low band
frequency) and columns (high band frequency) of a push-
button touch tone telephone keypad.

This application note outlines two different: methods of'
DTMF generation using a COP820C/840C microcontroller -

clocked with a 3.568 MHz crystal in the divide by 10 mode.
This yields an instruction cycle time of 2.79 ps. The applica-
tion note also provides a low true row/column decoder for
the DTMF keyboard.

The first method of DTMF generation provides two PWM
(Pulse Width Modulation) outputs on pins G3 and G2 of the
G port for 100 ms. These two PWM outputs represent the
selected high band and low band frequencies respectively,
and must be combined externally with an LM324 op amp or
equivalent feed back circuit to produce the DTMF signal.

The second method of DTMF generation uses ROM lookup
tables to simulate the two selected DTMF frequencies.
These table lookup values for the selected high band and
low band frequencies are then combined arithmetically. The
high band frequencies contain a higher bias value to com-
pensate for the DTMF requirement that the high band fre-
quency component be 2 dB above the low band frequency
component to compensate for losses in transmission. The
resultant value from the arithmetic combination of sine wave
values is output on L port pins LO to L5, and must be com-
bined externally with a six input resistor ladder network to
produce the DTMF signal. This resultant value is updated
every 118 us. The COP820C/840C timer is used to time out
the 100 ms duration of the DTMF. A timer interrupt at the
end of the 100 ms is used to terminate the DTMF output.
The external ladder network need not contain any active
components, unlike the first method of DTMF generation
with the two PWM outputs into the LM324 op amp.

The associated COP820C/840C program for the DTMF
generation is organized as three subroutines. The first sub-
routine (KBRDEC) converts the low true column/row input
from the DTMF keyboard into the associated DTMF hexa-
decimal digit. In turn, this hex digit provides the input for the
other two subroutines (DTMFGP and DTMFLP), which rep-
resent the two different methods of DTMF generation.
These three subroutines contain 35, 94, and 301 bytes of
COP820C/840C code respectively, including all associated
ROM tables. The Program Code/ROM table breakdowns
are 19/16, 78/16, and 88/213 bytes respectively.

DTMF KEYBOARD MATRIX

The matrix for selecting the high and low band frequencies
associated with each key is shown in Figure 1. Each key is
uniquely referenced by selecting one of the four low band
frequencies associated with the matrix rows, coupled with
selecting one of the four high band frequencies associated
with the matrix columns. The low band frequencies are

National Semiconductor
Application Note 666 ' - -
Verne H. Wilson' .

'

697 Hz, 770 Hz, 852 Hz, and 941 Hz, while the high band
frequencies are 1209:Hz, 1336 Hz, 1477 Hz, and 1633 Hz.
The DTMF keyboard input decode subroutine assumes that
the keyboard is encoded in a low true row/column format,
where the keyboard is strobed sequentially with four low
true column selects with each returning a low true row se-
lect. The low true column and row selects are encoded in

. the upper and lower nibbles respectively of the accumulator,
.which serves as the input to the DTMF keyboard input de-

code subroutine. The subroutine will then generate the
DTMF hexadecimal digit associated with the DTMF key-
board input digit.

The DTMF keyboard decode subroutine (KBRDEC) utilizes
a common ROM table lookup for each of the two nibbles
representing the low true column and row encodings for the
keyboard. The only legal low true nibbles for a single key
input are E, D, B, and 7. All other low true nibble values
represent multiple keys, no key, or no column strobe. Re-
sults from two legal nibble table lookups (from the same 16
byte ROM table) are combined to form a hex digit with the
binary format of 0000RRCC, where RR represents the four
row values and CC represents the four column values. The
illegal nibbles are trapped, and the subroutine is exited with
a RET (return) command to indicate multiple keys or no key.
A pair of legal nibble table lookups result in the subroutine
being exited with a RETSK (return and skip) command to
indicate a single key input. This KBRDEC subroutine uses
35 bytes of code, consisting of 19 bytes of program code
and 16 bytes of ROM table.

DTMF GENERATION USING PWM AND AN OP AMP

The first DTMF generation method (using the DTMFGP sub-
routine) generates the selected high band and low band
frequencies as PWM (Pulse Width Modulation) outputs on
pins G3 and G2 respectively of the G port. The COP820C/
840C microcontrollers each contain only one timer, and
three times must be generated to satisfy the DTMF applica-
tion. These three times are the half periods of the two se-
lected frequencies and the 100 ms duration period. Obvi-
ously the single timer can only generate one of the required
times, while the program must generate the two remaining
times. The solution lies in dividing the 100 ms duration time
by the half periods for each of the eight DTMF frequencies,
and then examining the respective high band and low band
quotients and remainders. Naturally these divisions must be
normalized to the instruction cycle time (tc). 100 ms repre-
sents 35796 t¢'s. The results of these divisions are detailed
in Table I.

The four high band frequencies are produced by running the
COP820C/840C timer in PWM (Pulse Width Modulation)
mode, while the program produces the four low band fre-
quencies and the 100 ms duration timeout. The pro-
grammed times are achieved by using three programmed
register counters RO, R2 and R3, with a backup register R1
to reload the counter RO. These three counters represent
the half period, the 100 ms quotient, and the 100 ms re-
mainder associated with each of the four low band frequen-
cies.
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FIGURE 1. DTMF Keyboard Matrix

TABLE |. Frequency Half Periods, Quotlients and Remainders

Freq. Half Half 100 ms/0.5P
Hz Perlod Perlod Intc’s
In ps Intc's Quotient Remainder
Low Band Frequencies 697 717.36 257 139 73
770 649.35 232 154 : 68
852 586.85 210 170 96
941 531.35 190 188 76
High Band Frequencies 1209 413.56 148 241 128
1336 374.25 134 267 18
1477 338.53 121 295 101
1633 306.18 110 325 46

Note: 100 ms represents 35796 t¢'s.
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The DTMFGP subroutine starts by transforming the DTMF
hex digit in the accumulator (with binary format 0000RRCC)
into low and high frequency vectors with binary formats
0011RR11 and 0011CCO00 respectively. The transformation
of the hex digit 0000RRCC (where RR is the row select and
CC is the column select) into the frequency vectors is
shown in Table Il. The conversion produces a timer vector:
0011CCO00 (T), and three programmed counter vectors for
R1, R2, and R3. The formats for the three counter vectors
are 0011RR11 (F), 0011RR10 (Q), and 0011RRO1 (R).’
These four vectors created from the core vector are used as”

inputs for a 16 byte ROM table using the LAID (Load Accu-

. mulator InDirect) instruction. One of these four vectors (the

T vector) is a.function of the column bits (CC), while the

‘other three vettors (F, Q, R) are a function of the row bits
--(RR). This correlates to only one parameter being needed

for.the timer (representing the selected high band frequen-
cy), while three parameters are needed for the three coun-
ters (half period, 100 ms quotient, 100 ms remainder) asso-

. ciated with the low band frequency and 100 ms duration.
‘The frequency parameter ROM translation table, accessed
‘by the T, F, Q, and R vectors, is shown in Table Il

TABLE II. DTMF Hex Digit Translation

DTMF Hex Digit— 0000RRCC — — — — — — —
Timer Vector” o  Timer
Half Period Vector . . R1
100 ms Quotient Vector o . R2

100 ms Remainder Vector

" TABLE Il Freduéncy Parameter HbM Translation Table

T— Timer F— Frequency
"" Address Data (Decimal)
0x30 S 147 -
0x31 . . 10
0x32 140
0x33 38
0x34 133
0x35 9
0x36 165
0x37 33
0x38 120
0x39 14
0x3A 171
0x3B 31
0x3C 109
0x3D 10
Ox3E 189
Ox3F 26

* *
* -
x x
) * *
T , 0011CC00
F - 0011RR11
Q 0011RR10
R 0011RRO1

‘Q— Quotient - * 'R— Remainder
Vector
T

MODATMOIATOIATOD
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The theory of operation in producing the selected low band
frequency starts with loading the three counters with values
obtained from a ROM table. The half period for the selected
frequency is counted out, after which the G2 output bit is’
toggled. During this half period countout, the quotient coun-
ter is decremented. This procedure is repeated until the
quotient counter counts out, after which the program
branches to the remainder loop. During the remainder loop,
the remainder counter counts out to terminate the 100 ms.
Following the remainder countout, the G2 and G3 bits are
both reset, after which the DTMF subroutine is exited. Great
care must be taken in time balancing the half period loop for

’ Bytes/
- P’°°'°".‘ Cycles
LD B,#PORTGD 2/3
LD X,#R1 2/3
LUP1: LD’ AlX-] 1/3
: IFBIT 2,[B] 11
N BYP1 1/3
X CAIX+] 1/3
SBIT 2,[B] 11
»p o BYP2 1/3
BYP1: NOP. . 1”1
RBIT 2,81 171
, X AlX+] 1/3
_BYP2:.  DRSZ . R2 1/3
JP LUP2 1/3
JP FINI 1/3
‘LuP2: DRSZ -~ RO 1/3
JP LUP2 1/3
LD AlIX] 1/3
IFEQ CA#31 2/2
JP _LUP1 1/3
NOP . 111
NOP : 11
‘IFEQ A,#38 2/2
" JP LUP1 1/3
LAID 1/3
NOP 11
JP P 1/3
Table Il stall
Frequency = Loop -
(38 — 1) X 6]
(33 — 1) x 6]
{31 — 1) x 6]
. liee — 1) x 6]

the selected low band frequency. Furthermore, the toggling

. of the G2 output bit (achieved with either a set or reset bit

Instruction) must also be exactly time balanced to maintain
the half period time integrity. Local stall loops (consisting of
a DRSZ instruction followed by a JP jump back to the DRSZ
for a two byte, six instruction cycle loop) are embedded in
both the half period and remainder loops. Consequently, the
ROM table parameters for the half period and remainder
counters are approximately only one-sixth of what otherwise
might be expected. The program for the half period {oop,
along with the detailed time balancing of the loop for each
of the low band frequencies, is shown in Figure 2.

Conditional ‘Cycle.s © Total
Cycles Cycles
3
.. 1
3 1
3
1 -
: 3
1
1
3 .
- 3
3
3. 3
3 1
3
: 2
1 3 30
1 .
1
2
1 3 35
3
1 L
3 40
Total ~ Half
Cycles " Perlod
+ 35 = 257
+ 40 = 232
+ 30 =210
+ 40 = 190

FIGURE 2. Time Balancing for Half Perldd Loop
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TABLE IV. Time Balancing for Remainder Loop

Table lll Stall

R Loop Total Tablel

Remainder ~ Loop Overhead Cycles’ ' Remainder

[(10 - 1) X 6] =74 73
(o-1n X 6] =68 . 68
. [(14-1) .. X 6] = 98 96
[(10 — 1) S % 6] =74 - 76

Note that the Q value in Table il is one greater than the
quotient in Table | to compensate for the fact that the quo-
tient count down to zero test is performed early in the half
period loop. The overhead in the remainder loop is 20 in-
struction cycles. The detailed time balancing for the remain-
der loop is shown in Table IV.

The selected high band frequency is achieved.by loading

the half period count in tc’s minus one (from Table lll) into

the timer autoreload register and running the timer in PWM
output mode. The minus one is necessary since the timer
toggles the G3 output bit when it underflows (counts down
through zero), at which time the contents of the autoreload
register are transferred into the timer.

In summary, the input digit from the keyboard (encoded in
low true column/row format) is translated into a digit matrix
vector XXXXRRCC which is checked for 1001RRCC to indi-
cate a single key entry. No key or multiple key entries will

set a flag and terminate the DTMF subroutine. The digit |

matrix vector for a single key is transformed into the core
vector 0000RRCC. The core vector is then translated into
four other vectors (T, F, Q, R) which in turn are used to

select four parameters from a 16 byte ROM table. These

four parameters are used to load the timer, and the respec-
tive half period, quotient, and remainder counters. The 16
byte ROM table must be located starting at ROM location
0030 (or 0X30) in order to minimize program size, and has
reference setups with the “OR A, #033" instruction for the F
vector and the “OR A, #030" instruction for the T vector.
The three parameters associated with the two R bits of the
core vector require a multi-level table lookup capability with
the LAID instruction. This is achieved with the following sec-
tion of code in the DTMF subroutine:

LD B,#R1
LUP: X A,[B)
LD A,[B,]
LAID
X A,[B+]
DEC A
IFBNE #4
P LUP

100k

10 2o =1 I—'V:"'_

This program loads the F frequency vector into R1, and then
decrements the vector each time around the loop.. The vec-
tor is successively moved with the exchange commands
from R1 to R2 to R3 as one of the same exchange com-
mands loads the data from the ROM table into R1, R2, and
R3. This successive decrementation of the F vector chang-
es the F vector into the Q vector, and then changes the Q
vector into the R vector. These vectors are used to access
the ROM table with the LAID instruction. The B pointer is
incremented each time around the loop after it has been
used to store away the three selected ROM table parame-
ters (one per loop). These three parameters are stored in
sequential RAM locations R1, R2, and R3. The IFBNE test
instruction is-used to skip out of the loop once the three
selected ROM table parameters have been accessed and
stored away.

The timer is initialized to a count of 15 so that the first timer
underflow and toggling of the G3 output bit (with timer PWM
mode and G3 toggle output selected) will occur at the same
time as the first toggling of the G2 output bit. The half period
counts for the high band frequencies minus one are stored
in the timer section of the ROM table. The selected value
from this frequency ROM table is stored in the timer autore-
load register. The timer is selected for PWM output mode
and started with the instruction LD [B],#0B0 where the B
pointer is selecting the CNTRL register at memory location
OEE.

This first DTMF generation subroutine for the COP820C/
840C uses 94 bytes of code, consisting of 78 bytes of pro-
gram code and 16 bytes of ROM table. A program test rou-
tine to sequentially call the DTMFGP subroutine for each of
the 16 keyboard input digits is supplied with the listing for
the DTMF35 program. This test routine uses a 16 byte ROM
table to supply the low true encoded column/row keyboard
input to the accumulator. An input from the 10 input pin of
the | port is used to select which DTMF generation subrou-
tine is to be used. The DTMFGP subroutine is selected with
10 =0.

A TYPICAL OP AMP CONFIGURATION FOR MIXING THE
TWO DTMF PWM OUTPUTS IS SHOWN IN FIGURE 3.

* DIFFERENT VALUES TO COMPENSATE
FOR 2dB OFFSET

%
a0 — YW — —wv

AAA
Wy ;
2 PWM Outputs: AA Ry
1 High Band ML
324 "
1 Low Band DTMF OUT

TL/DD/10740-23

FIGURE 3. Typical Op Amp Configuration for Mixing DTMF PWM Outputs




DTMF GENERATION USING A RESISTOR LADDER
NETWORK

The second DTMF generation method (using the DTMFLP
subroutine) generates and combines values from two table
lookups simulating the two selected sine waves. The high
band frequency table values have a higher base line value
(16 versus 13) than the low band frequency table values.
This higher bias for the high frequency values is necessary
to satisfy the DTMF requirement that the high band DTMF
frequencies need a value 2 dB greater than the low band
DTMF frequencies to compensate for losses in transmis-
sion. .

The resultant value from arithmetically combining the table
lookup low band and high band frequency values is output
on pins LO to L5 of the L port in order to feed into a six input
external resistor ladder network. The resultant value is up-
dated every 1173 us (one cycle of the LUP42 program
loop). The LUP42 program loop contains 42 instruction cy-
cles (tc's) of 2.7936511 us each for a total loop time of
11714 ps. The COP820C/840C timer is used to count out
the 100 ms DTMF duration time.

An interrupt from the timer terminates the 100 ms DTMF
output. Note that the Stack Pointer (SP) must be adjusted
following the "timer interrupt -before returning from the
DTMFLP subroutine.

The DTMFLP subroutine starts by quadrupling the value of
the DTMF hex digit value in the accumulator, and then add-
ing an offset value to reach the first value in the telephone
key table. The telephone key ROM table contains four val-
ues associated with each of the 16 DTMF hex keys. These
four values represent the low and high frequency table sizes
and table starting addresses associated with the pair of fre-
quencies (one low band, one high band) associated with
each DTMF key. The FRLUP section of the program loads
the four associated telephone key table values from the
ROM table into the registers LFTBSZ (Low Freq Table
Size), LFTADR (Low Freq Table Address), HFTBSZ (High
Freq Table Size), and HFTADR (High Freq Table Address).
The program then initializes the timer and autoreload regis-
ter, starts the timer, and then jumps to LUP42. Note that the
timer value in tg's is 100 ms plus one LUP42 tims, since the
initial DTMF output is not until the end of the LUP42 pro-
gram.

Multiples of the magic number 118 us (approximately) are

close approximations to all eight of the DTMF frequencies.

The LUP42 program uses 42 instruction cycles (of
2.7936511 ps each) to yield a LUP42 time of 1177/ us. The
purpose of the LUP42 program is to update the six L port
outputs by accessing and then combining the next set of

values from the selected low band and high band sine wave
frequency tables in the ROM. The, ROM table offset fre-
quency pointers (LFPTR and HFPTR) must increment each
time and then wrap around from top to bottom of the two
selected ROM tables. The ROM table size parameters
(LFTBSZ and HFTBSZ) for the selected frequencies are
tested during each LUP42 to determine if the wrap around
from ROM table top to bottom is necessary. The wrap
around is implemented by clearing the frequency pointer in
question. Note that the ROM tables are mapped from a ref-
erence of 0 to table size minus one, so that the table size is
used in a direct comparison with the frequency offset point-
er to test for the need for a wrap around. Also note that the
offset pointer incremented value is used during the following
LUP42 cycle, while the pre-incremented vaiue of the pointer
is used during the current cycle. However, it is the incre-
mented value that is tested versus the table size for the
need to wrap around. ) '

After the low band and high band ROM table sine wave
frequency values are accessed in each cycle of the LUP42
program, they are added together and then output to pins
LO-L5 of the L port. As stated previously, the low band
frequency values have a lower bias than the high band fre-
quency values to compensate for the required 2 dB offset.
Specifically, the base line and maximum values for the low
frequency values are 13 and 26 respectively, while the base
line and maximum values for the high frequency values are
16 and 32 respectively. Thus the combined base line value
is 29, while the combined maximum value is 58. This gives a
range of values on the L port output (LO-L5) from 0 to 58.

The minimum time necessary for the LUP42 update pro-
gram loop is 36 instruction cycles including the jump back to
the start of the loop. Consequently, two LAID instructions
are inserted just prior to the jump back instruction at the end
of LUP42 to supply the six extra NOP instruction cycles
needed to increase the LUP42 instruction cycles from 36.to
42. A three cycle LAID instruction can always be used to
simulate three single cycle NOP instructions if the accumu-
lator data is not needed.

Table V shows the multiple LUP42 approximation to the
eight DTMF frequencies, including the number of sine wave
cycles and data points in the approximation. As an example,
three cycles of a sine wave with a total of 19 data points
across the three cycles is used to approximate the 1336 Hz
DTMF frequency. The 19 cycles of LUP42 times the LUP42
time of 11714 us is divided into the three cycles to yield a
value of 1345.69 Hz. This gives an error of +0.73% when
compared with the DTMF value of 1336 Hz. This is well
within the 1.5% North American DTMF error range.

TABLE V. DTMF Frequency Approximation Table

DTMF

# of Sine # of Data
Freq. Wave Cycles Points
697 4 49
770 1 1
852 1 10
941 1 9
1209 1 7
1336 3 19
1477 4 23
1633 4 21

Calculation Approx. % Error
Freq.
4/(49x 1171%) = 695.73 —-0.18
1/(11 x 11714) = 774.79 +0.62
1/(10x 11714) = 852.27 +0.03
1/(9x 117V4) = 946,97 +0.63
1/(7 x 117V4) = 1217.53 +0.71
3/(19x 117%) = 1345.69 +0.73
4/(23x117%) = 1482.21 +0.35
4/(21 x 117%) = 1623.38 —0.59
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The frequency approximation is equal to the number of cy-
cles of sine-wave divided by the time in the total number of
LUP42 cycles before the ROM table repeats.

The values in the DTMF sine wave ROM tables are calculat-
ed by computing the sme value at the appropriate points,
scaling the sine value up to the base line value, and then
adding the result to the base line value. The following exam-
ple will help to clarify this calculation. '

Consider. the three cycles of sine wave across 19 data
points for the 1336 Hz high band frequency. The first value
in the table is the base line value of 16. With 27 radians per
sine wave cycle, the succeeding values in the table repre-
sent the sine values of 1 X (67/19), 2 X (67/19), 3 X
(6m/19), ..., up to 18 X (67/19). Consider the seventh
and eighth values in the table, representing the sine values
of 6 X (67r/19) and 7. X (67r/19) respectively. The respec-
tive calculatons of 16 X sin[6 X (67/19)] and 16 X sin[7
X (67r/19)] yield values of —5.20 and 9.83. Rounding to
the nearest integer gives values of —5 and 10. When added
to the base line value of 16, these values yield the results 11
and 26 for the seventh and eighth values in the 1336 Hz
DTMF ROM table. Symmetry in the loop of 19 values in the
DTMF table dictates that the fourteenth and thirteenth val-
ues in the table are 21 and ‘6, representing values of 5 and
—10 from the calculations.

The area under a half cycle of sine wave relative to the area
of the surrounding rectangle is 2/7r, where 7 radians repre-
sent the sine wave half cycle. This surrounding rectangle
has a length of 7 and a height of 1, with the height repre-
senting the maximum sine value. Consequently, the area of
the surrounding rectangle is 7. The integral of the area un-
der the half sine wave from 0 to 7 is equal to 2. The ratio of
2/ is equal to 63.66%, so that the total of the values for
each half sine wave should approximate 63.66% of the sum
of the max values. The maximum values (relative to the
base line) are 13 and 16 respectively for the low and high
band DTMF frequencies.

For the previous 1336 Hz example, the total of the absolute
values for the 19 sine values from the 1336 Hz ROM

DTMF Sum of

Rectangle '

table is -equal to-196. The ‘surrounding rectangle for the
three cycles of sine wave is 19 by 16 for a total area of 304.
The ratio of 196/304 is 64.47% compared with the 2/
ratio of 63.66%. Thus the sine wave approximation gives an
area abundance of 0.81% (equal to 64.47 — 63.66).

An application of the sine wave area criteria is shown in the
generation of the DTMF 852 Hz frequency. The ten sine
values calculated are 0, 7.64, 12.36, 12.36, 7.64, 0, —7.64,
—12.36, —12.36, and —7.64. Rounding off to the nearest
integer yields values of O, 8, 12, 12, 8, 0, —8, —12, —12
and —8. The total of these values (absolute numbers) is 80,
while the area of the surrounding rectangle is 130 (10 x '13).
The ratio of 80/130 is 61.54% compared with the 2/ ratio
of 63.66%. Thus the sine wave approximation gives an area
deficiency of 2.12% (equal to 63.66 — 61.54), which is over-
ly deficient. Consequently, two of the ten sine values are
augmented to yield sine values of 0, 8, 12, 13*, 8, 0, —8,
~12, —~13*, and —8. This gives an absolute total of 82 and
a ratio of 82/130, which equals 63.08% and serves as a
much better approximation to the 2/ ratio of 63.66%.

The sine wave area criteria is also used to modify two val-
ues in the DTMF 941 Hz frequency. The nine sine values
calculated are 0, 8.36, 12.80, 11.26, 4.45, —4.45, —11.26,
—12.80, and —8.36. Rounding off to the nearest integer
yields values of 0, 8, 13, 11, 4, —4, —11,,—13, and —8. The
total of these values (absolute numbers) is 72, while the
area of the surrounding rectangle is 117 (9 x 13). The ratio
of 72/117 is 61.54% compared to the 2/ ratio of 63.66%.

Thus the sine wave approximation gives an area defncnency
of 2.12% (equal to 63.66 — 61.54),which is overly deficient.
Rounding up the two values of 4.45 and —4.45 to 5 and —5,

rather than down to 4 and —4, yields values of 0, 8, 13, 11,
5, —5, —11, —13 and —8. This gives an absolute total of
74 and a ratio of 74/117, which equals 63.25% and serves
as a much better approximation to the 2/ ratio of 63.66%.
With these modified values for the 852 and 941 DTMF fre-
quencies, the area criteria ratio of 2/ = 63.66% for the
sine wave compared to the surrounding rectangle has the
following values

Percentage

Freq. Values Area Di.

697 Hz 406 49x13 = 637 63.74% +0.08%

© 770 Hz . 92 11x13 = 143 64.34% +0.68%
852Hz - 82 10x 13 = 130 63.08% —0.58%
941 Hz 74 9x13 = 117 63.25% —0.41%
1209 Hz - - 72 7x16 = 112 64.29% +0.63%
1336 Hz 196 19x16 = 304 64.47% +0.81%
1477 Hz 232 23x 16 = 368 63.04% —0.62%
1633 Hz 216 21x16 = 336 64.29%

+0.63%
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The LUP42 program loop is interrupted by the COP820C/
840C timer after 100 ms of DTMF output. As stated previ-
ously, the Stack Pointer (SP) must be adjusted (incremented
by 2) following the timer interrupt before returning from the
DTMFLP subroutine.

This second DTMF generation subroutine for the
COP820C/840C uses 301 bytes of code, consisting of 88
bytes of program code and 213 bytes of ROM table. The
following is a summary of the DTMFLP subroutine code allo-
cation.

DTMFLP Code # of
Allocation - Bytes

1. Subroutine Header Code 42
2. Interrupt Code 16
3. LUP42 Code 30
4. Telephone Key Table 64
5. Sine Value Tables ’ 149
Total 301

A program test routine to sequentially call the DTMFLP sub-
routine for each of the 16 DTMF keyboard input digits is
supplied with the listing for the DTMF35 program. This test
routine uses a 16 byte ROM table to supply the low true
encoded column/row keyboard input to the accumulator. An

input from the 10 pin of the | port is used to select which

DTMF generation subroutine is to be used. The DTMFLP
subroutine is selected with 10 = 1.

A TYPICAL RESISTOR LADDER NETWORK IS SHOWN IN
FIGURE 4. Lo

SUMMARY

In. summary, the DTMF35 program assumes a COP820C/
840C clocked with a 3.58 MHz crystal in divide by 10 mode.
The DTMF35 program contains three subroutines,
KBRDEC, DTMFGP, and DTMFLP. The KBRDEC subrou-
tine is a low true DTMF keyboard decoder, while the
DTMFGP and DTMFLP subroutines represent the alterna-
tive methods of DTMF generation.

The KBRDEC subroutine provides a low true decoding of
the DTMF keyboard input and assumes that the keyboard
input has been encoded in a low true column/row format,
with the .columns of the keyboard being sequentially
strobed.’ ‘ .

The DTMFGP subroutine produces two PWM (Pulse Width
Modulation) outputs (representing the selected high and low
band DTMF frequencies) for combination with an external
op amp network (LM324 or equivalent).

The DTMFLP subroutine produces six bits of combined high
band and low band DTMF frequency output for combination
in an external resistor ladder network. This output repre-
sents a combined sine wave simulation of the two selected
DTMF frequencies by combining values from two selected
ROM tables, and updating these values every 118 us.

The three DTMF35 subroutines contain the following num-
ber of bytes of program and ROM table memory:

Subroutine ' OfBytes  #ofBytes  Total #
of Program of ROM Table of Bytes
KBRDEC 19 16 35

DTMFLP 88 213 301

2R
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FIGURE 4. Typical Resistor Ladder Network
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'DTMé GENERATION WITH A 3.58 MHZ VERNE H. WILSON . .

CRYSTAL FOR COP820C/840C - 10/28/89

‘DTHF - DUAL TONE MULTIPLE FREQUENCY

PROGRAH NAME: DTMFSS NAC
.TITLE DTMF35
.CHIP 840

THIS DTMF PROGRAM IS BASED ON A COP820C/840C RUNNING
WITH A CKI CLOCK OF 3.579545 MHZ (TV COLOR CRYSTAL

-FREQUENCY) IN DIVIDE BY -10 MODE, FOR AN INSTRUCTION. -

CYCLE TIME OF 2.7936511 MICROSECONDS.

THIS PROGRAM CONTAINS THREE SUBROUTINES, ONE FOR A
LOW TRUE ROW/COLUMN DTMF KEYBOARD DECODING (KBRDEC),
AND THE OTHER TWO (DTMFGP, DTMFLP) FOR ALTERNATE
HETHODS OF DTHF GENERATION.

KEYBOARD INPUT DATA IS IN ACCUHULATOR WITH A
LOW TRUE FORMAT AS FOLLOWS: .
BITS 7 TO 4 : LOW TRUE COLUMN VALUE (E,D,B,7)
BITS 3 TO 0 : LOW TRUE ROW VALUE (E,D,B, 7)

ASSUMPTION MADE THAT COLUMN STROBES (LOW TRUE) ARE
OUTPUT, WHILE ROW VALUES (LOW TRUE) ARE IRPUT.

THE FIRST METHOD OF DTMF GENERATION CONSISTS OF
GENERATING TWO PWM OUTPUTS ON THE G PORT G2 AND G3
OUTPUT PINS. THESE TWO OUTPUTS NEED TO BE MIXED
EXTERNALLY WITH AN APPROPIATE LM324 OP AMP FEEDBACK
CIRCUIT TO GENERATE THE DTMF.

THE SECOND METHOD OF DTMF GENERATION USES ROM LOOKUP

"TABLES TO SIMULATE THE TWO DTMF SINE WAVES AND

COMBINES THEM ARITHMETICALLY. THE RESULT IS OUTPUT ON
THE LOWER SIX BITS OF THE L PORT (LO - LS). THESE SIX
OUTPUTS ARE COMBINED EXTERNALLY WITH A LADDER NETWORK
TO GENERATE THE DTMF.

THE SECOND DTMF GENERATION METHOD USES APPROXIMATELY
THREE TIMES AS MUCH ROM CODE (INCLUDING PROGRAM CODE
AND ROM TABLES) AS THE FIRST METHOD, BUT HAS THE
ADVANTAGE OF ELIMINATING THE COST OF THE EXTERNAL
ACTIVE COMPONENT (LM324 OR EQUIVALENT).

BOTH OF THE DTMF SUBROUTINES GENERATE THEIR OUTPUTS
FOR A PERIOD OF 100 MILLISECONDS.

TL/DD/10740-1
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
8l
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

0000

0002
0004
0006
0007
0008
000A
000B
000C
000E
000F
0011
0012
0014
0015
0016
0018
0019

001B
001D

0000
00D0
00D1
00D4
00D5
00D7
00DC
00EA
00EB
00EC
OO0ED
00EE
O00EF
00F0
00F1
00F2
O00F3

DD2F

DEDC
9E00
A0
AE

9405

A6
6C
9420
A4
3210
Al
DED7
70
03
3040
02
308E

DEDC
E8

~e ve we

BYPA:

BYPB:

s we e

DECLARATIONS:

KDATA

PORTLD
PORTLC
PORTGD

© PORTGC

PORTI
PORTD
TMRLO
TMRHI
TAULO
TAUHI
CNTRL
" PSW

" RO
Rl

R2

R3

LD

LD
LD
RC
LD
ADD .

RBIT
ADD
LAID
JSR
SC
LD
IFBIT
JP
JSR
JP
JSR- -

LD
JP

[

oDo
oDl
0D4
oDsS
oD7
oDnc
OEA
OEB
OEC
OED
OEE
OEF
OF0
OF1
oF2
OF3

| L [ | A Y U N LU T I I L N I (I

SP,#02F

B, #PORTD
[B],#0

A,[B]
A, 45 -
A,[B]
4,(B)
A,#020

“KBRDEC

B, #PORTI
0,(B]
BYPA
DTMFGP
BYPB
DTMFLP

B,#PORTD
LOOP

*xx KEYBOARD DATA #xx
PORTL DATA REG

PORTL CONFIG REG
PORTG DATA REG

PORTG CONFIG REG
PORTI INPUT PINS
PORTD REG .
TIMER LOW COUNTER
TIMER HIGH COUNTER
TMR AUTORELOAD REG LO-
TMR AUTORELOAD REG HI
CONTROL REG o
PROC STATUS WORD

LB FREQ LOOP COUNTER
LB FREQ LOOP COURT

LB FREQ Q COUNT

LB FREQ R COUNT

~e e %o Ne e e St %6 e Ne e Ne s Ne we Ne se

; INITIALIZE STACK PTR

KEYBOARD HEX DIGIT MATRIX -

%% %s %e e % ve %o Sv e se v Ne Se we %o Se e v we e

1
4
7
i
DTMF TEST LOOP
SEQUENCE IS 1,5,9,D,4,
8,4,A,7,0,3,B,%,2,6,C
HEX MATRIX TO LOOKUP
TABLE FOR LOW TRUE
COLUMN/ROW INPUT TO
KBRDEC SUBROUTINE
SET C IF NOT SINGLE KEY
TEST BIT 0 OF PORTI TO
DETERMINE WHICH
DTMF SUBROUTIINE
TWO PWM OUTPUTS ON
G PORT PINS G2,G3
SIX LADDER OUTPUTS ON
L PORT PINS LO - LS
DO WILL TOGGLE FOR EACH
CALL OF SUBROUTINE

counNn

3 A
6 B
9 C
# D
0

5

TL/DD/10740-2
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100
101
102
103
104
105
106
107

108
109

110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

0020

0020
0021
0022
0023
0024
0025
0026
0027

0028
0029
002A
002B
oo2c
002D
002E
002F

EE
DD
BB
77
ED
DB

B7: .

7E

EB
D7
BE
70
E7
DE
BD
7B

~e we ~e

~e ve *

..

Se M6 We Ge %o S %6 48 %0 e e we Ve we Se e Ve Ve e N ve %s e wE N6 e e

.FORM
KEYBOARD DIGIT MATRIX TABLE
. = 020

' 1 5 9 D 4 8 # A
+BYTE: OEE,ODD,0BB,077,0ED,0DB,0B7,07E

. 7.0 3 B * 2 6 o4
.BYTE OEB,0OD7,0BE,07D,0E7,0DE,OBD,07D -

;FIRST DTMF SUBROUTINE (bTHFGP) PRODUCES TWO PWM

(PULSE WIDTH MODULATION) OUTPUTS ON PINS G3, G2 -

G PORT IS USED FOR THE TWO OUTPUTS
- HIGH BAND (HB) FREQUENCY OUTPUT ON G3
- LOW BAND (LB) FREQUENCY OUTPUT ON G2

TIMER COUNTS OQUT
- HB FREQUENCIES

PROGRAH COUNTS OUT
- LB FREQUENCIES :
- 100 MSEC DIVIDED BY LB HALF PERIOD OUOTIENT
- 100 MSEC DIVIDED BY LB HALF PERIOD REMAINDER

'NOTE THAT ALL COUNTS MUST BE NORMALIZED TO THE

2.7936511 MICROSECOND INSTRUCTION CYCLE Tc

100 MSEC REPRESENTS 35796 Tc's

TL/DD/10740-3
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>
=
137 : &
138 H gg
139 : HALF PERIODS FOR THE 8 DTMF PREQUENCIES (697,770,852,
140 H 941,1209,1336,1477, AND 1633 KHZ) ARE 257,232,
141 : 210,190,148,134,121, AND 110 Tc's RESPECTIVELY
142 : . .
143 s THE 100 MSEC DIVIDED BY HALF PERIOD QUOTIENTS ARE
144 H 139,154,170,188,241,267,295, AND 325 RESPECTIVELY
145 :
146 ; THE 100 MSEC DIVIDED BY HALF PERIOD REMAINDERS ARE
147 H 72,67,95,75,127,17,100, AND 45 RESPECTIVELY
148 H
149 H
150 H
151 ; e
152 ; BINARY FORMAT FOR THE HEX DIGIT KEY VALUE FROM THE
153 H KBRDEC SUBROUTINE IS 0OOORRCC,
154 H WHERE - RR IS ROW SELECT (LB FREQUENCIES)
155 : - CC IS COLUMN SELECT (HB FREQUENCIES)
156 H N
157 ; FREQUENCY VECTORS (HB & LB) FOR FREQ PARAMETER TABLE
158 H MADE FROM KEY VALUE
159 H
160 ; HB FREQ VECTORS (4) END WITH 00 FOR TIMER COUNTS
161 ' : WHERE VECTOR FORMAT IS 0011CC00 .
162 H
163 ;s LB FREQUEHCY VECTORS (12) END WITH:
164 H 11 FOR HALF PERIOD LOOP COUNTS,
165 H WHERE VECTOR FORMAT IS OOl1lRR11l
166 H 10 FOR 100 MSEC DIVIDED BY HALF PERIOD QUOTIENTS
167 H WHERE VECTOR FORMAT IS O0Ol1lRR10
168 H 01 FOR 100 MSEC DIVIDED BY HALF PERIOD REMAINDERS
169 : WHERE VECTOR FORMAT IS OO0llRROl
170 : _
171 ;s FREQ PARAMETER TABLE AT HEX 003* (REQUIRED LOCATION)
172 H
173 ;
174 H : .
175 H KEY VALUE
176 H "0000RRCC
177 : . ]
178 : TIMER . T ccoo
179 H Rl F RR11
180 H R2 Q RR10
181 H R3 R RRO1 -
182 :
183 3
184 :
' " TL/DD/10740-4
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185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

0030
0031
0032
0033
0034
0035
0036
0037
0038
0039

003A-

003B
003C
003D
003E

003F

0040
0042
0044
0045
0046
0047
0048
0049
004B
004D
004E
004F
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
005A
005C
005D
00S5F
0061

93
0A
8c
26
85
09
9B
21
78
OE
AB
IF
6D
0A" "
BD
1A

DEDS
9B3F
6B
6A
SF
A6
AE

‘9733

DEF1
A6
AE
A4
A2
8B
44
F9
SF
AE
65
AO
BO
BO
9730
A4
DEEA
9AOF
9A00

+FORM

e e we ne

FREQUENCY AND 100 MSEC PARAMETER TABLE

.BYTE 147 ;T
.BYTE 10 ;R
.BYTE 140 : Q
.BYTE 38 i F
.BYTE 133" s T
.BYTE - 9 ;R
.BYTE 155 : Q
.BYTE 33 ; F
.BYTE 120 ;T
.BYTE 14 ;R
" .BYTE 171 i Q
- .BYTE 31 : F
.BYTE 109 3T
.BYTE - 10 ;R
.BYTE 189 ; Q
.BYTE - 26 : F
DTMFGP: - LD B,#PORTGC = ; CONFIGURE G PORT
LD [B-1,#03F FOR OUTPUTS
“RBIT "= 3,[B] ; OPTIONAL HB RESET
‘RBIT 2,[B] ; OPTIONAL LB RESET
LD "< B,8KDATA
X - A,[B] : STORE KEY VALUE
LD A,[B} ; KEY VALUE TO ACC
OR ' A,8033 ; CREATE LB FREQ VECTOR
o LD B,#R1 : FROM KEY VALUE
LUP: X A,[B]
“ LD A, [B) ; THREE PARAMETERS
LAID : FROM LOW BAND
X A, [B+] : FREQ ROM TABLE
DEC A : T0 R1,R2,R3
IFBNE #4
Jp LUP
LD B,#KDATA
LD A, ([B] ; KEY VALUE TO ACC
SWAP A : CREATE HB FREQ VECTOR
RC: . , : FROM KEY VALUE
RRC - A
RRC A
OR A, %030 ‘
LAID ; KB FREQ TABLE
LD B, #TMRLO : (1 PARAMETER)
LD [B+],%#15 ; INSTRUCTION CYCLE
LD [B+],%0 : TIME UNTIL TOGGLE

TL/DD/10740-5
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236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

0063
0064
0066
0068
006A
006C
006D
006E
006F
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079

007A
007B
007D
007E
007F
0080
0082
0083
0084
0085
0086
0087
0088
008B
008C
008D

A2
9A00
9EBO
DED4
DCF1
BB
72
03
B2
TA
03
B8
6A
B2
c2
0l
OE
co
FE

BE
921F
EE
B8
B8
9226
E9
Ad
B8
E6
c3
FE

6B
6A
8E

BDEE6C -

LUPL:

BYP1:

BYP2:

LUP2:

~e

FINI:

~e se ae

‘LD

LD
LD
LD
LD
IFBIT
Jp

SBIT
JP
NOP
RBIT

DRSZ
JP
JP
DRSZ
JP

LD
IFEQ
JP
NOP
NOP
IFEQ
Jp
LAID
NOP

DRSZ
JP
RBIT
RBIT
RBIT
RET

A, [B+]
[B+],%0
[B],#0BO
B, #PORTGD
X,#R1

A, [X-]
2,1B]
BYP1

A, [X+]
2,[B]
BYP2

2,[B)
A, [X+)
R2
LUP2
FINX
RO
LUP2

© A, [X]

A,831

LUP1

A,#38
LUP1

LUP1

R3

FINI
4,CNTRL
3,(B]
2,(B]

; HB FREQ PARAMETER TO
; AUTORELOAD REGISTER
; START TIMER PWM

; TEST LB OUTPUT
; SET LB OUTPUT

; 'RESET LB OUTPUT

DECR. QUOT. COUNT

.

‘) COUNT FINISHED
DECR. F COUNT
LB (HALF PERIOD)

AXRRRRRRARRRRARXRRRY

BALANCE EA®
LOW BAND LA
FREQUENCY LA
RESIDUE LA
DELAY FOR L

EACH OF THE xxs
'FOUR LOW BAND *%%
FREQUENCIES xxx

H I 2232223202222 22221
DECR. REMAINDER COUNT
REM. COUNT NOT FINISHED
STOP TIMER

OPTIONAL CLR HB OUTPUT
OPTIONAL CLR LB OUTPUT
RETURN FROM SUBROUTINE

iTee Ne ve Ne v ne we e owe

TL/DD/10740-6

3-57

999-NVY




AN-666

275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325

0005
0006
0007
0008
0009
000A
000B

0004

S8 e e me Ne Na % %6 %e %o NS e N Se Ve TP e e %e Te WE We W0 T9 Ve e e W NI Ve Ve we e e =6 Ne =o e e Wu

e

e

.FORM

SECOND DTMF SUBROUTINE (DTMFLP) PRODUCES SIX
COMBINED LOW BAND AND HIGH BAND FREQUENCY
SINE WAVE OUTPUTS ON PINS LO - L5

SIX L PORT OUTPUTS (LO - LS5) FEED INTO AN EXTERNAL
RESISTOR LADDER NETWORK TO CREATE THE DTMF OUTPUT.

.FOUR VALUES FROM A KEYBOARD ROM TABLE ARE LOADED

INTO LFTBSZ (LOW FREQ TABLE SIZE), LFTADR (LOW
FREQ TABLE ADDRESS), HFTBSZ (HIGH FREQ TABLE SIZE),
AND HFTADR (HIGH FREQ TABLE ADDRESS).

LUP42 USES THE LFPTR (LOW FREQ POINTER) AND HFPTR
(HIGH FREQ POINTER) TO ACCESS THE SINE DATA TABLES
FOR THE SELECTED FREQUENCIES ONCE PER LOOP. THESE
POINTERS ARE BOTH INCREMENTED ONCE PER LUP42.

LUP42 PROGRAM LOOP UPDATES THE OUTPUT VALUE EVERY
117 1/3 uSEC BY SELECTING AND THEN COMBINING NEW
VALUES FROM THE SELECTED LOW BAND AND HIGH BAND
FREQUENCY ROM TABLES WHICH SIMULATE THE SINE WAVES
FOR THE TWO FREQUENCIES.

MULTIPLES OF THE MAGIC NUMBER OF APPROXIMATELY
118 uSEC ARE CLOSE APPROXIMATIONS TO ALL EIGHT OF

THE DTMF FREQUENCIES.

COP820C/840C TIMER USED TO INTERRUPT THE DTMF LUP42
PROGRAM LOOP AFTER 100 MSEC TO FINISH THE DTMF

OUTPUT AND RETURN FROM THE DTMFLP SUBROUTINE. NOTE
THAT THE STACK POINTER (SP) MUST BE ADJUSTED AFTER
THE INTERRUPT BEFORE RETURNING FROM THE SUBROUTINE.

DECLARATIONS:
LFPTR = 05 ; LOW FREQ POINTER
TEMP = 06 ; TEMPORARY
HFPTR = 07 ; HIGH FREQ POINTER
LFTBSZ = 08 ; LO FREQ TABLE SIZE
LFTADR = 09 ; LO FREQ TABLE ADDR
HFTBSZ = O0A ; HI FREQ TABLE SIZE
HFTADR = OB ; HI FREQ TABLE ADDR
TRUN = 04

TL/DD/10740-7
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326 H &
327 O008BE BCD1FF DTMFLP: LD PORTLC, #0FF ; INITIALIZE PORT L 8
328 0091 BCDO1D LD PORTLD, #29 H "FOR NO TONE OUT
329 0094 BCO500 LD LFPTR, #0 s INITIALIZE OFFSET
330 0097 S8 LD B, #HFPTR H POINTERS FOR
331 0098 9A00 LD {B+],%0 H DTMF SINE WAVE
332 009A AO RC H TABLE LOOKUP
333 009B 65 SWAP A : QUADRUPLE KEY
334 009C BO RRC A H VALUE AND ADD
335 009D BO RRC A H OFFSET FOR KEY
336 O009E 94B8 ADD A,#0B8 H TABLE LOOKUP
337 00AO0 A6 FRLUP: X A,[B] ; LOAD FOUR VALUES
338 00Al AE LD A,[B] H FROM ROM KEY
339 00A2 A4 LAID H TABLE INTO LOW
340 00A3 A2 X A,[B+]) ; FREQ LFTBSZ,
341 00A4 8A INC A H LFTADR, AND HI
342 00AS5 4C IFBHE #oC H FREQ HFTBSZ,
343 00A6 F9 Jp FRLUP H HETADR
344 00A7 DEEA LD B, ##TMRLO ; INITIALIZE TIMER
345 00A9 9A00 LD [B+],#0 H WITH A tC COUNT
346 O00AB 9A8C LD [B+],#140 H EQUIVALENT TO
347 00AD 9A00 LD [B+],%0 H 100 MSEC PLUS
348 0O0AF 9A8BC LD (B+],8140 H A LUP42 TIME
349 00B1 9A80 LD [B+],8080 ; TIMER PWM, NO OUT
350 00B3 9Bl1 LD {B-],#011 ; ENABLE TMR INTRPT
351 00B5 7C : SBIT TRUN, [B]) ; START TIMER
352 00B6 210F JMP LUP42
353 H
354 H
355 :
356 H
357 ; TELEPHONE KEY TABLE:
358 H
359 H TABLE FORMAT:
360 H PARAMETER 1: # OF LOW FREQ TABLE VALUES
361 H PARAMETER 2: BASE ADDR. OF LOW FREQ VALUES
362 H PARAMETER 3: # OF HIGH FREQ TABLE VALUES
363 H PARAMETER 4: BASE ADDR. OF HIGH FREQ VALUES
364 H
365 : KEY 1
366 00B8 31 .BYTE 49,02D,7,07C

00B9 2D

00BA 07

00BB 7C
367 H
368 ;s KEY 2
369 00BC 31 .BYTE 49,02D,19,083

00BD 2D

00BE 13

OOBF 83
370 s

TL/DD/10740-8
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371
372

373
374
375

376
377
378

379
380
381

382
383
384

385
386
387

388
389
390

391
392
393

394
395
396

00Co
00C1
ooc2
00C3

00C4
00C5
00Cé6
00Cc7

oocs
00C9o
00CA
00CB

oocc
00CD
00CE

00CF

0oDo
00Dl
00D2
00D3

00D4
00DS
00D6
00D7

0oD8
00D9
00DA
00DB

oopcC
00DD
0O0DE
O00DF

00EO
00El

31
2D
17

96 -

31

2D
15
AD

OB
5B
07
7C

[+):}
SE

13
83

0B
SE
17
96

0B
SE
15
AD

OA
69
07
7c

0A
69
13
83

0A
69

e se

~e e

o we

. we

e ne

~e

. e

KEY

KEY

KEY

KEY

KEY

KEY

KEY

KEY

KEY

«BYTE

.BYTE

.BYTE

+BYTE

- «BYTE

+.BYTE

.BYTE

«BYTE

.BYTE

49,02D,23,096

49,02D,21,0AD

11,05E,7,07C

11,05E,19,083

11,05E,23,096

11,05E,21,0AD

10,069,7,07C

10,069,19,083

10,069,23,096

TL/DD/10740-9
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00E2 17
00E3 96

397 .

398 KEY C .

399 00E4 OA .BYTE 10,069,21,0AD
00E5 69
00E6 15
OO0E7 AD K

400 ' H

401 KEY * .

402 OOE8 09 .BYTE 9,073,7,083
00E9 73
O0EA 07
0O0EB 83

403

404 . KEY 0 .

405 OOEC 09 ' .BYTE 9,073,19,07C
O0ED 73 .

OOEE 13

OO0EF 7C

999-NV

406

407 : KEY # . :

408 OOFO0 09 .BYTE 9,073,23,096
O0Fl1 73 .
00F2 17
OO0F3 96

409

410 C ; KEY D

411 OOF4 09 - .BYTE 9,073,21,0AD
OOF5 73 :
00F6 15
00F7 AD

412

413

414

415 '

416 OOFF .=00FF

417 H

418 OOFF BCDOLD INTRPT: LD PORTLD, #29

419 0102 DEEF LD B,upPsSwW

420 0104 9BOO LD [B-],#0

421 0106 SE00 LD [B],#0

422 0108 DEFD LD B, #SP

423 010A AE LD A,[B]

424 010B B8A INC A

425 010C 8A INC A

426 010D A6 X A,[B)

427 010E BE RET

428

429

430

e e e o

BASE LINE VALUE

100 MSEC INTERRUPT
FROM TIMER

CLR PSW AND CNTRL

RESTORE STACK
POINTER (SP)
TO ITS VALUE
BEFORE THE
INTERRUPT

RETURN FROM
SUBROUTINE

~e %8 %e Se %o v v ne as e we

TL/DD/10740-10
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431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

010F
0l10
0111
o112
0113
0ll4
0115
0116
0117
0118
0119
0l1A
011B
011C
011D
OllE
O11F
0120
0121
0122
0123
0124
0125
0126
0127
0128
012A
012B
o12C

SA
AE
8A
57
82
64
5A
A6
56
84
A4
59
A2
AE
8A
55
82
64
58
A6
54
84
A4
59
84
9CDO
A4
Ad
E2

LV oo oc so v wo

UP42:

<o ne e ae

+FORM

LD
LD
INC
LD

IFEQ

CLR
LD
X
LD
ADD

" LAID

LD

X

LD
INC
LD
IFEQ
CLR
LD

X

LD
ADD
LAID
LD
ADD
X
LAID
LAID
JpP

B, #LFPTR
A,(B]

A
B,8LFTBSZ
A,(B)

A
B,#LFPTR
A,(B]
B,#LFTADR
A,[B)

B, #TEMP
A,[B+]
A,[B]

A
B,#HFTBSZ
A, (B}

A
B,8HFPTR
A,[B]

B, #HFTADR
A,[B] ’

B,#TEMP
A,[B]
A,PORTLD

LUP42

s e we ve s we

~e e ne ae

we Ss o ve ve se

LUP42 CONSISTS OF 42 COP840C INSTRUCTION CYCLE TIMES
LUP42 TIMING LOOP IS 42 / 0.3579545

= 117 1/3 uSEC

INCREMENT LOW FREQ
OFFSET POINTER

TEST IF LFPTR
BEYOND LIMIT

REINITIALIZE LFPTR
FOR NEXT TIME

ADD PTR TO LO FREQ
TABLE ADDRESS
LOW FREQ COMPONENT

RESULT TO TEMP

INCREMENT HI FREQ
OFFSET POINTER

TEST IF HFPTR
BEYOND LIMIT:

REINITIALIZE HFPTR
FOR NEXT TIME:

ADD PTR TO HI FREQ

TABLE ADDRESS
HI FREQ COMPONENT'
ADD LOW FREQ VALUE

TO HI FREQ VALUE

RESULT TO PORT L
EQUIVALENT OF

SIX NOP'S
TIMING LOOP OF

117 1/3 uSEC

TL/DD/10740-11
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=
471 .FORM &>
472 ; : 4
473 : THE FREQUENCY APPROXIMATION IS EQUAL TO THE NUMBER OF
474 ; CYCLES OF SINE WAVE DIVIDED BY THE TIME IN THE TOTAL
475 : NUMBER OF LUP42 CYCLES BEFORE THE REPETITION OF THE
476 : ROM TABLE. AS AN EXAMPLE, CONSIDER THE THREE CYCLES
477 : OF SINE WAVE AND 19 VALUES IN THE ASSOCIATED 1336 HZ
478 ; ROM TABLE. THE 19 CYCLES OF LUP42 TIMES THE LUP42
479 ; TIME OF 117 1/3 uSEC IS DIVIDED INTO THE THREE CYCLES
480 : OF SINE WAVE TO YIELD A VALUE OF 1345.69 HZ AS THE
481 ; 1336 HZ APPROXIMATION,
482 :
483 : THE VALUES IN THE ROM TABLES FOR THE DTMF SINE WAVES
484 : SHOULD' WRAP AROUND END TO END IN EITHER DIRECTION TO
485 ; FORM A SYMETRICAL LOOP. THE FIRST VALUE IN THE ROM
486 : TABLE REPRESENTS THE BASE LINE FOR THAT FREQUENCY.
487 ;. .
488 ; “THE HIGH BAND DTMF FREQUENCIES HAVE A BASE LINE VALUE
489 ; OF 16 AND A MAXIMUM VALUE OF 32. THE LOW BAND DTMF
490 ; FPREQUENCIES HAVE A BASE LINE VALUE OF 13 AND A
491 ; MAXIMUM VALUE OF 26. THIS DIFFERENCE IN BASE LINE
492 : VALUES IS NECESSARY TO SATISFY THE REQUIREMENT OF THE
493 ; HIGH BAND FREQUENCIES NEEDING A LEVEL 2 dB ABOVE THE
494 : LEVEL OF THE LOW BAND FREQUENCIES TO COMPENSATE FOR
495 ; LOSSES IN TRANSMISSION. THE SUM OF THE TWO BASE LINE
496 : VALUES YIELDS A BASE LINE VALUE OF 29, WHILE THE SUM
497 ; OF THE TWO MAXIMUM VALUES YIELDS A MAXIMUM VALUE OF
498 ; 58. THUS THE SIX BIT DTMF OUTPUT FROM THE L PORT TO
499 ; THE LADDER NETWORK RANGES FROM O TO 58, WITH A BASE
500 ; LINE VALUE OF 29.
501 : :
502 ; THE VALUES IN THE DTMF SINE WAVE TABLES ARE
503 ; CALCULATED BY COMPUTING THE SINE VALUE AT THE
504 : APPROPIATE POINTS, SCALING THE SINE VALUE UP TO THE
505 : BASE LINE VALUE, AND THEN ADDING THE RESULT TO THE
506 ; BASE LINE VALUE. THE FOLLOWING EXAMPLE WILL HELP TO
507 ; CLARIFY THIS CALCULATION.
508 :
509 ; CONSIDER THE THREE CYCLES OF SINE WAVE ACROSS 19
510 ; DATA POINTS FOR THE 1336 HZ DTMF HIGH BAND FREQUENCY.
511 ; THE FIRST VALUE IN THE TABLE IS THE BASE LINE VALUE
512 ;: OF 16. WITH 2 PI RADIANS PER SINE WAVE CYCLE,
513 ; THE SUCCEEDING VALUES IN THE TABLE REPRESENT THE
514 ; SINE VALUES OF 1 X (6 PI / 19), 2 X (6 PI / 19),
515 : 3X (6P /19), . ..., UP TO 18 X (6 PI / 19).
516 ; LET US NOW CONSIDER THE SEVENTH AND EIGHTH VALUES
517 ; IN THE TABLE, REPRESENTING THE SINE VALUES OF
518 ; 6 X (6 PI / 19) AND 7 X (6 PI / 19) RESPECTIVELY.
519 ; THE CALCULATIONS OF 16 X SIN [6 X (6 PI / 19)] AND
520 : 16 X SIN (7 X (6 PI /7 19)] YIELD VALUES OF - 5.20 AND
521 ; 9.83 RESPECTIVELY. ROUNDED TO THE NEAREST INTEGER
TL/DD/10740-12
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522
523
824
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555

556

012D
012E
012F
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0l13A
013B
013C
013D
013E

0D
13
18
1A
19
14
OE
07
02
00

0l .

0S
0B
12
17
1A
19

18

A% SE s %s N6 %6 e %6 N6 % Se %e Ve me Se we Se S0 Ne we %o We Ne Ss ~e N4 So Ne So NS wo Ve ws

GIVES VALUES OF - 5 AND 10. WHEN ADDED TO THE BASE
LINE VALUE OF 16, THESE VALUES YIELD THE RESULTS

11 AND 26 FOR THE SEVENTH AND EIGHTH VALUES IN THE
1336 HZ DTMF TABLE. SYMMETRY IN THE LOOP OF 19 VALUES
IN THE DTMF TABLE DICTATES THAT THE FOURTEENTH AND
THIRTEENTH VALUES IN THE TABLE ARE 21 AND 6,
REPRESENTING VALUES OF 'S AND - .10 FROM THE

- CALCULATIONS.

THE AREA UNDER A HALF CYCLE OF SINE WAVE RELATIVE TO
THE AREA OF THE SURROUNDING RECTANGLE IS 2/PI, WHERE
PI RADIANS REPRESENT THE SINE WAVE HALF CYCLE. THIS
SURROUNDING RECTANGLE HAS A LENGTH OF PI AND A HEIGHT
OF 1, WITH THE HEIGHT REPRESENTING THE MAXIMUM SINE
VALUE. CONSEQUENTLY, THE AREA OF THIS SURROUNDING
RECTANGLE 1S PI. THE INTEGRAL OF THE AREA UNDER THE
HALF SINE WAVE FROM O TO PI IS EQUAL TO 2. THE RATIO
OF 2/PI IS EQUAL TO 63.66 % , SO THAT THE TOTAL OF
THE VALUES FOR EACH HALF SINE WAVE SHOULD APPROXIMATE
63.66 % OF THE SUM OF THE MAX VALUES. THE MAXIMUM
VALUES (RELATIVE TO THE BASE LINE) ARE 13 AND 16

" RESPECTIVELY, FOR THE LOW AND HIGH BAND FREQUENCIES.

LF697: 4 CYCLES OF SINE WAVE SPREAD
. -ACROSS ‘49 TIMING LOOP (LUP42) CYCLES

4 / (49 X 117 1/3) = 695.73 HZ

FREQ. =

ERROR = (697 - 695.73) / 697 = - 0.18 %
.BYTE 13,19,24,26,25,20,14,7,2,0
.BYTE 1,5,11,18,23,26,25,21,15,9

TL/DD/10740-13
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5587

558

559

560
561
562
563
564
565
566
567
568

569
570

013F
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
014A
014B
014C
014D
014E
014F
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0154
015B
015C
015D

O015E
O15F
0160
0161
0162
0163
0164
0165
0166
0167
0168

OF
09
03
00
0l
04
0A
10
16
19
1A
17
11
0B
05
01
00
03
08
OF

15

19
1A
18
13
oC
06
0l
00
02
07

0D
14

19

1A
17
11
09
03
00
438
06

e %e ee e we v we e

~e

LF770:

3

.BYTE 3,0,1,4,10,16,22,25,26,23

.BYTE 17,11,5,1,0,3,8,15,21,25

.BYTE 26,24,19,12,6,1,0,2,7

1 CYCLE OF SINE WAVE SPREAD '
ACROSS 11 TIMING LOOP (LUP42) CYCLES

FREQ. = 1 / (11 X 117 1/3) = 774.79 HZ

ERROR (774.79 - 770) / 770 = + 0.62 %
+BYTE 13,20,25,26,23,17,9,3,0,1
.BYTE 6

TL/DD/10740-14
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571
572
573
574
575
576
577
578

579
580
581
582
583
584
585
586
587

588
589
590
591
592
593
594
595
596
597

598

0169
016A
0168
016C
016D
01l6E
016F
0170
0171
0172

0173
0174
0175
0176
0177
0178
0179
017A
017B

017¢C
017D
017E
017F
0l80
0181
0182

0D
15
19
1A
15
oD
05
01
00
05

oD
15
1A
18
12
[1]:]
02
00
05

10
1D
20
17
09
00
03

“e Se we se ne ve we

“s se we s we wa e we

“3 e se s Se %o N we Se

LF852: 1 CYCLE OF SINE WAVE SPREAD

FREQ.
ERROR

.BYTE

ACROSS 10 TIMING LOOP (LUP42) CYCLES

=1/ (10 X 117 1/3) = 852.27 HZ
= (852.27 - 852) / 852 = + 0.03 X

13,21,25,26,21,13,5,1,0,5

LF941: 1 CYCLE OF SINE WAVE SPREAD

FREQ.
ERROR

.BYTE

ACROSS 9 TIMING LOOP (LUP42) CYCLES

1/ (9 X 117 1/3) = 946.97 HZ .
(946.97 ~ 941) / 941 = + 0.63 %X

13,21,26,24,18,8,2,0,5

RF1209: lACYCLE OF'SIﬁE WAVE SPREAD

FREQ.
ERROR

.BYTE

ACROSS 7 TIMING LOOP (LUP42) CYCLES

1/ (7 X 117 1/3) = 1217.53 HZ
(1217.53 - 1209) / 1209 = + 0.71 %

16,29,32,23,9,0,3

TL/DD/10740-15
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599
600
601
602
603
604
605
606

607

608
609
610
611
612
613
614
615
616

617

0183
0184
0185
0186
0187
0188
0189
018A
018B
018cC
018D
018E
018F
0190
0191
0l92
0193
0194
0195

0196
0197
0198
0199
019A
019B
019C
019D
019E
0l9F
01A0
01Al
01A2
01A3
01A4
01AS
01A6

10
1D
1F
13
04
00
0B
1A
20
18
08
00
06
15
20
1C
oD
0l
03

10
1E
1D
OE
01
04
14
20
1A
0A
00
08
18
20
16
06
00

~e %o we ws Ne we ne Se

HF1336:

HF1477:

3 CYCLES OF SINE WAVE SPREAD
ACROSS 19 TIMING LOOP (LUP42) CYCLES

FREQ.
ERROR

.BYTE

.BYTE

3/ (19 X 117 1/3) = 1345.69 HZ
(1345.69 - 1336) / 1336 = + 0.73

16,29,31,19,4,0,11,26,32,24

8,0,6,21,32,28,13,1,3

4 CYCLES OF SINE WAVE SPREAD
ACROSS 23 TIMING LOOP (LUP42) CYCLES

FREQ.
ERROR

.BYTE

.BYTE

4 / (23 X 117 1/3) = 1482.21 HZ
(1482.21 - 1477) / 1477 = + 0.35

16,30,29,14,1,4,20,32,26,10

0,8,24,32,22,6,0,12,28,31

%

%

TL/DD/10740-16

3-67

999-NV




AN-666

618

619
620
621
622
623
624
625
626
627

628

629
630
631
632

0147
0148
01A9
01AA
01AB
01AC

0lAD
OlAE
01AF
01B0
01B1
0lB2
01B3
01B4
01BS
01B6
01B7
01B8
01B9
01BA
01BB
01BC
01BD
01BE
01BF
01CO
01C1

ocC
1C
1F
12

03"

02

10
1F
1B
09
00
0B
1D
12
OE
00
07
19
20
12
02
03
15
20
17
05
0l

~e %o e me ve e s e

e v ne

HF1633:

.BYTE

18,3,2

4 CYCLES OF SINE WAVE SPREAD
ACROSS 21 TIMING LOOP (LUP42) CYCLES{

FREQ.
ERROR

.BYTE

+BYTE

" +BYTE

16,31,27,9,0,11,29,30,14,0

7,25,32,18,2,3,21,32,23,5

1

4 / (21 X 117 1/3) = 1623.38 HZ.
(1633 - 1623.38) / 1633 =

- 0.59 %

TL/DD/10740-17
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633 .FORM D
634 H : :g
635 ;' DTMF KEYBOARD DECODE SUBROUTINE (KBRDEC)
636 H
637 s+ KEYBOARD INPUT DATA IS IN ACCUMULATOR WITH A
638 H LOW TRUE FORMAT AS FOLLOWS:
639 H BITS 7 TO 4 : LOW TRUE COLUMN VALUE (E,D.,B,7)
640 H BITS 3 TO 0 : LOW TRUE ROW VALUE (E,D,B,7)
641 : H :
642 "; ASSUMPTION MADE THAT COLUMN STROBES (LOW TRUE) ARE
643 ' H OUTPUT, WHILE ROW VALUES (LOW TRUE) ARE INPUT.
644 . '
645 ; LOW TRUE COLUMN/ROW INPUT DIGIT IN ACCUMULATOR 1S
646 H TRANSFORMED INTO A DTMF HEX DIGIT KEY VALUE
647 H . E .
648 ; TABLE LOOKUP TRANSFORMATION CHECKS FOR MULTIPLE KEYS,
649 $H NO KEY, OR NO COLUMN SELECT, AND THEN PRODUCES
650 H A DTMF HEX DIGIT KEY VALUE WITH A BINARY FORMAT
651 H OF OO0OOORRCC FOR A SINGLE KEY INPUT,
652 H WHERE - RR IS LOW BAND (LB) FREQUENCY SELECT
653 H - CC IS HIGH BAND (HB) FREQUENCY SELECT
654 H .
655 ; KBRDEC SUBROUTINE IS EXITED WITH A RETURN (RET)
656 : COMMAND TO INDICATE MULTIPLE KEYS, NO KEY,
657 H OR NO COLUMN SELECT
658 H
659 : KBRDEC SUBROUTINE IS EXITED WITH A RETURN AND SKIP
660 ; (RETSK) COMMAND TO INDICATE A SINGLE KEY ENTRY
661 H
662 H
663 0200 .=0200
664 H
665 ; LOW TRUE TRANSLATION TABLE - ONLY E,D,B,7 ACCEPTABLE
666 :
667 0200 CO .BYTE 0CO0,0C0,0C0,0C0,0C0,0C0,0CO0,0C

0201 CO

0202 CO

0203 CoO

0204 CO

0205 CoO

0206 CO

0207 oC
668 0208 CO .BYTE 0C0,0C0,0C0,8,0C0,4,0,0C0

0209 Co

020A CO

020B 08

o20C Cco

020D 04

020E 00

020F CO
669 :

TL/DD/10740-18
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670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
1689
1690
691

0210
0211
0212
0213
0215
0216
0217
0218
0219
021A
021B
021D
021E
021F
0221
0222

S5F
A6
AE
95F0
65
Ad
AO -
BO
BO
A6
950F
‘Ad
84
930F
8E
8D .

KBRDEC:

e o e

LD
X
LD
AND
SWAP
LAID
RC
RRC
RRC

AND

- LAID

ADD
IFGT
RET
RETSK

.END

> >

B,#KDATA
A,[B]
A,[B]
A,#0F0

A

A,[B]
A,#OF

. A,[B)

A,%0F

Ne %o %e Mo %6 ae Ns e %6 e v Se 84 we we we

STORE LOW TRUE

COLUMR/ROW VALUE
EXTRACT LOW TRUE COLUMN

& PUT IN LOWER NIBBLE
0000CC00 FROM TABLE
SHIFT TABLE VALUE DOWN

TWO BITS TO PRODUCE

000000CC
STORE RESULT
EXTRACT LOW TRUE ROW L
O000RR0O0 FROM TABLE |
ADD TO PRODUCE OOOORRCC
RETURN IF MULTIPLE KEYS,

- NO KEYS, OR NO COLUMN
RETURN AND SKIP

IF SINGLE KEY

Cal TL/DD/10740-19
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B
BYPB’
FINI
HFTBS2
LFPTR
LUP
PORTD
PORTLC
Rl ..
START,
TMRHI

OOFE
001B
0086
000A
0005
004D

- 00DC

00Dl
00F1
0000
OOEB

BYP1
CNTRL
FRLUP
INTRPT
LFTADR
LUP1
PORTGC
PORTLD
R2
TAUHI
TMRLO

0072
00EE
00A0
00FF
0009
006C
00DS
00D0
00F2
00ED
00EA

BYP2
DTMFGP
HFPTR
KBRDEC
LPTBSZ
LUP2.
PORTGD
PSW

R3
TAULO
TRUN

0075 -

0040
0007
0210
0008
0078
00D4
O0EF
O00F3
00EC

0004

" BYPA
DTMFLP

HFTADR
KDATA
LOOP
LUP42
PORTI
RO

sP
TEMP

X

0019
008E
000B
0000
0006
010F
00D7

00F0 .

00FD
0006
00FC

.. TL/DD/10740~20
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Low Cost A/D Conversion
Using COP800

INTRODUCTION " . .
Many microcontroller applications require a low cost analog

to digital conversion. In most cases the controller applica-
tions do not need high accuracy and short conversion time. .

This appnote describes a simple method for performing an-
alog to digital conversion by reducing external elements and
costs.

PRINCIPLE OF A/D CONVERSION

The principle of the single slope conversion technique is to
measure the time it takes for the RC network to charge up
to the threshold level on the port pin, by using Timer T1 in
the input capture mode. The cycle count obtained in Timer
T1 can be converted into voltage, either by direct calcula-
tion or by using a suitable approximation.

Figure 1 shows the block diagram for the simple A/D con-
version which measures the temperature.

BASIC CIRCUIT IMPLEMENTATION

Usually most applications use a comparator to measure the
time it takes for a RC network to charge up to the voltage
level on the comparator input. To reduce cost, it is possible
to switch both inputs as shown in Figure 2.

Port G3 is the Timer T1 input. Ports G2/G1 are general
purpose |/0 pins that can be configurated using the 1/0
configurations (push-pull output/tristate). All Port G pins are
Schmitt Trigger inputs. Ry is required to reduce the dis-
charge current.

GENERAL IMPLEMENTATION
The temperature is measured with a NTC which is linearized
with a parallel resistor. Using a parallel resistor, a lineariza-
tion in the range of 100 Kelvin can be reached. The value of
the resistor can be calculated as follow:

Rp = Rtm * (B — 2T)/(B + 2Ty)
Rim Value of the NTC at a medium temperature

Tm Medium Temperature
B NTC-material constant
Uyre —0

National Semiconductor
Application Note 952
Robert Weiss

The linearization reduces the code, improves the accuracy
and the tolerance of the NTC-R network (e.g. NTC "=
100 k@ £10%, R = 12 kQ2 £1%, NTC//R +2%). Using

* that method the useful range does not cover the whole op-
" erating temperature range of the NTC. v

GENERAL ACCURACY CONSIDERATIONS

Using a single slope A/D conversion the accuracy is depen-
dent on the following parameters:

— Stability of the Clock frequency

— Time constant of the RC network

— Accuracy of the Schmitt Trigger level
— Non-linearity of the RC-network

Figure 3. The maximum failure that appears when a saw-
tooth is generated without using a current source. In the
current application the maximum failure would be more than
15% without using methods for reducing the non-linearities
of RC-network/NTC-network.

® G1
62
NTC
Rear
63
Riim

TL/DD/12075-2
FIGURE 2. Basic Circuit Implementation

16-Bit Timer
Capture mode

The temperature is
calculated

_(0—-I Schmitt trigger input
Urer

Clocked by RC/Crystal

TL/DD/12075-1

FIGURE 1. Simple A/D Conversion
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Vee

Uthresh. 1~
ut)

u

ideal

Max. Failure

TMAX Timer

TL/DD/12075-3

FIGURE 3. Single Slope A/D Conversion

The maximum error occurs when the gradient of the expo-
nential function (RC) equals the gradient of the straight line
(counter). ) ) :
To reduce the error that is caused by the non-linearity of the
RC-network a offset should be added to the calculated val-
ue. The offset reduce the failure to the middle.

Further, the accuracy can be improved by using a relative
measurement method. The following diagram shows the
method. . ’

UREF is measured
“>Reat

Unre is measured

=>Rute/r.

1

I Diff =Rep ~Ryrc/m |

|

ReorR = ReaL=Real x (Rtmax/Rtmin) I

l Slope = Regrg/ (Tmax~Tmin)

| NTCreyp = Dift/Slope |

TL/DD/12075-4
FIGURE 4. Accuracy improvement

Measurement: )
— Timer Capture mode: RcaL * C is measured ‘

' — Timer Capture mode: Ryte/R * C is measured

Calculation:

~— Build the vertical-component (Rpin — RTmax) of the
triangle

— Calculate the slope

— Calculate the actual temperature
Using this method the accuracy is primarily dependent on
the accuracy of Rtpmin and Rymax and independent of the
stability of the system clock, the capacitor and the threshold
of the Schmitt Trigger level. The variation of the capacitor
only leads to variation of the resolution.
The following diagram shows the ideal resistance/tempera-
ture characteristic of a NTC which is linearized with a paral-
lel resistor.

Roun T

Slope = (Rryin~Rryax)

Remax T~

Il Il
¥ I

Tuax
TL/DD/12075-5
FIGURE 5. Reslistance vs Temperature Characteristics

TN
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APPLICATION EXAMPLE

The following application example for temperature mea-
surement demonstrates the procedure. The temperature is
measured from 20° to 100° and is displayed on a Triplex

RTmAx = 2.8 kQ
C =1puF
RC-Clock = 2 MHz — 200 kHz instruction cycle, 5 us

! - Timeconst. = ReaL * C—> 0.0107s
LCD display. Resolution = 2140 —> 11 byte, depends which G I
NTCa0 — 100 kO +10% esolution = 2140 - yte, depends which Cap. value
Rp =12k iﬁ% Accuracy = *2 Degree
Tm =333 Kelwr! —> 60 Degrees - This temperature- measurment example shows a low cost
B = 4800 Kelvin technique ideally suited for cost sensitive applications which
NTCo0//Rp = 10.7 kQ £2% do not need high accuracy.
RcaL =107k £1% Figure 6 shows the complete circuit of the demoboard using
TMIN = 20 Degree the Triplex LCD method and the low cost A/D conversion
RTmIN = 10.7 kQ technlc!ue. ‘ o .
T — 100 Degree The Triplex LCD drive technique is documented in a sepa-
MAX 9 - rate application note.
Vee
LM317 : .
Vee LCD-DISPLAY
9V
Battery 0.1 uF 220
. 6x100k/1%
1k
. TL/DD/12075-6 H ) H
S Ve ,
/112 . . Vee
4x 47k [I‘] . I 13 v : -
: . 10 Voo 10-L7, D0-D3 G5 G4 G2 oyl
[§ P . \/
' 82 pF | ook cc
12
Ki-Ke ) L.<k—|3 COP880/888 RESET L
_{_{_{_{ ] XX ; Iuwnr 100k
! s E % 4T 0F
GND G3 Ci - co

FIGURE 6 Circuit Diagram

TL/DD/12075-7

Pressing key'1, key 2 the temperature is displayed in Degree/Fahrenheit.

Pressing key 3, key 4 Up/Down counter is displayed.
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SOURCE CODE
Figure 7 shows the flow chart of the program.

CG6-NV

| Discharge C I

{nit. Capture Mode for Uref.
measurement, start Timer

No

I

I Store Uref I
| I
B —

I Discharge C l

1

Init. Capture Mode for Untc
measurement, start Timer

Yes

|

I Store Untc |
I Temperature is calculated |
I Toggle Control Flag |

No
If control flag=1

No
If Comp=Temp

r Temp => Comp —I r Display Temperature I

TL/DD/12075-8
FIGURE 7. Flow Chart
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The following code is required to implement the function. It does not include the code for the Triplex LCD drive.. : = 5 i

RAM = 17 Byte;
ROM = 450 Byte; Optimization is possible about 50 byte if the B - pointer consistent is used!
B 'A/D-CONVERSION
; VAR. DECLARIATION ’
.SECT REGPAGE,REG
COUNTI: .DSB 1
COUNI‘T .DSB 1
SECI‘ BASEPAGE,BASE
A .DSB 1 i TEMPORARY
YL: .DSB 1 ;TEMPORARY
.SECT RAMPAGE,RAM
CALIBLO: .DSB 1 {CALIBRATION-VALUE
CALIBHI: .DSB 1
NTCLO: .DSB 1 ;NTC-VALUE
NTCHI: .DSB 1
TEMP: .DSB 2 ;TEMP.-VALUE
KORRL: .DSB 2 o
COMPL: .DSB 1 : S
COMPH: .DSB 1 T S
CONTROL: .DSB1 ";STATUS REGISTER ‘ - P !
; *START MAIN PROGRAM
MAIN: LD  SP#06F ;INIT SPACKPOINTER
JSR  DISCH \DISCHARGE C (A/D-CONVERSION)
JSR CALB INIT CAPTURE MODE FOR UREF. MEASURMENT
POLL: IFBIT 3,PORTGP ;POLL - MODE (TIO - PORT) .
JP CAL
JP  POLL
CAL: LD B#CALIBLO :
JSR CAPTH ;STOP TIMER, STORE CAPTURE VALUE
JSR CALCR ;SLOPE IS CALCULATED
NEW: JSR DISCH ;DISCHARGE C (A/D-CONVERSION).
JSR NTC ;INIT CAPTURE MODEFOR UNTC MEASURMENT
POLL1: IFBIT 3,PORTGP ;POLL-MODE o
JP CALI :
JP POLL1
CALl: LD BM#NTCLO
JSR CAPTH ;STOP TIMER, STORE CAPTURE VALUE ) :
JSR CALCN :TEMPERATURE IS CALCULATED .. . . ot
JSR DISCH :DISCHARGE C (A/D-CONVERSION)
JSR DCHECK ';REDUCE THE DISPLAY FLICKERING
JMP NEW .
.ENDSECT : e

’

TL/DD/12075-9
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.SECT CODE1,ROM
+THIS ROUTINE IS REQUIRED TO REDUCE THE NOICE ON THE LINE AND THE

+ DISPLAY FLICKERING.

.SECT CODE1,ROM
DCHECK:

LD A,CONTROL

;COMPARE TWO VALUES, IF EQUAL THEN
;DISPLAY IT, OTHERWISE THE OLD VALUE

XOR A ,#080 JIS DISPLAYED
X A,CONTROL
IFBIT 7,CONTROL ,
JSR SAVE ;TEMP. SAVE
JSR COMP :COMPARE
RET
; HANDLER FOR CAPTURE MODE
CAPTH: RBIT TPND,PSW  ;RESET TIMER PENDING
RBIT TRUN,PSW ;STOP TIMER '
LD A#0FF
sC
SUBC A,TAULO
X A[B+] ;STORE THE CAPTURED VALUE
LD AM#OFF
SUBC A,TAUHI
X A[B+) ;STORE THE CAPTURED VALUE
RET

; CALIBRATION SUBROUTINE, UREF IS MEASURED

CALB:

RBIT 3,PORTGD

RBIT 3,PORTGC ;TRISTATE TIO
LD PORTCD #00
LD PORTCC,#00 ;TRISTATE PORT C
T1CAP HIGH ;INIT CAPTURE MODE, HIGH SENSITIVE (MACRO)
LD B,#CALIBLO
SBIT 0,PORTCD ;CONFIGURE CO TO OUTPUT HIGH
SBIT 0,PORTCC ;CHARGE CAP.
SBIT TRUN,CNTRL ;START TIMER CAPTURE MODE
RET
» NTC SUBROUTINE, UNTC IS MEASURED
NTC:
RBIT 3,PORTGD .
RBIT 3,PORTGC ;TRISTAT TIO
LD PORTCD,#00
LD PORTCC #00 JTRISTATE PORT C
TICAP HIGH (INIT CAPTURE MODE. HIGH SENSITIVE (MACRO)
LD B #NTCLO
SBIT 1.PORTCD ;CONFIGURE C1 TO OUTPUT HIGH
SBIT 1,PORTCC ;CHARGE CAP.
SBIT TRUN,CNTRL ;START TIMER CAPTURE MODE

RET

TL/DD/12075-10
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;DISCHARGE - ROUTINE
DISCH:
LD PORTCD #000
LD PORTCC,#000
RBIT TIO,PORTGD ;DISCHARGE CAP.
SBIT TIO,PORTGC R
LD COUNT1,#H(500) ;DISCHARGE TIME
LD COUNT?2,#L(500)
JSRC1 ;DELAY ROUTINE FOR DISCHARGE TIME
RET i

;THIS SUBROUTINE CALCULATES THE SLOPE

;THE FOLLOWING CALCULATIONS ARE DONE
;KORR=CALIB/11KOHM (RCALIB.=11KOHM)
;KORR=KORR*2,8KOHM (T=100 DEGREE, RNTC=2,8KOHM)
;CALIB=CALIB-KORR

;DIV=CALIB\80 (TEMPRANGE=80 DEGREE,100-20), SLOPE IS CALCULATED

CALCR: .
;JKORR=CALIB/11KOHM
LD ZL#L(110)
LD ZL+1#H(110)
- LD A,CALIBLO
X A YL
LD A,CALIBHI
X AYL+1

JSR DIVBIN16 ;SUBROUTINE BINARY DIVIDE 16 BIT BY 16 BIT

LD AYL
X A KORRL

;KORR=KORR*28
LD A,KORRL
X AZL
LD A#28
X AYL

JSR MULBINS ;SUBROUTINE MULTIPLY TWO 8 BIT VALUES

LD AYL

X A,KORRL
LD A, YL+1

X A KORRL+1

;KORR=CALIB-KORR
LD B,#CALIBLO
LD A,[B+]
sSC
SUBC A, KORRL
X A, KORRL
LD A,[B]

TL/DD/12075-11
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SUBC A,KORRL+1
X A KORRL+!

CG6-NV

;DIV=KORR/80
LD ZL #L(80)
LD ZL+1,#H(80)
LD A,KORRL
X AYL
LD A,KORRL+1
X AYL+1
JSR DIVBIN16 :SUBROUTINE BINARY DIVIDE 16 BIT BY 16 BIT
LD AYL
X ADIV
RET

;THIS SUBROUTINE CALCULATES THE TEMPERATURE
;THE FOLLOWING CALCULATIONS ARE DONE

i TEMP=CALIB-NTC ‘ : '
;TEMP=TEMP/DIV o

;ADD OFFSET 20 DEGREE

;CONVERSION FROM HEX TO BCD

;TEMP=CALIB-NTC
CALCN: LD B,#CALIBLO
LD A,[B+)

e

SUBC ANTCLO

X A,TEMP

LD A,(B]

SUBC ANTCHI

IFNC

JMP ERR

X ATEMP+| R ‘ R !

;, TEMP=TEMP/DIV
LD A, TEMP
X AYL
LD A, TEMP+1
X AYL+1
LD ADIV
X AZL
CLRA
X AZL+1
JSR DIVBIN16 ;SUBROUTINE BINARY DIVIDE 16 BIT BY 16 BIT
LD AYL
ADD A,#20 :ADD TEMPERATURE OFFSET
IFGT A#56 :IF TEMPERATURE IS HIGER THAN 56 DEGREE THEN
JSR CORR ;ADD CORRECTION. OFFSET

TL/DD/12075-12

3-79



AN-952

;HEX TO BCD CONVERSION
X AZL
LD AZL
IFGT A #100
JP ERR
JSR BINBCD
LD A,BCDLO
X A TEMP
LD A,BCDLO+1
X A,TEMP+1
RET

ERR: LD A#00E
X A,TEMP
CLR A
X A,TEMP+1
RET

;IF TEMPERATURE IS MORE THAN 100 DEGREE THEN

;ERROR
;SUBROUTINE BINARY TO BCD CONVERSION;

N

;ERROR MESSAGE IS DISPLAYED

COMP:LD  ACOMPL

SUBC A,TEMP
IFEQ A#0
JP DISPLAY

DISPLAY:LD A ,TEMP
X APB+2
LD A, TEMP+1

ML: X APB+3

;IF THE LAST BOTH MEASURMENTS ARE EQUAL
;THEN DISPLAY

;OTHERWISE DISPLAY THE OLD VALUE

JSR  LCDDR ;UPDATE THE DISPLAY
JSR  DEL ;DELAY TIME
RET

SAVE: LD A,TEMP

X A,COMPL
LD A, TEMP+1
X A,COMPH
RET

;TEMPORARY SAVE

TL/DD/12075-13

3-80




Section 4

o

Non-Volatile Memory




Section 4 Contents

NAND FLASH
NM29N16 16 MBit (2M x 8-Bit) CMOS NAND FLASHE2PROM ........ccvviieivinnnnnnn..
NM29A040 4-Mbit CMOS Serial FLASH E2PROM ... ...ivniieniiin i neneneniannneenas
LOW VOLTAGE EEPROMS
NM28C64/NM28C64L/NM28C64A 64K (8K x 8) Parallel Extended Voltage Range CMOS
EEPROMS .ottt e e e i et
NM24C02L/NM24C04L/NM24C08L/NM24C16L 2K-/4K-/8K-/16K-Bit Serial
EEPROMS (12C Synchronous 2-Wire BUS) . ......uvuererenerererererenenenenenrnenens
NM93C06L/NM93C46L/NMI3C56L/NMI3CB6L 256-/1024-/2048-/4096-Bit Serial
EEPROMs with Extended Voltage (2.0V to 5.5V) (MICROWIRE Bus Interface). ...........
LOW VOLTAGE EEPROM APPLICATION NOTES
AB-15 Protecting Data in Serial EEPROMS .. ... .v.vtntrne et eetearaeneraenennenns
AN-338 Designing with the NM93C06: A Versatile Simple to Use EEPROM.................
AN-423 The NM93C46—An AmazingDevice........c.ooivinii it
AN-758 Using National’'s MICROWIREEEPROM ........coiuiiiiiiiiiiiintnanennnns
AN-794 Using an EEPROM-I2C Interface NM24C02/03/04/05/08/09/16/17 ..............
AN-822 Enhancing the Performance of Serial CMOSEEPROMS ........coviieenninnnnt.
AN-841 Software for Interfacing the COP800 Family Microcontrollers to National’s
MICROWIRE EEPROMS ..ttt ittt te et e eateaneeeenaneeannerennenns
AN-870 Upgrade to National’s Wide Voltage Range, Zero Standby Current EEPROMSs. ......
AN-910 Interfacing the NM29N16 in a Microcontroller Environment .......................
AN-921 National's Flash Memories—Hardware Design Guides ............ccoveiiiienen..
AN-922 NAND Flash Operation . .........covieiiiiiieiiiiiiieieieienaiiieeaaraannns

4-2




NNational Semiconductor

NM29N16

16 MBit (2M x 8 Bit) CMOS NAND FLASH E2PROM

General Description

The NM29N16 is a 16 Mbit (2 Mbyte) NAND FLASH. The
device is organized as an array of 512 blocks, each consist-
ing of 16 pages. Each page contains 264 bytes. All com-
mands and data are sent through eight 1/0 pins. To read
data, a page is first transferred out of the array to an on-chip

_ buffer. Sending successive read pulses (RE low) reads out
successive bytes of data. The erase operation is implement-
ed in either a single block (4 kbytes) or on multiple blocks at
the same time. Programming the device requires sending
address and data information to the on-board buffer and
then issuing the program command. Typical program time
for 264 bytes is 400 ps. All erase and program operations
are internally timed.

The NM29N16 incorporates a number of features that make
it ideal for portable applications requiring high density stor-
age. These features include single 5V operation, high read/
write endurance (250k cycle), and low current operation
(15 mA during reads). The device comes in a TSOP Type Il
package which meets the requirements of PCMCIA cards.
The NM29N16 is suited for numerrious applications such as
Solid State Drives (SSD), Audio Recording, and Image Stor-
age for digital cameras.

Features
m Single 5V 5% power supply
| Write/Erase endurance of 250,000 cycles, target of
1,000,000 cycles
m Fast Erase/Program Times
— Average Program Time of 400 us/264 bytes
— Typical Block Erase Time of 6 ms
m Organized as 512 blocks, each consisting of 16 pages
of 264 bytes
— Read/Program in pages of 264 bytes
— Erase in Blocks of 4 kbytes
m High Performance Read Access times
— Initial 25 ps page transfer
— Sequential 80 ns access
® Low Operating Current
— Typical Read current of 15 mA
- — Typical Program current of 40 mA
— Typical Erase current of 20 mA
— Standby current less than 100 uA (CMOS)
m Command Register for Mode Control:
— Read —Resst
— Auto Page Program —Suspend/Resume
— Auto Block Erase —Status Read
— Auto Multi-Block Erase
=’ 400 mil TSOP Type Il Package
m JEDEC standard pinout

Block Diagram

Vee GND

I

F STATUS REGISTER
1/01 7 O +——> ADDRESS REGISTER | »] COLUNN BUFFER
t ] 170 controL |4
: COLUMN DECODER
' cirouIT e L LL /I,,I |/ - ;
1/08 7 O +——> COMMAND REGISTER 4 DATA REGISTER
] - > sensEawe. e
o, 2o le,
3 wrlwel!
CLEOC q st |as]
ALEO—  Losic CONTROL 3F )0 E : “E"f:gA$ELL
WE O———p]  CONTROL CIRCUIT RofrRf:
RE O——p) isl: 1
WP 0—) ? :
B |
h
R/B .
R/B HV GENERATOR

TL/D/11915-1
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Pin Connection (rop view)

NM29N16S NM29N16R Pin Assignment
1/O1-g | /0 Port
v Vgs ! 44— Voo ! s Voo =44 1f=Vss ! - -
i oLe—{2 S-TE - PH 2ot | CE Chip Enable
VoaE—3 42f-RE | ! RE—{42 L] SV WE Write Enable
e MR/ R/ o RE Read Enable
SN A0 Yss PV T S —WP CLE Command Latch Enable
NC—6 39f=Ne NC —] 39 6f=nc
o o7 ssl=ne S o . ALE Address Latch Enable
NC—18 37§ NC NC'—] 37 8—NC WP Write Protect :
NS i P ne =138 i R/B Ready/Busy
Ne —{10 35 =Nc Ne —35 10f=nc
" 4 34 " ’ Vcc/Vss | Power Supply/Ground
12 33 33 12
Ne =13 32}=nc Ne — 32 13— ne
Ne—{14 31f=nNe Ne = 31 14~ nNeC
Ne =115 ' 30 =nc Ne =] 30 i5 = nc
NC =416 29f=nc NC = 29 16 f= NC
N =417 28}-ne Ne — 28 17 }=ne
VS [P i By A 1 Sy
1170, 19 26170, t1/0,— 26 19}=1/0, }
{170, 20 25170, | $ 170 25 20f—1/05 !
/0, < 21 24f=1/05 P 1/0; = 24 21170,
Pvss 22 23f=vee | Ve =23 2|-vgs |
TL/D/11915-2 TL/D/11915-3
NM- 29 N 16 E S

National Memory ——]—

l-——, Package Type

S = Standard Pinout, TSOP Type I

Single = Reverse Pinout, TSOP Type Il
Power Supply
= Commercial Temperature
NAND (0°C to +70°C)
Flash E = Extended Temperature
- (-259C to +85°C)
g — Density
16 = 16 Mbit
. ) TL/D/11915-85
Number of Valid Blocks ¢
C NM29N16
' Symbol Parameter Units
. . Min Typ Max
Nvg - Valid Block Number 502 508 512 Blocks
Note 1: The NM29N16S/R may include unusaﬁle blocks. Refer to notification (17) toward the end of this document.
Capacitance® () = +25°C,f = 1 MH)
Symbol Parameter Condition Min Type Max Units
CiN Input ViN = OV ‘ 5 10 pF
Cout Output Vour = 0V 5 10 pF

*This parameter is periodically sampled and is not 100% tested
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Absolute Maximum Ratings

Recommended Operating

If Military/Aerospace specified devices are required, Conditions
please contact the National Semiconductor Sales
Office/Distributors for avallability and specifications. Min Typ Max  Units
Power Supply (Vcc) ~0.6V to 7.0V Power Supply (Vce) 475 50 525 M
Input Voltage (Vin) —0.6Vto 7.0V High Level Input Voltage (Vi) 2.4 Vg +05 V
Input/Output Voltage (Vi)  —0.6V to Voo £0.5V (<7V) Low Level Input Voltage (V;) —0.3° 0.6 v
Power Dissipation (Pp) 0.5W - * 72V (Pulso Width < 20 ns)
Soldering Temperature (Tgoiger) (10 seconds) 260°C
Storage Temperature (Tgtg) —55°C to 150°C
Operating Temperature (Top) —25°Cto 85°C
DC Operating Characteristics (1, = 0°cto70°C, v = 5V £5%)
Symbol Parameter ' Conditions Min Typ Max Units
[ Input Leakage Current VIN = OVto Ve +10 HA
Io Output Leakage Current Vout = 0.4Vto Ve ©£10 nA
lccol Operating Current (Serial Read) CE=V, tcycLE = 80 ns 15 30 mA
lccoz Operating Current (Serial Read) loutr = 0mA toycLe = 1 us 5 mA
lccos Operating Current (Command Input) tcycLE = 80 ns 15 30 mA
lccos Operating Current (Data Input) tcycLe = 80ns ' 50 80 mA
lccos Operating Current (Address Input) tcycLe = 80 ns ’ 15 30 mA
lccos Operating Current (Register Read) tcycLe = 80ns 15 30 mA
lcco7 Programming Current 40 70 mA
lccos Erasing Current 20 45 mA
lcesi Standby Current CE = V|4 1 mA"
lccsz Standby Current CE = Voo — 0.2V 100 pA
- VoH High Level Output Voltage loH = —400 pA 24 v
VoL - Low Level Output Voltage loL = 21mA s 0.4 \
IoL(R/B) Output Current of (R/B) Pin VoL = 0.4V 10 mA

Pin Functions

- The NM29N16 is a sequential access memory which utilizes
time sharing input of address and data information.
Command Latch Enable: CLE The CLE input signal is
used to control the input of commands into the internal
command register. The command is latched into the com-
mand register from the 1/0 port at the rising edge of the WE
signal while CLE is high.

Address Latch Enable: ALE The ALE signal is used to

control the input of either address information or input data

-into the internal address/data register. Address information
is latched at the rising edge of WE if ALE is high. Input data
is latched if ALE is low.

Chip Enable : CE The device goes into a low power stand-

by mode during a read operation when CE goes high. The-

CE signal is ignored when the device is in a busy state (R/B
=-L) such as during a program or erase operation and will
not go into standby mode if a CE high signal is input.
Write Enable : WE The WE signal is used to strobe data
into the 1/0 port.

Read Enable: RE The RE signal strobes data output. Data
is available trea after the falling edge of RE. The internal
column address counter is also incremented (Address + 1)
with this falling edge.

1/0 Port: 1/0 1-8 The I/0 1-8 pins are used as the port for
transferring address, command and input/output data infor-
mation to or from the device.

Write Protect : WP The WP signal i is used to protect the
device from inadvertent programming or erasing. The inter-
nal voltage regulator is reset when WP is low. This signal is
usually used for protecting the data during the power on/off
sequence when the input signals are invalid.

Ready/Busy: R/B The R/B output signal is used to indi-
cate the operating condition of the device. The R/B signal is
in a busy state (R/B = L) during the program, erase or read
operations and will return to a ready state (R/B = H) aftér
completion. The output buffer of this signal is an open drain.
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AC Test Conditions

Input Level 2.4V/0.4V
Input Comparison Level 2.2V/0.8V
Output Data Comparison Level 2.0vV/0.8V
Output Load 1TTL & CL_ (100 pF)

AC Electrical Characteristics T, = —25:Cto85°C, Vg = 5V +5%)

tcRy _

Symbol Parameter Min Max . Unit . | Notes

tcLs CLE Setup Time 20 ns

toLH CLE Hold Time 40 ns

tcs CE Setup Time 20 ns
- tcH CE Hold Time 40 - ns

twp Write Pulse Width 40 ns

taLs - ALE Setup Time 20 ns

tALH " -ALE Hold Time 40 ns

tos Data Setup Time 30 ns

toH Data Hold Time 20 ns

twe - Write Cycle Time 80 - ns It

twH - WE High Hold Time 20 ns '

tRR - 'Ready to RE Falling Edge 20 ns

tRc Read Cycle Time 80 ns

tREA RE Access Time (Serial Data Access) 48 ns

tcen - | - CE High Time at the Last Address in Serial Read Cycle 300 ns 3)
--tREAID RE Access Time (ID Read) 90 ns

tAHZ -RE High to Output High Impedance 5 20 ns

tchz CE High to Output High Impedance 30 ns

tREH 'RE High Hold Time 20 ns

t;‘n Output High Impedance to RE Rising Edge 0 “ns

tRsTO RE Access Time (Status Read) 48 ns

tcsto . CE Access Time (Status Read) 60 ns

tRHW RE High to WE Low 0 “ns

twHG WE High to CE Low 50 “ns

twHR WE High to RE Low 50 ns

tAR1 " ALE Low to RE Low (Address Register Read, ID Read) 250 ns

tcr CE Low to RE Low (Address Register Read, ID Read) - 250 ‘ ns

tr Memory Cell Ari'ay to Starting Address 25 us

twa WE High to Busy - 200 ns

tar2 ALE Low to RE low (Read Cycle) 150 ns

trRe . "RE Last Clock Fliéing Edge to Busy (At Sequential Read) 200 ns

- CE High to Ready (in case of interception by CE at Read Mode) 100+ tr(R/B) ns @




AC Electrical Characteristics (ty = —25°Cto +85°C, Vg = 5V 5%) (Contlnued)
Note 1: In case that CLE, ALE, TE are input with clock, tyc exceeds 80 ns. Transition time tr < 5 ns )

set-up time + hold time + twp + xx + Aty
20ns 40 ns 40ns 20ns

ne X
E— 3 S~

et ] f—ty

" /
. |
/ HOLD

SETUP TIME SETUP | TIME :

t
we TL/D/11915-5

Note 2: CE high to Ready time depends on Pull up resister tied to R/B pin. (Refer to notification (11) toward the end of this document.)

Note 3: In the case that CE turns to a high level after accessing the last address (263) in read mode (1) or (2), CE high time must keep equal to or greater than
300 ns when the delay time of CE against RE is 0 to 200 ns as shown below.

In the second case, the device will not turn to a “Busy” state when the CE delay time is less than 30 ns.

topy = 300ns
g ® : 0-200ns = topy = 300ns
= o N

N\
®

R/B

® : 0-30 ns — BUSY SIGNAL
BUSY IS NOT OUTPUT L
TL/D/11915-6

Programming and Erasing Characteristic s = -25:Cto + 85°C, Voc = 5V £5%)

Symbol Parameter Min Typ Max Unit Notes
tPROG Average Programming Time 300-1000 | 5000 us
N Divided Number on Same Page 10 Cycles (1)
tBERASE Block Erasing Time 6 6 110 ms
tMBeRASE | Multi-Block Erasing Time = - - | 6-12 6-12 150 ms (2)
tsr Suspend Input to Ready 2 ms
Nw/E Number Write/Erase Cycles - 2.5x105 Cycles

Note 1: Refer to the notification (16) toward the end of this document
Note 2: typerase depends on the number of blocks to be erased (min 6 ms + 15 us x Erase block number)

47
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Schematic Cell Layout and Address Assignment .
Programming is done in page units of 264 Bytes while the erase operation is carried out in blocks of 4-kBytes.

: _“‘"

e

A page consists of 264 bytes in which 256 bytes are for main
f memory and 8 bytes are for redundancy or other uses.
~ ! + = H 1 page = 264 bytes
H '; H 1 Block = 264 bytes x 16 pages = (4k + 128) bytes
leceancnmonan T L.
R v B Total device density = (264 bytes) x (16 pages) x (512 block)
o : d } 16 PAGES—-1 BLOCK = 17.3 MBits (2.162 MBits)
o — i ) The address is acquired through the I/0 port using three con-
8192 H H f secutive clock cycles as shown in Table I.
PAGES — - :
512 BLOCKS B : : H
N L A/o
| R —
264
TL/D/11915-28
FIGURE 1. NM29N 16 Schematic Cell Layout
TABLE I. Addressing
1 | 1 ) ’
1/04{1/02(1/03|1/04|1/05|1/06{1/07| 1/0g Ao-A;  :Byte (Column) Address
First Cycle Ao [ A1 [A | A3 |As [As [As | A7 . Ag-Aqy :Page Address in Block
SecondCycle| Ag | Ag | Ao | A11 | A2 [ A13 | A1a | A1s ) Aq2-A2o : Block Address
Third Cycle Ag| A7 | A1 | A9 | Ao ] *L | *L | *L '

*1/0 6-8 at the third cycle must be set low

Operat_ion Mode: Logic and Command Tables
The operation modes such as Program, Erase, Read, Erase Suspend, and Reset are controlled by the twelve different comand
operations shown in Table IIl. The Address, Command Input and Data Input/Output are controlled by the CLE, ALE, EE WE, RE
and WP signals as shown in Table II. C - ) o

TABLE Il. Logic Table

CLE | ALE | CE | WE | RE | WP
Command Input H L L 1T H | *
Data input L L L{T|({H *
Address Input - L | H L 1T H *
Address Output L H L H |l *
Serial Data Output L L (L] H]|JY *
During Programming (Busy) * * * * * H
During Erasing (Busy) * * * * * H
Program, Erase Inhibit * * * * * L

H: Vi, L Vi

*:Vigor Vi




Operation Mode: Logic and Command Tables (Continued)

TABLE ill. Command Table (HEX Data)

91LN6ZWN

First Cycle | Second Cycle Acceptable Command

During Bus
9 y Bit Assignment of HEX Data
Sequential Data Input 80 . ‘ (Example)
Read Mode (1) 00 DATA INPUT : 80H

Read Mode (2) 50 . r—é
Resst FF Yes :

Auto Program 10 |1IOIo|o|o|oloLl

Auto Block Erase 60 Do : /08, ‘ 2 Vo
Auto Multi Block Erase |  60...60 Do oo
Suspend in Erasing BO Yes

Resume DO

Status Read 70 Yes

Register Read EO

ID Read 90

Once the device is set into Read mode by “00H" or “50H" command, additional Read commands are not needed for sequential
page read operations. Table Il shows the operation mode for Reads.

TABLE IV. Operation Mode for Reads

CLE|ALE|CE|WE|RE| 1/04-1/0g | Power
Read Mode L|H|[L| DataOutput | Active
Qutput Deselect| L L | L | H | H [High Impedance| Active
Standby H [ H | * |High Impedance|Standby|

Device Operation

READ MODE (1)

The Read mode (1) is set by issuing a “00H" command to the command register. Refer to Figure 2 below for timing details and
block diagram.

]
/

R/B —§
. \ BUSY / \

M —r—
1/0 —on-C - H) o OoO-Oo- OO —
START ADDRESS INPUT TL/D/11915-28
M| 263 . ,
L& s I > A data transfer operation from the cell array to the register starts at the rising
SELECTED [ edge of WE in the third cycle (after latching the address information). The
PAGE 1 \ CELL device will be in a busy state during this transfer period.

VI J ARR A,Y After the transfer period the device returns to a ready state. Serial data can
‘T T be output synchronously with the RE clock from the designated starting

TL/D/11915-30 pointer indicated during the address input cycle.

FIGURE 2. Read Mode (1) Operation
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NM29N16

Device Operation (Continued)

READ MODE (2)

The Read mode (2) is the same timing as Read mode (1) but it is used to access information in the extra 8 byte redundancy area
of the page. The starting pointer is therefore assigned between byte 256 and 263.

ae [\
@ \_LA 2 2
we [\
. — N\
R/B sy

1/0

Address Ag-A are used to set the starting pointer for the redundant memo-

— 2? ry cell while Az-A7 are ignored.
4] . Once the “50H" command is set, the pointer moves to the redundant cell
locations and only those 8 cells can be addressed regardless of the Az-Az
— address.
L (The “00H” command is necessary to move the pointer back to the
A .
T’ T 0-255, main memory cell locations.)

TL/D/11915-31

FIGURE 3. Read Mode (2) Operation

SEQUENTIAL READ (1) (2)
This mode allows sequential read without the additional address input

@ —_— DATA OUTPUT DATA QUTPUT
ADDRESS INPUT —_—— —_—

SEQUENTIAL READ (1) SEQUENTIAL READ (2)
TL/D/11915-32
FIGURE 4. Sequential Read
Sequential Read mode (1) outputs the address 0 to 263 while Sequential Read mode (2) outputs the redundant address location
only. When the pointer reaches the last address, the device continues to output last data with each RE clcck signal.
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Device Operation (ontinued) §
STATUS READ E
The NM29N16S/R automatically implements the execution and verification of the program and erase operations. The status »
read function is used to monitor the Ready/Busy status of the device, determines the pass/fail result of a program or erase
operation, and determines if the device is in a suspend or protect mode. The device status is output through the 1/0 port using
the RE clock after a “70H" command input. The resulting information is outlined in Table V.
TABLE V. Status Output Table ‘
Status Output
1/01 Pass/Fail Pass: 0" Fail : 1"
1102 Not Used o
o3 NotUsed 0" The Pass/Fail status in 1/0 1 is only valid
1704 Not Used “o” when the device is in the Ready state.
/05 Not Used e The devncg vlnll always indicate a Pass
status while in the Busy state at Read
1/06 | .. Suspend Suspended: 1" Not suspended: ‘0" mode.
17107 Ready/Busy Ready: “1” Busy: “0”
1108 Write Protect Protect: “0” Not Protect: “I"
Application example with multiple devices is shown in Figure 5 below.
CE, [ . CEy CEy CEpay
CLE B
ALE DEVICE DEVICE DEVICE DEVICE DEVICE
WE =——O) 1 —0 2 - 3 — N —0 N+1
RE —0 —- .
-~ -~ - -~ -~
A 4 A 4 A h 4 A
1/01-8 |7, L LLL L y, )
l_.w,,_vcc
R/B - *
R/B \
CLE / \ / \
ALE
WE ] _/ BE 7/
& /[
CEy \ /\ /
RE \__/ _/
1/0 — (7on Y— ) {7on) )
’ -\‘smus ON : STATUS ON
DEVICE 1 DEVICE N
TL/D/11915-33
FIGURE 5. Status Read Timing Application Example
Note: if the R/B pin signals of multiple devices are common-wired as shown in the diagram, the status Read function can be used to determine the status of each
individually selected device. .
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NM29N16

Device Operation (continued)

AUTO PAGE PROGRAM

The NM29N16S/R implements the automatic page program operation by receiving a “10H" program command after the
address-and data have been input. The sequence of command, address and data input is shown below. (Refer to the detail

timing chart).
(80 ) Cio )—
—_— ———
DATA INPUT ADDRESS DATA INPUT  PROGRAM STATUS READ
COMMAND INPUT 0-263 COMMAND . COMMAND
R/B ’ \ / R/8 AUTOMATICALLY TURNS TO READY
» AFTER COMPLETION. TLDN1915-34
DATA ' The data is transferred (programmed) from the register to the selected pag"e at the risirfg edge of WE
INPUT following the “10H" command input. The prog! d data is d back to the register after pro-
PROGRAM READ & VERIFICATION gramming to be automatically verified by the device. If the program does not succeed, the above program/
verify operation is repeated by the device until success or the maximum loop number set in the device.
\/ AN
SELECTED
PAGE

TL/D/11915-35
If the device failed, the bit by bit pass/fail result can be verified by the following sequence:

\
REGISTER READ
COMMAND

WY
) ~—
THE VERIFICATION RESULT IS OUTPUT BY BIT UNIT

PASS: '0')
FAIL: '1*

TL/D/11915-36
FIGURE 6. Auto Page Program

AUTO BLOCK ERASE/AUTO MULTI-BLOCK ERASE

The block erase operation starts with the rising edge of WE after the erase execution command "DOH" whlch follows the erase
setup command “60H". This two cycle process for erase operations acts as an extra layer protection from accidental erasure of
data due to possible external noise issues. The device automatically executes the erase and verify operations.

Multiple blocks can be simultanecusly erased by inputting the “60H” setup command and the block address for all desired
blocks before issuing the “DOH" command to start the erase operation. The length of the erase busy period will depend upon
the number of blocks. The command sequence is shown as follows:

AUTO BLOCK ERASE

. PASS
(s0) (o)) 70 @

~ T : FAIL

BLOCK ADDRESS

INPUT : 2 CYCLE

“R/B

\
. BusY STATUS READ

ERASE EXECUTIO COMMAND

COMMAND
FIGURE 7. Auto Block Erase Operation

TL/D/11915-37
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Device Operation (continued)

AUTO MULTI BLOCK ERASE
BLOCK BLOCK BLOCK BLOCK
ADDRESS ADDRESS ADDRESS ADDRESS :
INPUT INPUT INPUT INPUT
R/B v 3 \ BUSY / ! :
" ERASE STATUS READ
) COMMAND COMMAND
) TL/D/11915-38
Busy duration will be approxil ly (erase time + verify time) calculated as, t'MgERAsE = 6ms + 15 us X Erase block number

— [/

S‘L‘“—% | AN
BLOCK

. SELECT BLOCKS

g i /
o o .E g.

BLOCK ERASE MULTI BLOCK ERASE
FIGURE 8. Auto Block/Auto Multi Block Erase Operation »

TL/D/11915-39

SUSPEND/RESUME ERASE OPERATION

Because a multi-block erase operation can keep the device in a busy state for an-extended period of tnme. the NM29N16S/R
has the ability to suspend the erase operation to allow program or read operations to be performed on the device. The block
diagram and command sequence on this operation are shown as below. (Refer to the detail timing chart).

; i RESUME COMMAND

SE AN V77002
Book < SUSPEND COMMAND puT ] MNPUT ERISE GPERATION
V222

—
ﬁsuspmn THE ERASE OPERATIONE

B

BLOCK ADDRESS
INPUT

SUSPEND OPERATION

R/B

TL/D/11915-40

FIGURE 9. Suspend/Resume Erase Operation

The BO...DO suspend/resume cycle can be repeated up to 20 times during a multi-block erase operation. After the resume
command input, the erase operation continues from the point at which it left off and does not have to restart.

4-13
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NM29N16

Device Operation (continued)

RESET

The reset mode compulsorily stops all operations.-For example; in the case of a program or erase operation, the regulated
voltage is discharged to OV and the device will go to a wait state. The address and data register‘are set as follows after a reset:

® Address Register: All “0” . K
e DataRegister: Al "1” -
® Operation Mode: Wait State

The response after “FFH” reset command input during each operation is as follows:

o In the case that reset (FFH) command is input during programming:

(80 ) { 10) i (o0 )
N’ N N’
INTERNAL Vpp  f . . N
RET L\ o s
- P e
! REGISTER SET !
. (z 10“5) . TL/D/11915-41
FlGUREiQ. Reset During Programming
¢ In the case that reset (FFH) c_ommand is input during :erasing: L e e,
© @ -
DO FF 00
N/ N’

INTERNAL ERASE
.« VOLTAGE -

a

. 1REGISTER SET
_——

(= 1mS)

e TL/D/11915-42
FIGURE 11. Reset During Erasing

¢ In the case that reset (FFH) command is input‘durin"g”i.'éad operation: v - ce o -
00 3 00
,'<::> : N : .
L \ L f
(~ 5uS)

R - TL/D/11915-43
FIGURE 12. Reset During Readwr L

* In the case that reset (FFH) command is input during ‘suspe_nd;

—@ Coo y———7)
(B0 )= ()

INTERNAL ERASE _/—\ o E .
VOLTAGE ¥

W

(~ 545)

TL/D/11915-44
FIGURE 13. Reset During Suspend
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Device Operation (continued)
® In the case that the status read command (70H) is input after reset:

{ r ) (70 )
~—r’ \-/‘\ 1/0 STATUS : PASS/FAIL = PASS

—\__/ \ : READY/BUSY-=READY

-- FIGURE 14. Read After Reset

TL/D/11815-45

* However the following operation is prohibited. If the following operation is executed, set up for address and data register can
not be guaranteed.

70

T 1/0 STATUS : PASS/FAIL — PASS

R/B . , \ o / : READY/BUSY-=BUSY

FIGURE 15. Prohibited Reset

TL/D/11915-46

e In the case that the reset command is input in succession:

(1) (2)
( 10) &>

AN

<
THE SECOND "FFH" COMMAND
IS INVALID iF ANY OTHER
COMMAND BESIDES "FFH" IS
INPUT DURING THIS PERIOD.

R/Bv

TL/D/11915-47
_ FIGURE 16. Consecutive Resets
ID READ

The NM29N16S/R contains an ID code to |dent|fy the device type and the manufacturer. The ID codes are read out using the
following timing conditions: .

ceE / \ :
=T\ T\ T
I A W

i R Reap 1 [+
1/0 { 90K ) { ooH ) 8FH { 644 )
1D READ COMM)_\ND ) ADDRESS 00H . MAKER CODE -~ DEVICE CODE
’ , TL/D/11915-48
TABLE VI, Code Table

1708 1707 1/06 | 1/05 1704 1/03 1/02 1701 Hex Data
Maker Code 1 0 0 0 1 1 1 1 8FH
Device Code 0 1 1 o 0 1 0 0 64H

Refer to the timing specifications for the access time of tgeap, tcr, taR2:

4-15

9ILN6ZWN




NM29N16

Timing Diagrams

Latch Timing Chart for Command/Address/Data

p

fzz

WE

SETUP
TIME

HOLD
TIME

1/01-8

tos

oy

Command Input Cycle

TL/D/11915-7

CLE _] teus teLn \
E _\ tes 'Cﬁ /
_w_E WP Z
ne 70N g0 000000000
os oH : o :
|
w8 7 % fy/ i
Serial Read Cycie
ke : e
i} 7
| tRen :
" A i S ] e
Iiﬂ_gi :{:Z ‘RE:_ _"R‘PE Rea tauz
1/01-8 e

|

TL/D/11915-26
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Timing Diagrams (continued)

9LN6ZHN

Address Input Cycle
tes
CLE
1 les twe tye
[ %
tyy twn
WE o twe twp twp
s tatn

;LE _] . \

tos 'nﬁ tou tos || tou
A1

e N e
;/0‘1-5 W A0-7 mﬂ-ﬁ -20 W////

1 . 1
TL/D/11915-9

Data Input Cycle

teun W

CLE /
> taLs twe . '
ALE %
: ! twn
WE L e twp L_,“_J twp
-\
o Yos Yon
~—

la—n-]
63

You Yos | | o tos
| = =
1/01-8 7 ////ﬁ DIN O m DIN 1 %sz

G

TL/D/11915-10
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NM29N16

Tlming Diagrams (Continued)

Status Read Cycle
tous
CLE = tos
_ —] jo— toLn
CE t ]y{
le— tes
Rl 77, 7777
l <+| ten
WE 4 -
N~ twie ~ Yesto tenz
[
“twnr
RE
tos | | ton YR Rz
trsto
o108 X 7o i
R/B TL/D/11915-11
Read Cycle (1)
ters
CLE %‘ -
teen
tes
CE
1
twe .
— =
WE .\_12 -\_726_\_72 R [
t . - CHZ —{ [+—
ALS . ‘ALH
— tar2

tos :Ei tos | | ton FES. Yoy
1/01-8 ﬁ AO-A7@ AB-A15 @:ﬂa-uo

COLUMN ADDRESS
N

TL/D/11915-12
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Timing Diagrams (Continued)

9ILN6ZWN

Read Cycle (1): Terminated by CE

teLs
cu:%t’

tes .
CE . 7

twc .

" t \_ -\_J?Z_\_:Z ki —~ o

ALS

-

bs|{bw  bs||bw os

H
1/01-8 ﬁ AD—A7@ AB-A1S %

COLUMN ADDRESS
N

R/B N/

— tRHz

TL/D/11915-13

- Read Cycle (2)

CLE teLh
j s
I

" A\
\_A ~ AI]\:J

. { | “‘MK A o

Yos || ton Yos || ton — tRea
"4 - i ihig RR
1/01-8 7% 50H :W A0-AT7 KAB-MSX;IG-AZO) DOUT @ @

COLUMN ADDRESS 255+4M  255+M+1 263
M

R/B \ 7

TL/D/11915-14
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Timing Diagrams (Continued)

Sequential Read Timing

ALE

RE

1/01 8 - 00,0,
COLUMN PAGE T

ADDRESS ADDRESS
N M

R/B

r

PAGE M PAGE M+1

ACCESS : ACCESS .
TL/D/11915-15

Auto Program Timing Chart

" 0\
tes

CLE toLs
town

V 7 A
A N S\ \ A

taim I‘— tproG ‘
R ' T s s \_/-

bs|{buw  Yos|[lm ) Yon : ton
1/01-8 80H #0-37 ¥ a8-115 Xa16-20 m@w () o ) 70

" | B

" ALE

. TL/D/11915-16
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Timing Diagrams (continued)

Auto Program and Register Read

9LN6ZHN

()
CLE
- ™ s
t . LH
Ls | ]
1%
CE
) o}
twp . :
) ‘ -
Ve \_12 e \_iq ./
tas ' ’
ALE the X tas
| <
_ 5§
RE ; . tDS
ts *t.q‘ s || ton lesf | YoM
1/01-8 2/ ﬁj% A0-A7 ) AB-A1S Km-m)——] DIN DIN ’z
R/B {S
TL/D/11915-17
()
CLE SE j‘ 'cﬂ_W_i ’/_ o s
tois hc_Ls N teLw
tc_’. S [t
« Al b AN
: ics_’.l ”ch—"I T L—‘CH ™ (Cl;—
VE X N\ \.7
ter

/S S

m
o
x

STATUS
OUT

TL/D/11915-18
(a): Continued
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Timing Diagrams (continued)

:  Auto Block Erase Timing

toum

[ e LI20M

I\ )\ 7

I

tgeRasE

¥

‘ALE | L ‘ALHA F " ////A‘

o | \/7274)

tos ||

e

VA4,
/T

/01-8 cox b (D ED @(D?”)@ 70 ,

,R/,E | _/ - \ BUSY /

AUTO BLOCK ERASE - ERASE EXECUTION -

SETUP ) COMMAND
COMMAND

STATUS READ

© COMMAND

. TL/D/11915-19
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Timing Diagrams (continued)
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. Auto Multi Block Erase Timing

CLE

v 7 \_/ -

RE tos
‘ : tosi| ton [ ton - .
. v .
1/01-8 77/ % 60n K ns-a15% ms-uo@( son X as-a15 K at6-a200 X 60n X as-a15 Xa16-a207 /S
. ' BLOCK ADDRESS 4 BLOCK ADDRESS BLGCK ADDRESS - -
. : H . : 58
R/B / BLock erase
SETUP COMMAND
. . . -TL/D/11915-20

(a)

w | [T\ \____ 777

§5

_ i -
WE ’—\_J tupERASE \_/ ‘

twg '

7| 77777

«£, 777 77777

ALE

= \_/

I/O‘:1-8 S%( DOH.W///////// v X o HSL’?%?) =

§ :
&/ 1} a— susY :
) " ERASING \ 56 7 STATUS READ COMMAND
EXECUTION : i
COMMAND

TL/D/11915-21
(a): Continued
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Timing Diagrams (continued)

Suspend/Resume on Multi élock Erase Operation

CLE -
I:jQCLS

(a)

|..l°L"

T\

town 7
3 3]
CE ] M 1S
tes—| ‘_twp . : i ¢
TN AN\ S\ S\ S,
= ok —] [ . 5
ALH /
" . _/ \___ 7777,
_ S
. 22,
Ys[[n  os||on ; o
e L O i : ' S
1/01-8 ) 60H AB-A1EMA|G-AZO@ 60H WA&-ABWMS-AN@ DOH W// /‘:S
R/B \—————ss

(a)

—

T

town

%

A‘cs

TL/D/11915-22

tes |twef| ten
_ 55
Y A N\ S
. ‘ 1 v o
. ALS k s T
ne 770 /77,2 %,
. o B
iy 77Z/4 7
e | 1
BOH ) DOH 70H »—

|/o1;a :’;/ /&
e __4 tsp '__

R/B
5

ez

(a): Continued

\_/

TL/D/11915-23
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Timing Diagrams (continued)
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ID Read Operation
CLE
- tels \
ton teis
" tos —=] fa— — ' e—tes '
1 1 |
taLn
L]
)
W 7 T
\__3 tars M cr
e
taLn tes tar1
ALE 7
RE N / \
'{)S—’-‘ — /
le—s{ o5
- / \ \ \
1/01-8 90H { o0 ) 8FH =X 644 )
' : DU e S
Rea tReap
ADDRESS MAKER DEVICE CODE
INPUT CODE
. TL/D/11915-24
Register Read Cycle

taR1

— Jo
[4

~— |
VeV eV VaVaVene\y
1/01-8 { eon ) 40-A7
N )\ : J
~—

OUTPUT . GUTPUT
ADDRESS REGISTER DATA REGISTER

TL/D/11815-25
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Supplementary Device Operation

(1) PROHIBITION OF UNSPECIFIED COMMANDS

The operation commands are listed in Table Ill. Data input as a command other than the specified commands in Table 1ll is
prohibited. Stored data may be corrupted if an unspeclfied command is entered during the command cycle.

(2) POINTER CONTROL FOR “00H”, “50H”

The NM29N16S/R has two read modes to set the destination of the pointer in either the maln memory area of a page or the

redundancy area. The pointer can be designated at any location between 0 and 255 in read mode (1) and between 256 and 263
in read mode (2). Figure 17 shows the block diagram of their operations.

0 : 255 256 263

00H + S0H

POINTER CONTROL

O0H =] -
50H —

TL/DA1915-49
FIGURE 17. Pointer Control

The pointer is set to region “A” by the “00H" command and to region “B" by the “50H" command.
(Example)
The “00H"” command needs to be input to set the pointer back to region “A” when the pointer exists in region “B".

Coon) ———— o), Coon)
oo sTaRT oMt ADD  START POINT ADD DIN
A AREA B AREA |
START POINT
B AREA
(oo (\_ (501 ) /um e
e
I I I DIN
START POINT START POINT START POINT START POINT

A AREA B AREA A AREA A AREA
N - TL/D/11915-50

FIGURE 18. Example for Pointer Set

(3) ACCEPTABLE COMMANDS AFTER SERIAL INPUT COMMAND OF “80H”
Once the serial input command (“80H") is input, do not input any command other than the program execution command
(“10H™) or the reset command (“FFH") during programming.

(80 ) Irr\
we T LI =
ADDRESS :

INTERNAL Vpp INPUT m

R/B \ /

FIGURE 19. Reset After Serial Input

TL/D/11915-51

If a command other than “10H"” or “FFH” is input, the program operation is not performed.

‘——.——< 10 )
@ 0 IN CASE OF THIS OPERATION, AN 'FFH'

OTHER COMMAND PROGRAMMING CAN NOT BE EXECUTED COMMAND IS NEEDED.

TL/D/119156-52
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Supplementary Device Operation (continued)
(4) STATUS READ DURING READ OPERATION

N O
coumann (00 ) — { 7.0 } ; :

7 o\ Y
N ADDRESS STATUS ) |
READ COMMAND STATUS STATUS QUTPUT

INPUT READ
. TL/D/11915-53
The device status can be read out by inputting the status read command ““70H"’ during the read mode. Once the device is set to
the status read mode after the “70H" command input, the device does not return to the read mode. Therefore, the status read
during the read operation is prohibited. However, when the read command “00H" is input during [Al], the status mode is reset,
then the device returns to the read mode. In this case, the data output starts from N address without address input.

(5) SUSPEND COMMAND “BOH”
The following issues need to be observed when the device is interrupted by a “BOH” command during block erasing.

o) o)
o 00 (w0 ) (70)
R/B A —\ § \@ )
‘ o
TIME (1 ms)

TL/D/11915-54
Although the device status changes from busy to ready after “BOH” is input, the following two cases cannot be recognized.
— After a “BOH"” command input, Busy —> Ready
— After an erase operation is finished with “DOH", Busy —> Ready

Therefore, the device status needs to be checked to see whether or not the “BOH” command has been accepted by issuing a
“70H" command after the device goes to ready.

The device responds as follows when a “DOH” command (Resume) is |nput instead of “70H".
— “BOH" has been accepted : Erase operation is executed. (The device is busy.) )
— “BOH" has not been accepted. (Erase operation has been completed) : “DOH” command cannot be accepted (The device

is in ready.) -
Each case above is confirmed by monitoring the R/ B signal.
(6) PROGRAM FAIL
o) FaiL o) :
@ (10) 70 1/0 (80 ) @——
ADDRESS DATA ADDRESS DATA

M INPUT . N INPUT

CO—1t—77_ |
(oD

M\
7777

=

TL/D/11915-55
FIGURE 20. Program Fail

When the programming result for the page address M is “Fail”, do not try to program the page to address N in another block.
Because the previous input data is lost, the same sequence of “80H" command, address and data input is necessary.

4-27
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NM29N16

Supplementary Device Operation (continued)

(7) DATA TRANSFER

The data in page Address M cannot be automatically transferred to page address N If the following sequence is executed, the
data will be inverted (i.e., *“1"" data will become *0” and “0" will become *1").

. 00 80 70 70
O —— N o N N’
ADDRESS ADDRESS *
M N
PROGRAM

=

NIl
777770777 v

=

INVERTED DATA WILL BE TRANSFERRED.

[ 7777/7/7777] OATR

z

TL/D/18i5-58
FIGURE 21. Page to Page Transler
(8) BLOCK ERASE AFTER SUSPEND COMMAND “BOH”

_® (0 )— : oo )—— Coo )—
—— et S’ S
BLOCK l 1 . .
ADDRESS o
ERASE EXECUTION SUSPEND -

‘ o TL/D/11915-57

A block erase command is prohibited when the device has been suspended by inputting “BOH" during a block erase or multi-
block erase operation. Only a program or read operation is allowed during this erase suspend interruption.

(9) INTERRUPTION OF AN ERASING BLOCK

After a “BOH" command input, neither a program nor a read operation is allowed for the accessed block whlch is currently i inan

erase operation. ‘ I
O— == ———®

BLOCK BLOCK BLOCK
ADDRESS ADDRESS ADDRESS L
TL/D/11915-58

A B . . ¢

(10) ADDRESSING FOR PROGRAM OPERATION : : :
Within a block, the pages must be programmed consecutively from the LSB (least significant bit) page of the block i.6., Row 16

- must be programmed before row 15, etc.). Random page address input is prohibited. Programming must be executed in order

from the NAND cell transistor closest to ground to the one closest to the bit line..Refer to the diagram below.

. . T——”— .

R2

R3

. R4

BLOCK : ;| PROGRAM
i H ORDER

R1

R2

R15 :
Ri6 R3 PROGRAM
ORDER

TL/D/11915-59
Correspondence of internal and external address . R16

000: R16 —
NAND address —> Ag-Aqq l

111: R1 » TL/D/11915-60

FIGURE 22. ngs Program In Order within a Block
The order of the external address from Ag to Aq4 corresponds to the deviqe intqrnal page address from R16 to 815
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Supplementary Device Operation (continued)

(11) R/B: TERMINATION FOR THE READY/BUSY PIN (R/B)
A pull-up resistor needs to be used for termination because the R/B buffer consists of an open drain circuit.

Vee READY

Voo

—0 R

DEVICE ~—

R/B Y

_I o TL/D/11915-62
/;; Voo = 5.0V
Vss

To = 25°C {y5ps

/J7 4 € = 100pF
t 1 10ns

TL/D/11915-61

This data may vary by device. We recommend that you use this data as a
reference when selecting a resistor value.

i
0 1kL  2kQ 3k 4k
R

TL/D/11915-63
FIGURE 23. Ready/Busy Pin Termination

(12) STATUS AFTER POWER ON

Although the device is set to read mode after power-up, the following sequence is recommended because each input signal may
not be stable at power on.

© Operation mode : Read mode (1)
® Address register S AlL0”
® Data register : Indeterminacy

© High voltage generation circuit  : Off state

RESET READ MODE (1)

Recommended sequence

TL/D/11915-64

(13) POWER ON/OFF SEQUENCE
The WP signal is useful for protecting against data corruption at power on/off. The following timing is recommended:

4,75V . 12
4.5V

ov

CE, WE, RE
CLE, ALE

TL/D/11915-65

FIGURE 24. NM29N16 Power On/Off Sequence
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NM29N16

Supplementary Device Operation (continuved) .~ - N R R

(14) NOTIFICATION FOR WP SIGNAL : :
The erase and program operations are reset when WP:goes low. The following condmons must be recogmzed

Program )
o)
D)
— . o ‘ The program can be executed
" Y, o
R/B £
TL/D/11915-66
E>—— |
_ﬁ I 'The program execution does not start
R/B / '
HIGH TL/D/11915-67
Erase

)

W —

R/B

The erase can be executed

_® <
/

TL/D/11915-68 *

W ) | The erase execution does not start
R/B / '

HIGH

TL/D/11915-69

In the case that WP goes high during erase/program operation

PROGRAM’—‘@ ‘ '
ABORTED PROGRAM/ERASE
R/B - <7 . e
" / L .
TL/D/11915-70

The previous operation is reset even when WP returns to high level and the device waits for the next command. The same
loading sequence as after the reset command is needed to restart the operation.
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Supplementary Device Operation (Continued) : . ,

(15) IN THE CASE THAT 4 ADDRESS CYCLES ARE INPUT
Although the device may acquire the fourth address, it is ignored inside the chip.

At Read operation:

ADDRESS INPUT

TL/D/11915-71
FIGURE 25

At programming operation:

CLE . / \

ALE / o\

10 —— G —O-CO-CO-O—O- O
- 1 -—

ADDRESS INPUT DATA INPUT.
IGNORED
FIGURE 26’

(16) DIVIDED PROGRAM IN THE SAME PAGE (EARTIAL PAGE PROGRAM)
The device allows a page to be divided typically into 10 segments and to program each page segment selectively as follows:

TL/D/11915-72

X X X X
OO HOOOOOOOOOOOOOO)
THE FIRST PROGRAMMING | DATA PATTERN 1 [SRXXNRIRCHNIERIRRN ALL *1°
SRXRRRIXRHIHRRRRRHRIEKS
X 29 .
OO OC)
THE SECOND PROGRAMMING &S ALL *17 BSXRY DATA PATTERN 2 ALL *1'
o%e%TeTeTeeTe %% ;
ORI IHIIIIHIHK RN
THE TENTH PROGRAMMING AL * 1 PRIGRIRIRRURIHNRINIRRN DATA PATTERN 10
0’0‘0‘0‘0'0'0.0.0.0.0'0’0‘0’0.0‘0‘0‘0‘
RESULT 1 DATA PATTERN 1 | DATA PATTERN 2 |  coevvervvimmmmmuiniiienninniniiinnnnenenenenns DATA PATTERN 10

B TL/D/11915-73
FIGURE 27

Note: The input data of unprogrammed or previously programmed page segments must be “1". (i.e., Mask all page bytes outside the segment to be programmed
with “1” data.) S : - ’ '
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NM29N 16

Supplementary Device Operation (continued)

(17) BAD BLOCK IDENTIFICATION T

The NM239N16 may contain unusable blocks. To simplify JFEH' .
identification, usable or good blocks leave the factory in the 22 > BAD BLOCK
erased state. On initial power up (after board assembly), "FFH'

reading all the bytes in a usable block will result in FFH |
being read out. Unusable or bad blocks will read out some
data other than FFH. These blocks should be mapped out
of the system and not used. The valid number of blocks is

as follows: ;
2722777222774 =» BAD BLOCK
.
Min | Typ | Max | Unit e TU/D/11915-83
Number of good blocks | 502 | 508 | 512 | Block || . & Checkboard Pattern, AAH
T: Inverse Checkerboard Pattern, 55H

Blank Check: Usable blocks will read out ‘FFH’ for all bytes in block

TEST START

BLOCK NO = 1

A

FAIL
BLANK CHECK

YES

PROGRAM BLOCK g FAIL
WITH C PATTERN

PASS

READ AND. VERIFY FALL |
C PATTERN I BLOCK NO. = BLOCK NO. + l]

P r

PASS

FAIL
BLOCK ERASE

MAP AS
PASS UNUSABLE
BLOCK -

BLOCK NO. = 512

PROGRAM BLOCK FAIL o -
WITH C PATTERN . ,

PASS

READ AND VERIFY FAlL

C PATTERN

PASS

FAIL
BLOCK ERASE

PASS

BLOCK NO. = 512

YES

| TEST END Je

TL/D/11915-4
FIGURE 37. Identification of Bad Blocks at Initial Power Up
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Supplementary Device Operation (continued)

(18) ERROR IN PROGRAM OR ERASE OPERATION (FAIL AT STATUS READ)

The device may fail during a program or erase operation due to exceeding write/erase cycle limits, for example. The following
system architecture will enable high system reliability if a failure occurs:

- 9LN6ZIAIN

Program

When the error happens in Block A, try to reprogram the data into another Block B by loading from an external buffer, Then,
prevent further system accesses to Block A (by creating a *‘bad block" table or other appropriate scheme).

BUFFER
MEMORY

ERROR OCCURS

BLOCK A :

} BLOCK B
TL/D/11915-75
Erase

When the error oocurs after an erase operation, prevent future accesses to this bad block (again by creating a tablé within the
system or other appropriate scheme).

4-33



NM29A040

&National Semiconductor

NM29A040

4-Mbit CMOS Serial FLASH E2PROM

General Description

The NM29A040 is a 4-Mbit Flash memory designed with a
MICROWIRE™ serial interface. All of the features of the
device are designed to provide the most cost effective solu-

tion for applications requiring low bandwidth file storage. Ex--

amples of these applications include digital answering ma-
chines and personal digital recorders (digital audio) or FAX
and digital scanners (digital imaging). The Serial Flash re-
quires only a single 5V power supply, has a small erase
block size (4 kbytes) and a low EMI serial interface.

The NM29A040 has been designed to work seamlessly with
National’s CompactRISC™ family (e.g. NSAM266). In this
manner National is able to provide the complete system
solution to digital audio recording (processor, CODEC, Flash
memory, software) or digital imaging.

Features L
m Single 5V £10% power supply
m 4 kbyte erase block
m Organized as 128 Blocks per 4-Mbit Device
— 128 pages per block
— 32 bytes per page (256 bits)
m MICROWIRE™ compatible interface
B Low operating current (typical)
— 5 mA read current
— 15 mA write current
— 10 mA erase current
— 5 pA standby current
m Target 100k write/erase cycle endurance
B Offered in PLCC and SOIC packages

Block Diagram

4 Mb ARRAY

!

| CONTROL GATES

|

l

{

BITLINE CONTROL | — DI
— 00
INTERFACE LOGIC
HIGH VOLTAGE |e — sK
CONTROL —
| CHARGE PUMPS ]

|

Vee

f

Vss

TL/D/12475-1
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Connection Diagrams

Plastic Chip Carrier (V)
Beg f8gg
L 111
/ 4 3 2 1 28 27 26
SK =15 25 = NC
oi—{6 24 = NC
0o —7 23 1= NC
NC—]8 22 |~ NC
NC —j 9 21§=NcC
Ne =] 10 20 |—NC
NC -J 11 19 = NC
12 13 14 15 16 17 18
I'TTTT1TTI
Q (&) Q Q Q Qo Q
= = =z =z =z = =z .
TL/D/12475-2
NS Package Number V28A

Small Outline Package (M)

-/

Vss —1 28 = Ve
NC—2 27 f=NC
NC =13 26 |~ NC
cs—4 25 f—NC
SK={5 24 |—NC

DI=— 6 23 =NC
D0 —7 22— NC
NC—]8 21 =NC
NC—{9 20 —NC
NC—{10 19 b= NC
NC —111 18 }—=NC
NC—12 17 = NC
NC—113 16 |—NC
NC—14 15 = NC

NS Package Number MA28A

Pin Assignments

DO | Serial Data Output

DI Serial Data Input

SK Serial Data Clock

CS | Chip Select

NC No Connection

TL/D/12475-3

Ordering Information
Commercial Temperature Range (0°C to +70°C)

Order Number

NM2gA040V
NM29A040M

Extended Temp. Range (—40°C to +85°C)

Order Number

NM29A040EV
NM29A040EM

Pin Functions

SERIAL DATA INPUT: DI

The DI pin is used for transferring in commands and data.
Data is latched on the rising edge of SK.

SERIAL DATA OUT: DO

The DO pin is used for transferring out status and data. Data
output will change following the falling edge of SK.

CHIP SELECT: TS

This signal indicates which device is selected. When this
signal is inactive the device ignores SK. This signal can be
tied to ground when there is only one Serial Flash device.
The CS pin may be pulled high to reset the device.

SERIAL DATA CLOCK: SK

This is the standard synchronous MICROWIRE clock which
determines the rate of data transfer. On each toggle, one
data bit is shifted into or out of the Serial Flash.

4-35
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NM29A040

System Concepts

The NM29A040 is a 4-Mbit NAND Flash designed to pro-
vide the most cost effective solution for file storage applica-
tions. These applications include digital audio recording, dig-
ital image storage and data logging applications.

For digital audio storage, the NM29A040 has been matched
with National’'s NSAM266 voice processor. Applications that
can benefit from this combination include digital answering
machines, personal digital recorders, pagers and voicemail
systems. When combined with National Semiconductor's
CompactSPEECH™  embedded software and the

NSAM266 processor, customers can quickly bring to market
systems capable of recording up to 15 minutes of audio on

a single 4 Mb device. Multiple NM29A040’s can be used to
extend the record time. )

Digital imaging applications include FAX machines, han-
dheld scanners and digital cameras. Combining the
NM29A040 with the CompactRISC family of embedded
processors can enable complete solutions for image stor-
age.

Data logging applications can take advantage of the
NM29A040's simple interface and nonvolatility to allow sim-
ple 8-bit microcontroller based systems to have access to
over 4 Mb of storage. The nonvolatility ensures data integri-
ty in remote, battery powered applications.

. 1
PB6 PBS PB4 PB3  MMCLK
MMDOUT
MMDIN f¢
o ) NM29A040
NSAM266
‘VOICE PROCESSOR
CDOUT » 0,
CDIN ¢ Dy VR0 p——>
CCLK M cLK )
PWM CFS0 FS VFyl fe——
TP3054
CODEC

y

TL/D/12475-4

FIGURE 1. Digital Audio Recording Solution

TABLE |. Data Transfer Rates

Transfer Rates Total Time
Page Block Page Block
Read 1.02 Mbits/s 2.61 Mbits/s 251 pus | 12.6ms
(127.5 kbytes/s) | (325.8 kbytes/s) : .
Write 406.3 kbits/s 536.4 kbits/s 630 pus | 61.1ms
(50.8 kbytes/s) (67.1 kbytes/s) :
Erase — —_ — 6ms
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Device Operation

The basic functions required for storing messages or im-
ages on the NM29A040 are Page Read, Page Write, and
Block Erase. These functions can be implemented by com-
bining the different instructions for the NM29A040 in the
following sequences.

PAGE READ

Page Read will read out the 32 bytes of a page for the
specified address. To continue reading the page at the next
address, an Increment command (90H) can be issued. In
this way the system can avoid repeatedly using the three
byte Set-Address command. The Increment command is
then followed by the Read command and proceeds in the
same manner as shown in Figure 2.

SET ADDRESS
BLOCK ADDRESS
PAGE ADDRESS

# BITS TO READ

MSB, BYTE O

]
. [
TL/D/12475-5

FIGURE 2. Page Read Sequence

PAGE WRITE

Page Write sequence will write up to 32 bytes into a speci-
fied page. Like the Page Read sequence, the Increment
command can be used to quickly set the address to the next
page for writing data sequentially into a block. - - .

88H

G sovtess >
DATA=-SHIFT=IN
Clse. oric 0 >

XXH

XXH

BOH

XXH

LSB, BYTE N

WAIT topocraM

TL/D/12475-6
FIGURE 3. Page Write Sequence
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NM29A040

Device Operation (Continued)

BLOCK ERASE

The Block Erase sequence erases a specified block (4 kB)
of data. Flash-memory devices require that a block be in an
erased state prior to writing to a memory cell..In this man-
ner, a block must be erased prior to the recording of any
messages or storage of any images.

BLOCK ADDRESS

SECURITY CQDE
WAIT tgerase

TL/D/12475-7

FIGURE 4. Block Erasé'Sequence

Functional Description

ORGANIZATION o . :

The NM29A040 is a 4-Mbit device organized as 128 blocks
of 128 pages. A block is the smallest unit that can be erased
and is 4 kbytes in size. Within a block are'16 master pages,
each 256 bytes long. A master page is further segmented
into 8 pages with each page being 32 bytes long. Read and
write operations always operate on a page at a time.

i

BLOCK -0

BLOCK 1

' BLOCK 2

BLOCK 125

BLOCK 126

BLOCK 127
(WRITE-ONCE BLOCK)

TL/D/12475-8
FIGURE 5. Array Organization

PAGE 0 | PAGE 1 | PAGE 2 ' PAGE 3 | PAGE 4 I PAGE § I PAGE 6 I PAGE 7

PAGE 120|PAGE 121|PAG£ IZZIFAGE 123 | PacE IZ4|PAGE IZSIPAGE lZElPAGE 127

. TL/D/12475-9
FIGURE 6. Block Organ(zatlon

WRITE ONCE BLOCK

The NM29A040 contains 127 blocks (blocks 0 thru block
126) which are fully accessible to the user for reading, writ-
ing and erasing. The final block, number 127, has been set
aslde as a write once block. The pages in this block may
only be written to once. Once the data is written, it may not
be erased. In this manner, block 127 may be used for stor-
ing system configuration information that cannot be lost.
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Instruction Set

The NM29A040 has 12 instructions which are described in
Table Il. Al instructions are one byte long and specified in
the following manner:

MSB LsB
Lefxfx]xfxfofefo]
7 6 5 4 3 2 -1 0

L | — ]
T T
T INSTRUCTION' - RESERVED BITS
START OP-CODE (ALWAYS "0")
BIT . -
TL/D/12475-10
FIGURE 7. Command Byte

The MSB is always a 1"’ and is considered the start bit. The
next 4.bits are the instruction opcode. These instruction op-
codes are listed in Table Ii. The final 3 bits are reservad and
must always be ‘‘0”. Data input of a command other than
those listed in Table |l is prohibited. Data may be corrupted
if unspecified commands are used.

TABLE II. Instruction Set

Instruction S;al:t Opcode | Reserved Cor::'lxar; d
Get-Status 1 | oooo| o000 |- 8oH
Set-Address 1 0001 000 88H .
Increment 110010 000 90H
Read 1 0011 000 98H
Write 1 0100 000 AOH
Erase ‘1 | 0101 000 A8H
Data-Shift-In 1 0110 000 BOH
Data-Shift-Out 1 0111 000 B8H
Write Enable 1 1100 000 EOH
Write Disable 1 1101 000 E8H
Write Last Block | 1 1110 000 FOH
Read LastBlock| 1 1010 000 DOH

GET-STATUS

The Get-Status command allows the user to determine the
status of the NM29A040. It may be issued whether the de-
vice is busy or not. The output is a status byte which indi-
cates the internal state of the Serial Flash. The output byte
is defined as:

PASS = 1
FAIL = 0

|

BT 7 6 5 4 3 2 1 0
LT Dxlxfxfefx]
b

READY = 1 WRITE ENABLE = 1
BUSY = 0 WRITE DISABLE = 0

TL/D/12475-11
FIGURE 8. Get-Status Byte

Bit 7 of the status byte tells whether the device is busy
performing an operation (write, erase, etc.) or is ready for a
new command. Bit 6 tells if an operation just completed was
performed successfully. Bit 5 tells if the device is in a write
enabled or disabled mode. The remaining bits are reserved
for future use and may appear as any value (1" or “0").

Bit 7 of the status byte tells whether the device is busy
performing an operation (write, erase, etc.) or is ready for a
new command. Bit 6 tells if an operation just completed was
performed successfully. Bit 5 tells if the device is in a write
enabled or disabled mode. The remaining bits are reserved
for future use and may appear as any value (1" or “0").
' GET-STATUS ‘ ‘
or —CeoH)

STATUS BYTE

' ) _TL/D/12475-12
FIGURE 9. Get-Status Sequence

SET-ADDRESS

The Set-Address command defines which page and block
of the memory'is affected by an operation. The Set-Address
command is followed by two bytes, the first indicating the
block number and the second indicating the page number.
The block number chooses one of the 127 blocks while the
page number chooses one of the 128 pages within the giv-
en block. The Set-Address command is usually followed by
a Read, Wirite, or Data-Shift-In command. Between the page
address byte and the next command there is a delay of
tsapp- The address that is selected remains the active ad-
dress until a new Set-Address or Increment command is
given.

INCREMENT

The Increment command automatically increments the se-
lected page address. When the Increment command is giv-
en after the last page in a block has been read, the address
will roll over to the first page in the following block. When
the last page in Block 126 is read out followed by an Incre-
ment command, the new address is indeterminate.

ADDRESS NOW SET

TO PAGE X+1
INCREMENT
FaTm
DI {_30H )
LAST BYTE OF
PAGE X
D0 === XXH

TL/D/12475-13
FIGURE 10. Increment Sequence

READ

The Read command transfers data from the selected page
of the memory array into the on-chip buffer. To read the
data out through DO, the Read command is followed by the
two byte Data-Shift-Out command. There is a delay of tg
between the Read command and the Data-Shift-Out com-
mand as the data is transferred from the array to the on-chip
buffer. During tr the status byte will indicate that the part is
busy.

WRITE

The Write command programs data from the on-chip buffer
into a page in the memory array for the currently selected
address. A security code 55H follows the Write command to
ensure against accidental Writes. Get-Status may be used
to ensure that the operation was successful. The Write com-
mand will be ignored if Write-Enable has not been set.
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NM29A040

Instruction Set (continued)

ERASE

The Erase command erases a smgle block. The Erase com-
mand is followed by a single byte telling  which block to
erase. In this manner, no Set-Address sequence is required
to erase a block. Following the block address byte is a sin-
gle byte security code, 55H, that is used to prevent inadver-
tent erasure. Get-Status may be used to check if the opera-
tion was completed successfully.

DATA-SHIFT-IN

The Data-Shift-In command is used to send data into the
on-chip buffer. The number of bits sent.into the buffer is
determined by an 8-bit argument following the command.
The argument is always 1 less than the actual number of
bits to shift in. For example, to shift in all 32 bytes (256 bits),
the argument would be FFH (255). To shift in just the first 4
bytes (32 bits), the argument would be 1FH (31). Following
the argument, the data is shifted in through DI. Data-Shift-In
may come before or after the Set-Address sequence when
performing a page write operation. '

DATA-SHIFT-OUT

The Data-Shift-Out command is used to shift data out of the
on-chip buffer through DO. The number of bits sent out is
determined by  an 8-bit argument following the command.
The argument is always 1 less than the actual number of
bits to shift out. For example, to shift out all 32 bytes (256
bits), the argument would be FFH (255). To shift out the first
2 bytes (16 bits), the argument would be OFH (15). Follow-
ing the argument, the data is shifted out through DO.

WRITE ENABLE

The Write Enable command is used as a security check
against inadvertant writes or erases to the device. When
this command is issued, any subsequent Write or Erase
commands proceed in the normal fashion. If the Write En-
able command is not given or the device is in the Write
Disable mode then a write to any page or erase to any block
will not be allowed. Use the Get-Status command to deter-
mine whether the device currently is in the Write Enabled or
Disabled mode. The NM29A040 will always power up in the
Wirite Disable mode.

WRITE DISABLE .

The Write Disable command is used to prevent inadvertant
writes or erases. Once this command is executed, all subse-
quent Write or Erase commands will not be accepted

READ LAST BLOCK

The Read Last Block command is used to read the contents
of block 127. The Read Last Block operation procedes like
a normal read operation except that the block number is’
ignored in the Set-Address sequence. The block address is
automatically set to block 127. The Set Address command.
is still necessary to set the page to be read.

WRITE LAST BLOCK )

The Write Last Block command writes in a page of data to
the currently selected page of Block 127. A Set-Address
sequence and Data-Shift-In sequence must precede the
Write Last Block command. Once the information has been
written into the memory array, it may not be erased. -
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Notifications

(1) Interruption by CS Golng High

When the NM29A040 begins reading a page from-the
array (tg), writing a page to the array (tprog), or erasing
a block (tgerase)s the operation will complete regard-
less of the state of CS. The CS pin may go high during
these operations. If CS is held low during these opera-
tions the DO pin will reflect the state of the operation
with a low state (busy) while the operation is being exe-
cuted. When the operation is completed, DO will pull
high to reflect the ready state.

(2) Device Reset

The NM29A040 is reset whenever CS changes from low
to high. The command register will be cleared at this
point. As long as the device is powered, the data regis-
ter will continue to hold whatever data is in the register.

. To clear the data register, use the Data-Shift-In com-
mand and shift in 33 bytes of “00H". The state of CS
does not affect.on-going operations as described in No-
tification (1).

(3) Write Disable at P‘ower-Up

On power-up, the NM29A040 is set in the write disable
mode. This prevents any spurious writes to the device.
To enable writes or erases, the Write Enable (EOH)
command must be given.

(4) Multiple Programs fo a Page

It is possible to program a page more than one time
between block erases. Between block erases a bit (cell)
may only be programmed once. After a block is erased,
all bytes will read as “FFH". When less than 32 bytes
need to be programmed into a page, the remaining
bytes may be masked by writing “FFH" to those loca-
tions. In this way the cells are not changed from their
erased states. Later, these bytes can be programmed
with the desired data. It is suggested that the number of
writes to a page between block erasses be held to as
few as possible.

" Byte8-15 Byte 16-23 Byte 24-31

FFH

[ en ] Fem |

Byte8-15 Byte 16-23 Byte 24-31

; Byte 0-7
Progsrtam | Data_ l
o Byte 0~7

Pro;ram [ FFH

[ oas |

FFH_|

FRH |

FIGURE 11. Multiple Page Program

(5) Identification of Unusable Blocks

The NM29A040 may contain unusable blocks. These
unusable blocks are due to bit errors in the block. An
unusable block will not affect adjacent blocks. The loca-
tion of these blocks may be found pre-programmed in
Block 127. Each page in Block 127 corresponds to a
block in the array at a similar address. For example,
- Page 3 in Block 127 corresponds to Block 3. If Block 3

is a usable block, then all bytes in Page 3 of Block 127 will
read out “FFH”. If Block 3 is an unusable block, then some
of the bytes in Page 3 of Block 127 will read out data other
than “FFH". For customers using the NM29A040 with the
NSAM266 speech processor, the embedded Compact-
SPEECH embedded software automatically locates the un-
usable blocks and works around these locations when per-
forming Read, Write and Erase operations.
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NM29A040

Absolute Maximum Ratings

Recommended Operating

It Miiitary/Aerospace specified devices are required, Conditions

B ramors o sty o smerentonn” oy Mh TP e unhs

Power Supply (Vec) —0.6Vto 7.0V

Input Voltage (V|n) -0.6Vto 7.0V

Input/Output Voltage (Vi/0) —0.6Vto Vgg £0.5V (L7V)

Power Dissipation (Pp) 300 mW

Soldering Temperature (Tgoider, 10 s€C.) 260°C

Storage Temperature (Tstg) " —~55°Cto +150°C

Operating Temperature (Topr) —40°Cto +85°C

DC Operating Characteristics (rs = o°cto +70°C, Voo = 5V £10%)

Symbol Parameter Conditions Min Typ Max Units

M : Input Leakage Current ViIN =0V — Voo +10 pA

ILo Output Leakage Current Vour = 0.4V — Vc¢ +10 pA

lccot Operating Current Data Input/Output tcycLe = 500 ns 5 20 mA

lcco2 Programming Current 15 60 mA

lccos Erasing Current 10 40 mA

lccsi Standby Current CS=Vjy 120 500 pA

lccs2 Standby Current CS = Vgg — 0.2V 5 50 RA

VoH High Level Output Voltage lon = —400 pA 24 Vv

VoL Low Level Output Voltage loL = 2.1mA 0.4 \"

ViH High Level Input Voltage 20 Vge + 0.5 \

ViL Low Level Input Voltage —0.3* 0.8 \

* —2V (Pulse width <20 ns) ‘ .

AC Electrical Characteristics 1, = 0°cto +70°C, Vg = 5V £10%)
Symbol Parameter Conditions Min Typ Max Units
fsk SK Clock Frequency 0 ’ 4 MHz
tSKH SK High Time 125 ns
tskL SK Low Time 125 ns
tsks SK Setup Time Relative to CS Falling Edge 50 ns
tcs Minimum CS High Time 250 ns
tcss CS Setup Time Relative to SK Rising Edge 100 ns
tois DI Setup Time Relative to SK Rising Edge 50 ns
teSH CS Hold Time Relative to SK Falling Edge 50 ns
tDIH DI Hold Time Relative to SK Rising Edge 20 ns
toF CStoDQin TRI-STATE® AC Test 100 ns
toH DO Hold Time Relative to SK Falling Edge 0 ns
tpD Output Delay Relative to SK Falling Edge 100 ns
tsADD Set Address Time AC Test 150 us
trrOG Page Program Time 400 5000 us
tBERASE Block Erase Time 6 100 ms
tp Page Read Transfer Time 9 25 s
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Number of Valid Blocks

The NM29A040 may contain unusable blocks. These unus-
able blocks should not be used to store data. Notification (5)
describes how to identify unusable blocks.

O0VOV6ZWN

Symbol : Parameter Min | Typ Max Units
Nvs Number of Valid Blocks(1) | 117 | TBD | 127(2) | Block

' Note 1: A valid block is a block having all 4096 by1és usable. An unusable block is a block in which
_one bit is unusable. .
SN Note 2: Not including Block 127.
Timing Diagrams

Synchronous Data Timing

— Vi S
¢s vl N ‘ /
L v .
‘ s [ 'SKH —fe— s ——+] —]teshie—
H
SK : —I<—~— tsks
VL
s ] o
v,
o X X R
YiL -
: bor
Von s\, :
Do . .
Vou
o TL/D/12475-16
o Get Status Timing
cs 71 I —
SK
DIy Lo o o o o o o Y
Do = ST sz ]ss =
TL/D/12475-17
Note: To avoid putting the device in an unknown state, DI should be held low when not clocking in data/commands.
Set Address Timing
— i=— tsao0
ts Tl ; N E—
[l
s« LML L L L L L L L L L L L L L L L L L L L L L L leeef L FLALFLA
1 i
DI ' Lo o ofvLlo o o[Ba7leas]erseas]ens]eas]oni]eao]par]eac]ras]pae]ras]eaz] pat]Pao] ! AN
| 1
Do =7 L —

TL/D/12475-18
Note: T3 may pull high during tsapp. tr. tproa: and tgerase- However, DO will only reflect the status (ready/busy) while TS is low.
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NM29A040

Timing Diagrams (continued)

Read Timing
- % ,
o 1 — : : -
s¢ FLALFLALFLFLALFLfleeof L ALALFALALALALALALALAL AL AL
( '
R Lo _ofT Tlo o o 'l v T lo o o [eeifers]ess[ees]eesferz]eni]oeo}
| ! -
0o =—F I ; : 57 J o6 [ 03 [oa [ 03]
TL/D/12475-18
Write Timing
— =— ‘roc
cs _1 ! ! J -
L

OSSO hire s
o =  S—| b =
TL/D/12475-20

TL/D/12475-21
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&National Semiconductor

NM28C64/C64L/C64A

PRELIMINARY

64k (8k x 8) Parallel Extended Voltage Range CMOS

EEPROM

General Description

The NM28C64/C64L/C64A are fast, single-power supply
CMOS EEPROM organized as 8k by 8 bits. Both READ and
WRITE modes function over the full Vgg range of 2.7V-
5.5V.

In-system programming of the part requires only a simple
interface. On-chip address and data latches, self-timed write
cycle with auto-clear and Vg power-up/down protection
eliminate the need for extemal timing and protection hard-
ware.

DATA and Toggle-Bit Polling and a RDY/BUSY pin provide
a convenient means for determining the beginning and end
of the internal self-timed WRITE cycle.

Both internal hardware and software WRITE protection are
provided. Page organization permits the loading of from one
to 32 bytes into a data register, the entire page is pro-
grammed at one time in 10 ms.

Features
m Voltage Supply
— Full Read and Write operation
— C64: 4.5V to 5.5V
— C64L: 2.7V to 3.6V
— CB4A: 2.7V to 5.5V
B Low Power Dissipation
— 8 mA Active Current
— 50 nA CMOS Standby Current
m Read Access Time
— 200 ns at 2.7V
— 120 ns at 4.5V
B 32 Byte Page Write
| End of Write Detection
— DATA Polling on 1/07
— Toggle Bit Polling on |/Og
— READY/BUSY Open Drain Output
m Hardware Data Protection
m High Reliability CMOS Technology
— Endurance 100,000 Cycles
— Data Retention: 10 years
m Low Voltage CMOS and TTL Compatible inputs and
Outputs
m JEDEC Standard Byte-Wide Pinout
m Commercial and Industrial Temperature Ranges

Block Diagram

ADDR. BUFFER o row 8,192 X 8
AS-A12 Pl AND LATCHES DECODER EEPROM -
ARRAY
h
INADVERTENT
Voo —»  WRITE HIGH VOLTAGE
PROTECTION GENERATOR 32 BYTE PAGE
Tl 3 o REGISTER
CE e
— CONTROL
OF M lostc
WE ——p] l 2
1/0 BUFFERS
5aTh roLne 1 |
e TOGGLE BIT AND
RDY/BUSY Losic |~ | | )
| ) 1/00-1/07
a ADDR. BUFFER | coLumn } )
AD-A4 P| AND LATCHES DECODER | I_;‘ ROY/BUSY
1

TL/D/12398-1
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NM28C64/C64L/C64A

_Pin Configurations

DIP (N)
ROY/BUSY =1 ~ 28| Vee A0-A12 Addresses
Atz—2 7w TE .- | chipEnable.
A7 3 6 -
R z [ OE Output Enable
A6—4 . .25~ A8 —
AS —l 5 24 = A9 WE Write Enable
M =15 23 At1 1/0g-1/07 | Data Inputs/Outputs
Asp7 2= RDY/BUSY | Ready/Busy Output
A28 21}=a10
A,j 9 2wk NC No Connect
Ao—{10 19k=1/07 i
|/007 11 ~18f=1/08
1/01 =12 17=1/05
1702 =413 16 f=1/04
GND —{ 14 : 15}=1/03 .
TL/D/12398-2
TSOP (T) Package Type |
a1 ’ 28 = At0
Al1 =2 27}tk
A9 =13 26 f=1/07
. AB=4 25 = 1/06
Ncﬂ 5 24 —1/05
WE~{6 23 |—1/04
Ve =7 22~ 1/03
" ROY/BUSY —{ 8 21 |=cnp
ISR [ 20 —1/02
) A7 =410 19}~1/01
e IE 18J=1/00
As =112 17} 40
A4 —113 16 = A1
A3 —]14 15 = A2

Ordering Information

. . Top View

Commercial Temperature Range (0°C to +70°C)

TL/D/12398-3

Extended Temperature Range (—40°C to +85°C)

Order Number : 45V-5.5V | Order Number 4.5V-5.5V
NM28C64N28 © NM28CB4EN28

NM28C64728 NM28C64ET28

Order Number 2.7V-3.6V . Order Number 2.7V-3.6V
NM28CB4LN28 : NM28C64LEN28 '
NM28C64LT28 NM28C64LET28

-Order Number :2.7V=5.5V Order Number 2.7V-5.5V
NM28C64AN28 NM28CB4AEN28

NM28C64AT28 NM28C64AET28
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Functional Description
DEVICE OPERATION

Read Mode

Data are transferred from the addressed memory location to
the external data bus when WE is held HIGH, OE is held
LOW, and CE is held LOW. The 2-line control architecture of
the OE and CE pins eliminates bus contention in a system
environment. When either the OE or CE lines are set HIGH,
the NM28C64A releases the data bus:

Write Mode : . .

A write cycle is initiated when both the WE and CE lines are
LOW and OE is HIGH. The address is latched on the falling
edge of either WE or CE, whichever occurs last. The data
are latched on the rising edge of either the WE or CE,
whichever occurs first. It takes approximately 10 ms for the

write cycle to erase the addressed memory locations and *

store the new data.

Page Write

From one to thirty-two bytes can be written to the selected
page address (A5-A12) during any write operation. The
page address is latched once the data-load cycle is started.
The data latch loading may be intermpted in order to fetch
data from another system location. However, data loading

must continue again within the byte load cycle time (tg.c), °

otherwise the internal programming cycle will begin. When
returning to loading data into the latches, the page address
is ignored because of the latched-page register.

There are no page write window limitations; the page write
window can continue indefinitely as long as the tg c MaAx
time is not exceeded.

The program cycle first erases data located in the ad-
dressed cells, then writes the new data into these ad-
dressed cells. A page write does not rewrite the entire page,
only those locations selected during data-latch loading.

Write Abort

During a data load cycle in preparation for programming, OE
must be held at Viy. If OF is held LOW during the rising
edge of CE (CE controlled WRITE), or WE (WE-controlled
WRITE), the WRITE operation is aborted and the data latch-
es are reset.

RDY/BUSY

The RDY/BUSY pin is an open drain output that monitor the
status of a write cycle. The open drain connection allows for
OR-tying several devices to the same RDY/BUSY pin. This
output is actively pulled LOW during the write cycle and
released at the end of the cycle.

Additional methods for monitoring status and internal pro-
gramming cycles are provided. -

|/0E>é wfsle]sf2]1]o]

~ RESERVED
L LOW Vg DETECT
TOGGLE BIT
DATA POLLING

TL/D/12398-5

Toggle Bit (1/0¢)

The toggle bit (I/Og) toggles between ZERO and ONE on
alternate READS while the NM28C64A performs an internal
write cycle. After the write cycle is completed, 1/0g stops
toggling.

DATA Polling (1/07)

A third method for determining the end an internal program-
ming cycle is DATA polling. This method allows the host to
perform a simple bit test to determine whether the device is
in an internal write cycle without the need for system inter-
rupts or external hardware.

After the initiation of the internal programming cycle, bit 7 of
the last byte written is complemented and sent to 1/07. The
host can read 1/07 to determine whether or not the device
is in an internal write cycle. Upon completion of the write
cycle, 1/07 provides the true value. ’

Low V¢ Detect (1/05)

Once an internal write cycle is initiated, it continues to com-
pletion even if the supply voltage falls below 2.0V (typical)
during the cycle. In the event that V¢ does fall below 2.0V
during the programming cycle, an internal latch is set. Its
status can be polled by reading the state of 1/0s.

A high level on 1/05 indicates that a sub-2.0V level was
detected and programmed-data integrity may be suspect.

Hardware Data Protection

The device is protected from inadvertent memory writes by
the following three hardware methods:

1. Vge Sense: The write function is:inhibited if Vce falls

below 2.0V (typical), prior to the beginning of an internal
write cycle.

2. Noise Protection: A write cycle will not be initiated if the

WE or CE LOW pulse is < 20 ns wide (typical).

3. Write Inhibit: Write cycles can be inhibited during power-
on and power-off by holding any one or more of the fol-
lowing pins to the indicated levels.

(a) OE LOW
(b) CE HIGH
(c) WE HIGH

Chip Erase .
The entire memory can be erased (set to logic ONE) by a
single operation. To activate Chip Erase, OE must be raised
0 12V *0.5V and all 170 pins set HIGH while CE and WE
are simultaneously brought LOW. The erase operation oc-
curs within 10 ms.

Devlce Identification

The user has an extra 32 bytes (one page) of memory avail-
able for device identification. This extra memory can be

. read or written to just like the regular memory array but only

by setting address pin A9 to 12V +0.5V and selecting ad-
dresses 1FEOh-1FFFh.
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NM28C64/C64L/C64A

Absolute Maximum Ratings (Note)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.

Temperature Under Bias —55°Cto +125°C
Storage Temperature —65°C to +150°C

All Input Voltage
(including NC pins)

‘ with Respect to Ground

Lead Temperature

—0.6VtoVge + 0.6V

All Output Voltages with

Respect to Ground —0.6Vto Vo + 0.6V
Voltage on OE and A9

with Respect to Ground —0.6Vto +13.5V
ESD Rating 2000V

Note: Stresses beyond those listed under “Absolute Maxi-
mum Ratings” may cause permanent damage to the device.
This is a stress rating only and functional operation of the
device at these or any other conditions beyond those indi-

(Soldering, 10 seconds) +300°C cated in the operational sections of this specification is not
implied. Exposure to absolute maximum rating conditions
for extended periods may affect device reliability.

DC and AC Operating Range

NM28C64 NM28C64L NM28C64A
Operating Comm. 0°C-70°C 0°C-70°C 0°C-70°C
Temperature (Case) | |nqyst, | —40°C-85°C | —40°C-85°C | —40°C-85°C
Vg Power Supply 4.5V-55V 2.7V-3.6V 2.7V-55V
Operating Modes
Mode CE OE WE 110 Power A9
Standby ViH X X High Z Standby
Read ViL ViL VIH Dout Active
Write (WE Controlled) ViL ViH piy Din Active
Wirite (CE Controlled) 1 Vig ViL Din Active
Read and Write Inhibit | Vj_ ViH VIH HighZ Active
Output Disable X - VIH X HighZ
Chip Erase* ) ViL | 12v £05V | I | DIN= Vi Active
Chip ID Read ViL ViL VIH Dout Active | 12V +0.5V
Chip ID Write ViL ViH ViL " Din Active 12V £0.5V

*OE must be raised to 12V prior to establishing the condition CE = WE = V|_to initiate a chip-erase cycle.

DC Characteristics

Symbol Parameter Test Conditions Min Max Units
It Input Load Current ViN = 0Vto Ve . ) 5 pA
Lo Output Leakage Current Vizo = 0Vto Ve 5 nA
isa Vg Standby Current CMOS CE = Ve 50 pA
lcc Vce Active Current AC f=5MHz lgyr = OmA;CE = V,_ - 8.0 mA
ViL Input Low Voltage k 0.6 v
Vi Input High Voltage 2.0 v
VoL Output Low Voltage - loL=1mA 0.3 \
loL = 2 mA for RDY/BUSY 0.3 v
VoH Output High Voltage loH = —100 uA : 2.0 v
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Capacitance ( = 1.0MHz, Tp = 25°C)

Symbol Conditions Typ Max Units
CiN VIN= 0V 4 6 pF
Cvo Vijo = OV 8 12 pF
AC Read Characteristics—NM28C64
Symbol Parameter Vee Min Typ Max Units
tacc Address to Output Delay 4.5V-5.5V 120 ns
toe CE to Output Delay 4.5V-5,5V 120 ns
toe OE to Output Delay 4.5V-5.5V 0 50 ns
toH Output Hold from Address Change 4.5V-5.5V 0 ns
t.z (Note 1) CE Low to Output Active 4.5V~5,5V 0 ns
toLz (Note 1) OE Low to Output Active 4.5V~-5,5V 0 ns
thz (Notes 1, 2) CE High to Output Float 4.5V-5.5V 50 ns
tonz (Notes 1, 2) OE High to Output Float 4.5V-5.5V 50 ns
AC Read Characteristics—NM28C64L
Symbol Parameter Vee Min Typ Max Units
tace : Address to Output Delay 2.7V-3.6V 200 ns
tce CE to Output Delay 2.7V-3.6V 200 ns
toe . OE to Output Delay 2.7V-3.6V 0 80 ns
toH Qutput Hold from Address Change 2.7V-3.6V 0 ns
t.z (Note 1) CE Low to Output Active 2,7V-3.6V 0 ns
toLz (Note 1) OE Low to Output Active 2.7V-3.6V 0 ns
thz (Notes 1, 2) CE High to Output Float 2.7V-3.6V 50 ns
tonz (Notes 1, 2) OE High to Output Float 2.7V-3.6V 50 ns
AC Read Characteristics—NM28C64A
.. Symbol Parameter Vee Min Typ Max Units
tacc Address to Output Delay’ 2.7V-4.4v ’ 200 ns
) 4.5V-5.5V 120° ns
tce CE to Output Delay 2.7V-4.4V 200 ns
4.5V-5.5V 120 ns
toE OE to Output Delay 2.7V-4.4V 80 ns
4.5V-5.5V 0 50 ns
toH Output Hold from Address Change 2.7V-4.4V ns
4.5V-5.5V ns
t z (Note 1) CE Low to Output Active 2.7V-4.4V 0 ns
4.5V-5.5V ] ns
toLz (Note 1) OE Low to Output Active 2.7V-4.4V 0 ns
4.5V-5.5V 0 ns
tyz (Notes 1, 2) CE High to Output Float 2.7V-4.4V 50 ns
' 4.5V-5.5V 50 ns
toHz (Notes 1, 2) OE High to Output Float 2.7v-4.4v 50 ns
4.5V-5.5V 50 ns

Note 1: This parameter is characterized and is not 100% tested.
Note 2: Output floating (High Z) is defined as the state when the external data line is no longer driven by the output buffer.
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NM28C64/C64L/C64A

AC Read Waveforms

ADDRESS x

tee
- __.\ ) —
) top —| :

o /
— Vm :
WE

——I‘OLZ

— Yz
HIGH Z
DATA 1/0 DATA VALID DATA VALID

AC Write‘ Characteristics

TL/D/12398-6

Symbol Parameter Condition Min Typ Max Units
twe Write Cycle Time ) 10 ms
tAH Address Hold Time 100 ns
tas Address Setup 10 ns
tcH Write Hold Time . ns
tcs Write Setup Time . ns
to DataHold 10 ns
tps Data Setup Time 100 ns -
toEH OE High Hold Time 10 ns
toes OE High Setup Time 10 ns
trg WE Low to RSY/BUSY Low . 120 ns
twp Write Pulse Width (WE or CE) 150 ns
taLc Byte Load Cycle Time 1 100 us
tNT Write Inhibit Period after Power Up 5 15 ms
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AC Write Waveforms—WE Controlled

ADDRESSS * V / //;:/%[

tas t
tes cH

= % 7,772
2 o - X7, 777

V¥92/1v83/v90382AN

v\ s [ — ‘ |
DATA IN W/%( DATAIVALID W/ZX:///M

DATA OUT / /
7 HIGH Z

TL/D/12398-7

AC Write Waveforms—CE Controlled

ADDRESSS 4* V 4 /ﬁ/:}é%::
S W o ‘ \_
= - Y7777
2, /)

Yov
DATA IN W / %( DATAIVALID V // ﬁ

DATA OUT

HIGH Z
TL/D/12398-8
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NM28C64/C64L/C64A

Page Write Cycle

ADDRESS

7

VXX

BYTE 0 BYTE 1

X C

BYTE 1° BYTE N BYTE N+1

X LAST BYTE :Zz

twe

Data Polling Waveforms (ot 1)

TL/D/12398-9

ADDRESS

N KRR m RZZK M

Y

toes

tow

Rl L

\

N

TL/D/12398-10
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Toggle Bit Timing Diagram (ote 1)

1/06

Y\

Y\

N\

L6

[

toem

3] \

tow

N—

3.’22‘1/'7'\__\_/_/_\_\__/_45_, — N

twe

*STARTING AND ENDING STATE OF I06 WILL VARY, DEPENDING UPON ACTUAL tyc.

TL/D/12398-11

Note 1: Polling operations are by definition read cycles and are therefore subject to read cycle timings
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NM24C02L/C04L/C08L/C16L

&National Semiconductor

NM24C02L/C04L/COSL/C16L .
2K-/4K-/8K-/16K-Bit Serial EEPROM
(I2C Synchronous 2-Wire Bus)

General Description

The NM24C02L/C04L/CO8L/C16L devices are 2048/
4096/8192/16,384 bits, respectively, of CMOS non-volatile
electrically erasable memory. These devices conform to all
specifications in the 12C 2-wire protocol and are designed to
minimize device pin count and simplify PC board layout re-
quirements. : '

This communication protocol uses CLOCK (SCL) and DATA
1/0 (SDA) lines to synchronously clock data between the
master (for example a microprocessor) and the slave
EEPROM devics(s). In addition, this bus structure allows for
a maximum of 16K of EEPROM memory. This is supported
by the NSC family in 2K, 4K, 8K and 16K devices, allowing
the user to configure the memory as the application requires
with any combination of EEPROMs (not to exceed 16K).
National EEPROMs are designed and tested for applica-
tions requiring high endurance, high reliability and low power
consumption.

Features
m Extended Operating Voltage: 2.5V.-— 5.5V- ¢
w Low Power CMOS ’ o
— 2 mA active current typical
— 60 pA standby current typical
m 2-wire 12C serial interface )
— Provides bidirectional data transfer protocol
m Sixteen byte page write mode
— Minimizes total write time per byte
® Self timed write cycle
— Typical write cycle time of 5 ms
m Endurance: 106 data changes
m Data retention greater than 40 years
B Packages available: 8 pin mini-DIP, 8 and 14 pin SO

Functional Diagram

Veg =
Vss ——
START CYCLE H.V. GENERATION
l —p TIMING
SDA & start & CONTROL
STOP
stop _-_—l ! I
CONTROL R
LOGIC 2
@— SLAVE ADDRESS  |—> 16/ ,6Ex Pfg'f( 8
REGISTER xoee | 32/ 32x16x8
scL + COMPARATOR 64/ e tens
T T tow NG 128 128 x 16 x 8
1 ] Y
A2 s |y : A\ 2 4 ' q
] i
Al — [ WORD
0 o ADDRES: — - .
— i [T COUNTE
1 vy T 4 : 0/1/2/3 16
! ] A 4 \ 4
: 14
: R/W H - YDEC
1 H 7
o o - d -~ -
DEVICE ADDRESS BITS 1 o]
cK
B > Dout
N i DATA REGISTER
— Dour g -l
ack |

TL/D/11738-1
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. =
Connection Diagrams S
Q
C o _ S
Dual-In-Line Package (N) SO Package (M8) SO Package (M) E
ro—{1 8= Vee : Ao 81— Vec INPUTS NC—] 1 Aaf=ne: e
At=]2 nuzacoL 7f=Ne T At—]2 e r0— 2 13fb=vee Ly
NM24CO4L NM24C02L . (9}
A2—13 Nu24c08L 6 | SCL . A2 =13 NM24CO4L 6 }= SCL Al—3 12f=NC =1
NM24C16L ‘ : No—|4 BMZ4COBL L e =
Ves = 4 5| spa Ves =] 4 5| sDA NMZ4C16L L
A2—]5 10f~=scL 9)
TL/D/11738-2 " TL/D/11738-3 _ - P~
Top View Top View Yss1 8 e g
Ne—]7 8f=nNc
See NS Package Number NOSE (N) ~ See NS Package Number M0O8A (M8)
) . . TL/D/11738-4
Top View

See NS Package Number M14B (M)

Pin Names
A0, A1, A2 Device Address Inputs
Vss Ground
SDA Datal/O
SCL Clock Input
NC No Connection (Float, GND, or Vcg)
Veo Power Supply )

Ordering Information ; , ‘
R . ' Commercial Temperature Range (0°C to +70°C)

Order Number

NM24C02LN/ NM24C04LN/NM24CO08LN/NM24C16LN
NM24C02LM8/NM24C041.M8/NM24C08LM/NM24C16LM

Extended Temperature Range (—40°C to +85°C)

Order Number

NM24C02LEN/NM24C04LEN/NM24C08LEN/NM24C16LEN
NM24C02LEMB/NM24C04LEMB/NM24CO8LEM/NM24C16LEM
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NM24C02L/C04L/C08L/C16L

Standard Voltage (4.5V < V¢c < 5.5V) Specifications

Absolute Maximum Ratings

If Military/Aerospace specified devices are required,
please contact the Natlonal Semiconductor Sales
Office/Distributors for availability and specifications.

Ambient Storage Temperature —65°Cto +150°C

Operating Conditions

Ambient Operating Temperature -
‘NM24C02L/C04L/CO8L/C16L
NM24C02LE/C04LE/CO8LE/C16LE
NM24C02LM/C04LM/CO8LM/C16LM

. 0°Cto +70°C
—40°Cto +85°C

All Input or Output Voltages . (h'mll. Temperature) —55°Cto +125°C
with Respect to Ground +6.5V to —0.3V Positive Power Supply (Voc) 45Vto 5.5V
Lead Temperature )
(Soldering, 10 seconds) +300°C
ESD Rating 2000V min
DC and AC Electrical Characteristics v = 5v +10% unless otherwise specified
: Limits
Symbol Parameter Test Conditions T Units
Min yP Max
(Note 1)
lcca Active Power Supply Current fscL = 100 kHz ' 2.0 3.0 mA
Is Standby Current ViN = GND or Ve 60 100 pA
Iy Input Leakage Current Vin = GNDto Vo 0.1 10 pA
Lo Output Leakage Current Vout = GND to Vg 0.1 10 pA
ViL Input Low Voltage —~0.3 Vce X 0.3 \'
ViH Input High Voltage Vece X 0.7 Vec + 0.5 Vv
VoL Output Low Voltage loL = 3mA 0.4 \"
Capacitance 7, = 25°C, 1 = 1.0 MHz, Ve = 5V
Symbol . Test Conditions Max Units
Ciso (Note 2) Input/Output Capacitance (SDA) Vio = OV 8 pF
Cin (Note 2) Input Capacitance (A0, A1, A2, SCL) ViN=0V 6 pF

AC Conditions of Test »

Input Pulse Levels Veoe X 0.1to Vg X 0.9

Input Rise and

Fall Times 10ns

Input and Output ;

Timing Levels Voc x 08

Output Load 1 TTL Gate and

C_ = 100 pF

Note 1: Typical values are for Ta = 25°C and nominal supply voltage (5V).
Note 2: This parameter is periodically sampled and not 100% tested.




LOW VOLTAGE (2.5V < V¢c < 4.5V) SPECIFICATIONS

Read and Write Cycle Limits

Symbol Parameter Min Max Units
fscL SCL Clock Frequency . 80 kHz
T Noise Suppression Time 100 ns

Constant at SCL, SDA Inputs
taa SCL Low to SDA Data Out Valid 0.3 7.0 us
tsuF Time the Bus Must Be Free

before a New Transmission 6.7 us

Can Start
tHD:STA Start Condition Hold Time 4.5 us
tLow Clock Low Period 6.7 ' us
tHiGH Clock High Pericd 45 us
tSU:STA Start Condition Setup Time 6.7 ns

B (for a Repeated Start Condition)

tHD:DAT Datain Hold Time - 0 us
tSU-DAT Data in Setup Time 500 ns
) SDA and SCL Rise Time - 1 s
te SDA and SCL Fall Time 300 ns
tsu:sto Stop Condition Setup Time 6.7 us
tbH Data Out Hold Time 300 ns
twr (Note 3) Write Cycle Time 15 ms

1913/71800/1¥02/1200FCNN

Note 3: The write cycle time (twg) is the time from a valid stop condition of a write sequence to the end ot the internal erase/program cycle, During the write cyéle,
the NM24CxxL bus interface circuits are disabled, SDA is allowed to remain high per the bus-level pull-up resistor, and the device does not respond to its slave
address.

Bus Timing

SCL

tsu:sto

tsu:sTA

4 =
" / S
22 TXRXXXOOXRN, {

TL/D/11738-5
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Read and Write Cycle Limits (1.5v < v < 5.5v)

NM24C02L/C04L/C08L/C16L

Symbol Parameter Min Max Units
fscL : SCL Clock Frequency : 100 kHz
T Noise Suppression Time 100 ns

' Constant at SCL, SDA Inputs
taa SCL Low to SDA Data Out Valid 0.3 35 us
tsuF Time the Bus Must Be Free

before a New Transmission 4.7 . us
Can Start
tHD:STA _ Start Condition Hold Time 4.0 ps
tLow : Clock Low Period ; 47 . ps
tHIGH s Clock High Period . 40 us
tSU‘:STA . * Start Condition Setup Time 47 us
(for a Repeated Start Condition)
tHD:DAT Data in Hold Time 0 us
tSU.DAT Data in Setup Time ’ 250 ns
R ‘ SDA and SCL Rise Time 1  us
te - SDA and SCL Fall Time 300 " ns
tsu:sTO Stop Condition Setup Time 4.7 ’ us
toH ‘ Data Out Hold Time 300 : ns
twr (Note 3) - - Write Cycle Time 10 ms

Note 3: The write cycle time (twp) is the time from a valid stop condition of a write sequence to the end ot the internal erase/program cycle. During the write cycle,
the NM24CxxL bus interface circuits are disabled, SDA is allowed to remain high per the bus-level pull-up resistor, and the device does not respond to its slave
address. .

Bus Timing

SCL

tsu:sto

B — i

IN 2
3 KX X

out

tsu:sTA tp:sTA t4p:0aT

TL/D/11738-6
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Bus Timing (continued)

BACKGROUND INFORMATION (12C Bus)

As mentioned, the 12C bus allows synchronous bidirectional

communication between transmitter/Receiver using the

SCL (clock) and SDA (Data 1/0) lines. All'communication

must be started with a valid START condition, concluded

with a STOP condition and acknowledged by the Receiver
with an ACKNOWLEDGE condition.

In addition, since the 12C bus is designed to support other

devices such as RAM, EPROM, etc., the device type identifi-

er string must follow the START condition. For EEPROMs,

this 4-bit string is 1010.

As shown below, the EEPROMS on the 12C bus may be

configured in any manner required, providing the total mem-

ory addressed does not exceed 16K (16,834 bits). EEPROM
memory addressing is controlled by two methods:

e Hardware configuring the AO, A1 and A2 pins (Device
Address pins) with pull-up or pull-down resistors. ALL
UNUSED PINS MUST BE GROUNDED (Tied to Vgg).

e Software addressing the required PAGE BLOCK within
the device memory array (as sent in the Slave Address

. string).

Addressing an EEPROM memory location involves sending

a command string with the following information:

[DEVICE TYPE]—[DEVICE ADDRESS]—[PAGE BLOCK

ADDRESS]—([BYTE ADDRESS]

Example of 16K (Maximum Size) of Memory on 2-Wire Bus

DEFINITIONS

WORD

8 bits (byte) of data.

PAGE

16 sequential addresses (one byte
each) that may be programmed
duringa “Page Write"” programming
cycle.

PAGE BLOCK

2,048 bits.

2,048 (2K) bits organized into 16
pages of addressable memory.
(8 bits) x (16 bytes) x (16 pages) =

MASTER

- Any 12C device CONTROLLING the

transfer of data (such as a
microprocessor).

SLAVE

Device being controlled (EEPROMs
are always considered Slaves).

TRANSMITTER

_Slave).

Device currently SENDING data on
the bus (may be either a Master OR

RECEIVER _

Device currently receiving data on

the bus (Master or Slave).

Vee

SDA

scL
Vee Vee Vee Vee
T T T T
NM24CO2L NM24C02L NM24C04L NM24C08L
AD Al A2 Vg A0 A1 A2 Vg A0 A1 A2 Vg AD Al AZ Vg

Y

—————
T0 Vge OR Vgs

T v

——
10 Vge OR Vsg

T

———
TO Voo OR Vsg

Note: The SDA pull-up resistor is required due to the open-drain/open-collector output of 12C bus devices.
Note: The SCL pull-up resistor is recommended because of the normal SCL line inactive “high” state.

Note: It is recommended that the total line capacitance be less than 400 pF.

Note: Specific timing and addressing considerations are described in greater detail in the following sections.

v lv

———
T0 Vee OR Vgg
TL/D/11738-7

Address Pins Number of
Device - Memory Size P Block
A0 A1 A2 age Blocks
NM24Co02L DA DA DA 2048 Bits 1
NM24C04L Vss DA DA 4096 Bits 2
NM24Co8L Vss Vss DA 8192 Bits 4
NM24C16L Vss Vss Vss 16,384 Bits 8

DA: Device Address

4-59

71910/1802/1¥02/1200¥CNN




NM24C02L/C04L/C08L/C16L

Pin Descriptions

SERIAL CLOCK (SCL)

The SCL input is used to clock all data into and out of the
device.

SERIAL DATA (SDA)

SDA is a bidirectional pin used to transfer data into and out
of the device. It is an open drain output and may be wire-
ORed with any number of open draln or open collector out-
puts. i

DEVICE ADDRESS INPUTS (A0, A1, A2)

Device address pins A0, A1 and A2 are connected to Vg
or Vgs to configure the EEPROM address. The following
table (Table A) shows the active pins across the NM24CxxL
device family. -

- TABLEA

Device | A0 | A1 | A2 Effects of Addresses

NM24C02L | ADR {ADR | ADR| 23 = 8 (8) x (2K) = 16K

NM24C04L| X |ADR|ADR|22 =4 (4)x (4K) = 16K

NM24C08L| X | X |ADR|21 =2 (2)x(8K) = 16K

NM24C16L | X X X |20 =1 (1) x (16K) = 16K

ADR: Denotes an active pin used for device addressing
X: Not used for addressing (Must be tied to Ground/Vgg)

Write Cycle Timing

Device Operation

The NM24CxxL supports a bidirectional bus oriented proto-
col. The protocol defines any device that sends data-onto
the bus as a transmitter and the receiving device as the
receiver. The device’ controlling the transfer is the master
and the device that is controlied is the slave. The master will
always initiate data transfers and provide the clock for both
transmit and receive operations. Therefore, the. NM24CxxL
will be considered a slave in all appllcatlons

CLOCK AND DATA CONVENTIONS S .

Data states on the SDA line can change only during SCL
LOW. SDA state changes during SCL HIGH are reserved for
indicating start and stop conditions. Refer to Figures 7 and 2.

START CONDITION

All commands are preceded by the start condition, whlch is
a HIGH to LOW transition of SDA when SCL is HIGH. The
NM24CxxL continuously monitors the SDA and SCL lines
for the start condition and will not respond to any command
until this condition has been met.

STOP CONDITION

All communications are termlnated by a stop condmon,
which is a LOW to HIGH . transition of SDA when SCL is
HIGH. The stop condition is also used by the NM24CxxL to
place the device in the standby power mode

SDA 8th BIT .\ = ACK ) l / \ : / \ :
- e am = .. WORD n < “ H -
SToP START  NM24C02L/CO4L/COSL
CONDITION ADDRESS

CONDITION .
. TL/D/11738-58

'
i

Va X
SCL —_E/—_\_E/__\_—

-

SDA

————p -} -

DATA STABLE

DATA
CHANGE . . TL/D/11738-0
FIGURE 1. Data Validity

\_/

1
| . o
SCL
1
\ .
1

START BIT STOP BIT
FIGURE 2. Definition of Start and Stop

TL/D/11738=10
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Device Operation (continued)

SCL FROM
MASTER

AW

DATA

3%

'
L
]
1
t
|
|
1

OUTPUT

FROM _\ I

TRANSMITTER !

DATA

-

13

)%

OUTPUT
FROM
RECEIVER

START

1
1
' '
ACKNOWLEDGE TL/D/11738-11

FIGURE 3. Acknowledge Response from Receiver

ACKNOWLEDGE

Acknowledge is a software convention used to indicate suc-
cessful data transfers. The transmitting device, either mas-
ter or slave, will release the bus after transmitting eight bits.
During the ninth clock cycle the receiver will pull the SDA
line LOW to acknowledge that it received the eight bits of
data. Refer to Figure 3.

The NM24CxxL device will always respond with an acknowl-
edge after recognition of a start condition and its slave ad-
dress. If both the device and a write operation have been

selected, the NM24CxxL will respond with an acknowledge
after the receipt of each subsequent eight bit word.

In the read mode the NM24CxxL slave will transmit eight
bits of data, release the SDA line and monitor the line for an
acknowledge. If an acknowledge is detected and no stop
condition is generated by the master, the slave will continue
to transmit data. If an acknowledge is not detected, the
slave will terminate further data transmissions and await the
stop condition to return to the standby power mode.

4-61

7910/71800/7¥03/1200FCN




NM24C02L/C04L/CO8L/C16L

Device Addressing

Following a start condition the master must output the ad-

dress of the slave it is accessing. The most significant four

bits of the slave address are those of the device type identi-
fier (see Figure 4). This is fixed as 1010 for all four devices:
NM24C02L, NM24C04L, NM24C08L and NM24C16L.

DEVICE TYPE DEVICE
IDENTIFIER ADDRESS
r - \r .A 2l
L] L] L] L] L} L T
NM24C02L| 1 0 1 0 A2 Al AD R/W] (LSB)
L 1 L L 1
TL/D/11738-12
DEVICE TYPE DEVICE
IDENTIFIER ADDRESS
f—"—\t—"—\
¥ L] T
Nmzaco-u.lt o 1t 0 Az A1 AO R/_ (LsB)
L 1 L
-_,_l
PAGE

BLOCK ADDRESS
’ TL/D/11738-13

DEVICE TYPE  DEVICE
IDENTIFIER  ADDRESS
——te————
L] L] L} L] L] L ¥ .
NM2scosL| 1 0 1 \ 0 IAZ. Al , AO lR/w (LsB)
L 1
———
PAGE
BLOCK ADDRESS
TL/D/11738-14

DEVICE TYPE
IDENTIFIER
et —

T T
NM24C16L | 1 0 1 0
1 1 1

¥ L] L] T
A2 A1 A0 R/W{(LSB)
L L L L
| S —
PAGE
BLOCK ADDRESS
TL/D/11738-15

FIGURE 4. Slave Addresses

DEVICE ADDRESSING

Refer to the following table for Slave Addresss string de-
tails:

Number of
Device |AO]A1[A2 . Page Block Addresses
Page Blocks
NM24Co2L 1 (2K) (NONE)

2 (4K) 0 1
"4 (BK)
8 (16K)

AlAJA
NM24CO4L| P | A A
NM24Co8L| P | P [ A
NM24C16L| P | P[P

00 01 10 11

000 001 010 011 ... 111

A: Refers to a hardware configured Device Address pin
P: Refers to an internal PAGE BLOCK memory segment
All 12C EEPROMSs use an internal protocol that defines a
PAGE BLOCK size of 2K bits (for Word addresses 0000
through 1111). Therefore, address bits A0, A1 or-A2 (if des-
ignated “P”) are used to access a PAGE BLOCK in con-

" junction with the Word address used to access any mdlwdu-

al data byte (Word).

The last bit of the slave address defines whether a write or
read condition is requested by the master. A “1” indicates
that a read operation is to be executed, and a *0” initiates
the write mode.

A simple review: After the NM24C02L/CO4L/COBL/C16L
recognizes the start condition, the devices interfaced to the
12C bus wait for a slave éddress to be transmitted over the
SDA line. If the transmitted slave address matches an ad-
dress of one of the devices, the designated slave pulls the
line LOW with an acknowledge signal and awaits further
transmissions.
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Write Operations

BYTE WRITE

For a write operation a second address field is required
which is a word address that is comprised of eight bits and
provides access to any one of the 256 words in the selected
page of memory. Upon receipt of the ‘word address the
NM24CxxL responds with an acknowledge and waits for the
next eight bits of data, again, responding with an acknowl-
edge. The master then terminates the transfer by generat-
ing a stop condition, at which time the NM24CxxL begins
the internal write cycle to the nonvolatile memory. While the
internal write cycle is in progress the NM24CxxL inputs are
disabled, and the device will not respond to any requests
from the master. Refer to Figure 5 for the address, acknowl-
edge and data transfer sequence.

PAGE WRITE

The NM24CxxL is capable of a sixteen byte page write oper-
ation. It is initiated in'the same manner as the byte write
operation; but instead of terminating the write cycle after the
first data word is tranferred, the master can transmit up to
fifteen more words. After the receipt of each word, the
NM24CxxL will respond with an acknowledge.

After the receipt of each word, the internal address counter
increments to the next address -and the next SDA data is
accepted. If the master should transmit more than sixteen
words prior to generating the stop condition, the address
counter will “roll over” and the previously written data will
be overwritten. As with the byte write-operation, all inputs
are disabled until completion of the internal write cycle. Re-
fer to Figure 6 for the address, acknowledge and data trans-
fer sequence. '

ACKNOWLEDGE POLLING

Once the stop condition is issued to indicate the end of the
host's write operation the NM24CxxL initiates the internal
write cycle. ACK polling can be initiated immediately. This
involves issuing the start condition followed by the slave
address for a write operation. If the NM24CxxL is still busy
with the write operation no ACK will be returned. If the
NM24CxxL has completed the write operation an ACK will
be returned and the host can then proceed with the next
read or write operation.

s
. T s
BUS ACTIVITY: A SLAVE WORD T
MASTER R ADDRESS ADDRESS DATA 0
T — - S ~ N s - P
LI B B B B | LR L L
SDA LINE |_I I | | P
1 1 1 L4 1 1 2 i LAl 1 1 1 1
A A A
BUS ACTIVITY: . c c c
NM24CXXL . K . K ’ K TL/D/11738-16
FIGURE 5. Byte Write
s
T S
BUS ACTIVITY: A SLAVE T
MASTER R ADDRESS WORD ADDRESS (n) DATA n DATA n + 1 DATAn + 15 0
T r \ r -~ N - — — e v P
LB LI L L L L L L L L ) LR B L L) L
swwe - [ [1[T0], | 11 10 [
1.1 L Ll L1 1 11 41 11 1 1 1 1111911 L . ]
A A A A A
BUS ACTIVITY: - . c . ¢ : c c c
NM24CXXL K : K K : " K K

TL/D/11738-17

FIGURE 6. Page Write
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NM24C02L/C04L/C08L/C16L

Read Operations

Read operations are initiated in the same manner as write
operations, with the exception that the R/W bit of the slave

" address is set to a one. There are three basic read opera-

tions: current address read, random read and sequential
read. . .

CURRENT ADDRESS READ

Internally the NM24CxxL contains an address counter that
maintains the address of the last word accessed, incre-
mented by one. Therefore, if the last access (either a read
or write) was to address n, the next read operation would
access data from address n + 1.-Upon receipt of the slave
address with R/W set to one, the NM24CxxL issues an ac-
knowledge and transmits the eight bit-word. The master will
not acknowledge the transfer but does generate a stop con-
dition, and. therefore the NM24CxxL discontinues tranmis-
sion. Refer to Figure 7 for the sequence of address ac-
knowledge and data transfer. . .

RANDOM READ

Random read operations allow the master to access any
memory location in a random manner. Prior to issuing the
slave address with the R/W bit set to one, the master must
first perform a “dummy”’ write operation. The master issues
the start condition, slave address and then the word ad-
dress it is to read. After the word address acknowledge, the

master immediately reissues the start condition and the
slave address with the R/W bit set to one. This.will be fol-
lowed by an acknowledge from the NM24CxxL and then by
the eight bit word. The master will not acknowledge the
transfer but does generate the stop condition, and therefore
the NM24CxxL discontinues transmission. Refer to Figure 8
for the address, acknowledge and data transfer sequence.

SEQUENTIAL READ

Sequential reads can be initiated as either a current address
read or random access read. The first word is transmitted in
the same manner as the other read modes; however, the
master now responds with an acknowledge, indicating it re-
quires additional data. The NM24CxxL continues to output
data for each acknowledge received. The read operation is
terminated by the master not responding with an acknowl-
edge or by generating a stop condition.

The data output is sequential, with the data from address n
followed by the data from n + 1. The .address counter for
read operations increments all word address bits, allowing
the entire memory contents to be serially read during one
operation. After the entire memory has been read, the coun-
ter “rolls over” and the NM24CxxL continues to output data
for each acknowledge received. Refer to Figure 9 for the
address, acknowledge and data transfer sequence.

S
; ’ T S
BUS ACTIVITY: A SLAVE T.
MASTER R ' ADDRESS - 0
T ——————— P
L) UL L L
smue S]] [1 [ T]] [T
Lol Ll 1 1. 1
. A N )
BUS ACTIVITY: c DATA
NM24CXXL K
TL/D/11738-18
FIGURE 7. Current Address Read
S S
. T . . T S
BUS ACTIVITY: A SLAVE WORD A SLAVE T
MASTER R . ADDRESS ADDRESS n ‘R . ADDRESS 0
T — -~ \  — -~ T r P
LI LU L L L L LR B L IT
SDA LINE B_U_I I | l S I rl
Ll L Ll 1 1 1 1. | -
A ‘——v—‘
BUS ACTIVITY: c c DATA n
NM24CXXL K K K
TL/D/11738-19
FIGURE 8. Random Read
S
BUS ACTIVITY: ¢ ave A A A T
MASTER ADDRESS .C c 0
—_ K K _ P
- LI L LI L L LR L L L L L L L
SDA LINE '[| || [ | | | [ e
__I Ll Jd 1 1 ¢t 1 Ll 1 1 1. 1 B T . ) Ll L i 1 bt 1 1.1
AL ~ TN ~ J . )
BUS ACTIVITY: c DATA n DATA n + 1 DATA n + 2 DATA n + x
NM24CXXL K

TL/D/11738-20

FIGURE 9. Sequential Read
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Read Operations (continued)
Vee

SOA ~— -
T T T 1 1
WASTER SLAVE WASTER
transwirter/| | SAVE rransuiTter/| | MASTER | rranswirrer/
RECEIVER RECEIVER RECEIVER

TL/D/11738-21

1910/71803/7¥00/1200VCNN

FIGURE 10. Typlical System Configuration
Note: Due to open drain configuration of SDA, a bus-leve! pull-up resistor is called for, (typical value = 4.7 kQ2)
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NM93CO06L/C46L/C56L/C66L

&National Semiconductor

NM93C06L/C46L/C56L/C66L
256-/1024-/2048-/4096-Bit Serial EEPROM
with Extended Voltage (2.0V t0 5.5V)

(MICROWIRE™ Bus Interface)

General Descript

ion

The NM93C06L/C46L/C56L/C66L devices

Features

are B 2.0V to 5.5V operation in Read mode
256/1024/2048/4096 bits, respectively, of non-volatile
electrically erasable memory divided into 16/64/128/256 x

2.5V to 5.5V operation in all other modes

16-bit registers (addresses). The NM93CxxL Family func- current of 25 pA

tions in an extended voltage operating range, requires only
a single power supply and is fabricated using National Semi-
conductor’s floating gate CMOS technology for high reliabili-
ty, high endurance and low power consumption. These de-
vices are available in an SO package for small space con-

siderations.

The EEPROM Interfacing is MICROWIRE compatible for
simple interface to standard microcontrollers and micro-
processors. There are 7 instructions that control these de-

o Typical active current of 400 pA; Typical standby
m No erase required before write

m Reliable CMOS floating gate technology
MICROWIRE compatible serial 1/0

m Self-timed programming cycle

m Device status during programming mode

B 40 years data retention

® Endurance: 108 data changes

B Packages available: 8-pin SO, 8-pin DIP

vices: Read, Erase/Write Enable, Erase, Erase All, Write,
Write All, and Erase/Write Disable. The ready/busy status
is available on the DO pin during programming.

Block Diagram

cs »1  INSTRUCTION < V¢
SK »> DECODER,
| INsTRUCTION | CONTROL LOGIC,
DI REGISTER $ AND CLOCK
GENERATORS.
A 4 A 4
ADDRESS HIGH VOLTAGE
REGISTER GENERATOR
AND
PROGRAM
J Vep TIMER
v :
DECODER EEPROM ARRAY
1 OF 16/64/128/256 (16/64/128/256) x 16
oy
I READ/ WRITE AMPS |<—
16{ — Vss
| DATA IN/ OUT REGISTER
v 16 BITS
— DATA OUT |
DO < BUFFER |

TL/D/10045-1
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=

Connection Diagrams §
Dual-In-Line Package (N) Pin Names 8

and 8-Pin SO (M8) cs Chip Select E

cS—11 ~ 8l-Vee SK Serial Data Clock g

SK=42 7f—=NC DI Serial Data Input t

bi—3 §—NC DO Serial Data Output g

e N GND Ground 2

TL/D/10045-2 Vece Power Supply g

Top View g

NS Package Number NOSE or MOBA

Ordering Information
Commercial Temp. Range (0°C to +70°C)

Order Number

NM93CO06LN/NMI3C46LN
NM93C56L.N/NM93CE6LN

- NM93C06LM8/NM93C46LM8
NM93C56LM8/NM93C66LM8

Extended Temp. Range (—40°C to +85°C)

Order Number

NM93CO6LEN/NM9I3C46LEN
NM93C56LEN/NM93C66LEN
NM93C06LEM8/NMY3C46LEMB
NM93C56LEM8/NM93C66LEM8

Alternate (Turned) SO Pinout
Order Number

NM93C06TLM8/NM93C46TLM8/NM9I3C56TLM8
NMS3C06TLEM8/NMO3C46TLEM8/NMI3C56TLEM8

Alternate SO Pinout (TM8)

NC—1 [— NC

Vee—{2 — GND
cs—3 00
4

wu o N

SK =1 DI

TL/D/10045-12
NS Package Number MOSA
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NM93CO06L/C46L/C56L/C66L

Absolute Maximum Ratings (ote 1)

It Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Ofﬂqe/DI_strlbutqrs for availability and specifications.

Ambient Storagé Temperature —65°C to +150°C

Operating Conditions

Ambient Operating Temperature -

NM83C06L-NM93Ce6L
NM93C06LE-NM33C66LE

Power Supply (Vcc) Range

0°Cto +70°C
—40°Cto +85°C

All Input of Output Voltages +6.5Y to —0.3V Read Mode 20Vto 5.5V
. with.Respect to Ground : Bulk (ERAL/WRALL) Programming 3.0Vto 5.5V
Lead Temp. (Soldering, 10 sec.) +300°C All Gther Modes 25V1055v
ESD Rating o 2000V
DC and AC Electrical Characteristics: 2V < Vg¢ < 4.5V
Symbol Parameter Part Number Conditions Min Max Units
lcca Operating Current CS = V|, SK = 250 kHz 1 mA
lccs Standby Current Cs =V 50 RA
e Input Leakage . ViN = 0VtoVee +1 LA
loL Output Leakage (Note 4)
ViL Input Low Voltagé -0.1 0.15Vee v
ViH Input High Voltage . 0.8 Veo Veo + 1
VoL Output Low Voltage loL =10 pA. . 0.1 Ve v
VoH Output High Voltage loy = —10 pA 0.9 Vee
fsk SK Clock Frequency -(Note 5)° 0 250 kHz
tskH SK High Time 1 us
tskL SK Low Time . ; 1 1S
tsks SK Setup Time B SK:’Must Beat Vi for 0.2 s
tsks before CS goes high
tcs Minimym CS ‘ (Note 2) 1 s
Low Time
tcss CS Setup Time 0.2 us
tDH DO Hold Time 70 ns
tpis DI Setup Time 0.4 us
tcsH CS Hold Time 0 us
toIH DI Hold Time 0.4 s
trD1 Output Delay to *'1” 2 us
tPDo Output Delay to “0” 2 us
tsv CS to Status Valid 1 us
o | oo == s | e
twp Write Cycle Time 15 ms
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DC and AC Electrical Characteristics: 4.5V < Vg < 5.5V

Symbol Parameter Part Number Conditions Min Max Units
lcca Operating Current CS = V|4, SK = 1 MHz 1 mA
lccs Standby Current CS =V 50 nA
e Input Leakage ViN = 0Vto Vce 1 A
loL Output Leakage (Note 4) B
ViL Input Low Voltage -0.1 0.8- v
ViH Input High Voltage 2 Vee + 1
VoL1 Output Low Voltage loL = 2.1 mA 0.4 v
VOH1 Output High Voltage loH = —400 pA 24
VoLz Output Low Voltage loL = 10 pA 0.2 V
VoH2 Output High Voltage loL = —10pA Vge — 0.2
fsk SK Clock Frequency (Note 5) 0 1 MHz
tskH SK High Time NM93C06L-NM93C66L 250 ns
NM93C06LE-NM9I3C66LE 300
tgkL SK Low Time : 250 . ns
tsks SK Setup Time SK Must Be at V,_for 50 ‘ ns
tsks before CS goes high
tcs Mmlmgm cs (Note 2) 250 ’ ns
Low Time
tcss CS Setup Time 50 ns
toH DO Hold Time 70 ns
tpis DI Setup Time NM93C06L-NM9I3Ce6L 100 ns
NM93C06LE-NMI3CE6LE 200 ‘
tcsH CS Hold Time 0 ns
toiH D! Hold Time 20 ns
trD1 Output Delay to “1” 500 ns
tpDo . Output Delay to “0" 500 ns
tsv ' CS to Status Valid 500 ns
toF CStoDOIn f
TRI-STATE CS = Vi 100 ns
twp Write Cycle Time 10 ms
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NM93C06L/C46L/C56L/C66L

Capacitance (Note 3)

Ta = 25°C,f = 1 MHz
Symbol | . Test Typ | Max | Units
Cout Output Capacitance 5 pF .
Cin Input Capacitance 5 pF

Note 1: Stress above those listed under ““Absolute Maximum Ratings” may cause permanent damage to the device. This is a stress rating only and operation of the
device at these or any other conditions above those indicated in the operational sections of the specification is not |mphed Exposure Io absolute maximum rating
conditions for extended periods may affect device reliability.

Note 2: CS (Chip Select) must be brought tow (to V) for an interval of tcg in order to reset all Intemal device reg|sters (device reset) prior to beglnnlng another
opcode cycle (this is shown in the opcode diagrams in the following pages).

Note 3: This pararneter is penodrcally sampled and not 100% tested.

Note 4: Typical leakage values are in the 20 nA range.

Note 5: The shortest allowable SK clock period = 1/fgk (as shown under the fgk parameter). Maximum SK clock speed (minimum SK period) is determined by the
interaction of several AC parameters stated in the datasheet. Within this SK period, both tgk and tgky limits must be observed. Therefore, it is not allowable to set
1/tsK = tSKH (minimum) + tskL (minimum) for shorter SK cycle time operation.

AC Test Conditions ‘
' ViL/ViH Vii/'VMiu | Vou/Vou )
Vec Range Input Levels Timing Levels Timing Levels lov/lon
20V <Vgc <45V 0.3v/1.8V 1.0V 0.8V/1.5V . .10 pA
(Extended Voltage Levels) S
45V < Voo < 58V ©0.4Vv/2.4V 1.0V/2.0V 0.4v/2.4V —2.1mA/0.4 mA
(TTL Levels) ]
Output Load: 1 TTL Gate (C. = 100 pF)
Functional Description
The NM93C06L./C46L/C56L/C66L device have 7 instruc- instruction. Once an Erase/Write Enable instruction is exe-
tions as described below. Note that the MSB of any instruc- cuted, programming remains enabled until an Erase/Write
tion is a “1” and is viewed as a start bit in the interface Disable (WDS) instruction is executed or Vg is completely
sequence. For the C06 and C46 the next 8 bits carry the op removed from the part. :
code and the 6-bit address for register selection. For the - Erase (ERASE):
C56 and C66 the next 10-bits carry the op code and the 8- s 1 ) . i o )
bit address for register selection. . The ERASE instruction will program all bits in the selected
) . register to the logical “1”" state. CS is brought low.following
Read (READ): - " the loading of the last address bit. This falling edge of the
The READ instruction outputs senal data on the DO pin. CS pin initiates the self-timed programming cycle. '
After a READ instruction is received, the instruction and ad- The DO pin indicates the READY/BUSY status of the chip if
dress are decoded, followed by data transfer from the se- CS is brought high after the tcg interval. DO = logical “0”
lected memory reqigter into-a 16-bit serial-out' shift register. indicates that programming is still in progress. DO = logical
A dummy bit (fogical 0) precedes the 16-bit data output “1" indicates that the register, at the address specified in
string. Output data changes are initiated by a low to high the instruction, has been erased, and the part is ready for
transition of the SK clock. another instruction.

Erase/Write Enable (WEN):

When Vg is applied to the part, it powers up in the Erase/
Write Disable (WDS) state. Therefore, all programming
modes must be preceded by an Erase/Write Enable WEN
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Functional Description (continued)
Write (WRITE):

The WRITE instruction is followed by 16 bits of data to be
written into the specificed address. After the last bit of data
is put on the data-in (DI) pin, CS must be brought low before
the next rising edge of the SK clock. This falling edge of CS
initiates the self-timed programming cycle. The DO pin indi-
cates the READY/BUSY status of the chip if CS is brought
high after the tcg interval. DO = logical O indicates that
programming is still in progress. DO = logical 1 indicates
that the register at the address specified in the instruction
has been written with the data pattern specified in the in-
struction and the part is ready for another instruction.

Erase All (ERAL):

The ERAL instruction will simultaneously program all regis-
ters in the memory array and set each bit to the logical “1"

state. The Erase All cycle is identical to the ERASE cycle
except for the different op-code. As in the ERASE mode,
the DO pin indicates the READY/BUSY status of the chip if
CS is brought high after the tcg interval.

Write All (WRALL):

The WRALL instruction will simultaneously program all reg-
isters with the data pattern specified in the instruction. As in
the WRITE mode, the DO pin indicates the READY/BUSY
status of the chip if CS is brought high after the tcg interval.

Write Disable (WDS):

To protect against accidental data distrub, the WDS instruc-
tion disables all programming modes and should follow all
programming operations. Execution of a READ instruction is
independent of both the WEN and WDS instructions.

Note: NSC CMOS EEPROMs do not require an “ERASE" or “ERASE ALL" operation prior to the “WRITE" and “WRITE ALL" instructions. The “ERASE" and
“ERASE ALL" instructions are included to maintain compatibility with earlier technology EEPROMs.

Instruction Set for the NM93C06L and NM93C46L

Instruction SB Op Code Address Data Comments

READ 1 10 A5-A0 B Reads data stored in memory at specified address.
WEN 1 00 T1XXXX Enable all programming modes.

ERASE 1 11 A5-A0 Erase selected register.

WRITE 1 .01 A5-A0 D15-D0 Writes selected register.

ERAL 1 00 10XXXX Erases all registers.

WRALL 1 00 01XXXX D15-D0 Writes all registers.

WDS 1 00 00XXXX Disables all programming modes.

Note: Address bits A5 and A4 become “Don't Care™ for the NM93CO6L.

Instruction Set for the NM93C56L and NM93C66L.

Instruction SB Op Code - Address Data ' Comments

READ 1 10 A7-A0 Reads data stored in memory at specified address.
WEN 1 00 11XXXXXX Enable all programming modes.

ERASE 1 11 A7-A0 Erase selected register.

WRITE 1 01 A7-A0 D15-D0 Writes selected register.

ERAL 1 00 TOXXXXXX Erases all registers.

WRALL 1 00 01XXXXXX D15-D0 Writes all registers.

wWDS 1 00 DOXXXXXX Disables all programming modes.

Note: Address bit A7 is “Don't Care” for the NM93C56L.
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NM93C06L/C46L/C56L/C66L

Timing Diagrams

Synchronous Data Timing
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Timing Diagrams (Continued)
wWDS
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NM93C06L/C46L/C56L/C66L

Timing Diagrams (continued)
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Protecting Data in Serlal
EEPROMs

National offers a broad line of serial mterface EEPROMs
which-share a common set of features:
e Low cost

® Single supply in all modes (+5V *
® TTL compatible interface

o MICROWIRET™ compatible interface

® Read-Only mode or read-write mode

This Application Brief will address protecting data in any of
National's Serial Interface EEPROMs by using read-only
mode.

Whereas EEPROM is non-volatile and does not require Vg
to retain data, the problem exists that stored data can be
destroyed during power transitions. This is due to either un-
controlled interface signals during power transitions or noise
on the power supply lines. There are various hardware de-
sign considerations which can help eliminate the problem
although the simplest most effective method may be the
following programming method.

All National Serial EEPROMSs, when initially powered up are
in the Program Disable Mode®*. In this mode, the EEPROM
will abort any requested Erase or Write cycles. Prior to Eras-

10%)

National Semiconductor
Application Brief 15
Paul Lubeck

ing or Writing it is necessary to place the device in the Pro-

gram Enable Modef. Following placing the device in the

Program Enable Mode, Erase and Write will remain enabled

until either executing the Disable instruction or removing

Voe. Having Voo unexpectedly removed often results in

uncontrolled interface signals which could result in the

EEPROM interpreting a programming instruction causing

data to be destroyed.

Upon power up the EEPROM will automatically enter the

Program Disable Mode. Subsequently the design should in-

corporate the following to achieve protection of stored data.

1) The device powers up in the read-only mode. However,
as a backup, the EWDS instruction should be executed
as soon as possible after Ve to the EEPROM is pow-
ered up to ensure that it is in the read-only mode.

2) Immediately preceding a programming instruction
(ERASE, WRITE, ERAL or WRAL), the EWEN instruction
should be executed to enable the device for program-
ming; the EWDS instruction should be executed immedi-
ately following the programming instruction to return

*EWDS or WDS, depending on exact device.

TEWEN or WEN, depending on exact device.

s LML LML LI

EWEN
EWDS

art

\ STANDBY

ENABLE=11
DISABLE=00

TL/D/7085-1

FIGURE 1. EWEN, EWDS Instruction Timing

MAIN POWER SUPPLY I

4.5V-5.5V

i

Veo _l

L 5.5V > Vo = 4.5V
MAINTAINED O CAPACITOR

instRucTIoN Tewns] . Tewenl I procram L Jewosl—

\TE,

(ERASE, WRI

EWEN| PROGRAM |_JEwns’

ERAL OR WRAL)

*EWDS must be executed before Vg drops below 4.5V to prevent acc

TL/D/7085-2
idental data loss during subsequent power down and/or power up transients.

FIGURE 2. Typical Instruction Flow for Maximum Data Protection
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‘the device to the read-only mode and protect the stored
data from accidental disturb during subsequent power
 transients or noise. '

3) Special care must be taken in designs in which program-
ming instructions are initiated to store data in the EEP-
ROM after the main power supply has gone down. This s
usually accomplished by maintaining Vgg for the EEP-

- ROM and its controller on a capacitor for a sufficient
amount of time (approximately 50 ms, depending on the
clock rate) to complete these operations. This capacitor

must be large enough to maintain Vg between 4.5 and
5.5 volts for the total duration of the store operation, IN-
CLUDING the execution of the EWDS instruction immedi-
ately following the last programming instruction. FAIL:
URE TO EXECUTE THE LAST EWDS INSTRUCTION
BEFORE Vo DROPS BELOW 4.5 VOLTS MAY CAUSE
INADVERTENT DATA DISTURB DURING SUBSE-
QUENT POWER DOWN AND/OR POWER UP TRAN-
SIENTS.
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Designing with the
NM93C06

A Versatile Simple to Use
E2 PROM

This application note outlines various methods of interfacing
an NM93C06 with the COPSTM family. of microcontrollers
and other microprocessors. Figures 1-6 show pin connec-
tions involved in such interfaces. Figure 7 shows how paral-
lel data can be converted intoa serial format to be in-
putted to the NM93CO06; as well as how serial data outputted
from an NM93C06 can be converted to a parallel-format.
The second part of the application note summarizes the key
points covering the critical electrical specifications to be
kept in mind when using the NM93C06.

The third part of the application note shows a list of various'
applications that can use a NM93C06.

GENERIC CONSIDERATIONS

A typical application should meet the following generic
criteria:

1. Allow for no more than 10,000 E/W cycles for optlmum
and reliable performance.

2. Allow for any number of read cycles.

3. Allow for an erase or write cycle that operates in the
10-30 ms range, and not in the tens or hundreds of ns
range as used in writing RAMs. (Read vs write speeds
are distinctly different by orders of magnitude in E2P-
ROM, not so in RAMs.)

National Semiconductor
Application Note 338
Masood Alavi

4. No battery back-up required for data-retention, which is
fully non-volatile for at least 10 years at room-ambient.

SYSTEM CONSIDERATIONS

When the control processor is turned on and off, power
supply transitions between ground and operating voltage
may cause undesired pulses to occur on data, address and
control lines. By using WEEN and WEDS instructions in con-
junction with a LO-HI transition on CS, accidental erasing or
writing into the memory is prevented.

The duty cycle in conjunction with the maximum frequency
translates into having a minimum Hi-time on the SK clock. If
the minimum SK clock high time is greater than 1 us, the
duty cycle is not a critical factor as long as the frequency
does not exceed the 250 kHz max. On the low side no limit
exists on the minimum frequency. This makes it superior to
the COP499 CMOS-RAM. The rise and fall times on the SK
clock can also be slow enough not to require termination up
to reasonable cable-lengths.

Since the device operates off of a simple 5V supply, the
signal levels on the inputs are non-critical and may be oper-
ated anywhere within the specified input range.

-E— Vss SK ¢ SK

Veo
. ‘:
12

Ver Vee S
csle 00 005 4F
0o > w

NM33C06 "1 copazo = 1005

0l |« 0

GND —I—
L

L0-L7, G0-G3, 01-D3
FIGURE 1. NM93C06—COP420 Interface -

TL/D/5286-1
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Vee
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00-07 H -7 50
— sK »]sx
] > >
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sanonn O B ) T
WA —»] i3 PROCESSOR 00
W f— »{co D1 P SK o
 ESE ] fEsEr 02 oo "1 y
I I e M d
= L 61-63
= g
d g «—d
70 OTHER
uPs K
psk - | -
oo ® e
g 105

) ’ TL/D/5286-2
FIGURE 2. NM93C0O6—Standard p.P Interface Via COP Processor .

ADD H ADO
PAO PORT A
AD? AD7 ‘ AT BBITS
80 PORT B NM93C06
AD13 —p{CE  NSCB10 BANK
Nscsoo™ b ol RAM PBY 8 BITS
L j it 170 pgo PORT C
PIWR  TMER  pes 6BITS
lqu/Ll; > ;II:I'EIF ¢ TIMER-IN
FESET ouT o] RESEY b TIMER-OUT
TL/D/5286-3
PAO = SK c to all 9306"
PA1 — Dpypo | ~ommoniod s
PA2-7 — . 6CS for 6- 9306's
* SK Is generated on port pins by bit-get and bit-clear in a. A sy ical duty cycle is not critical.

* CS is set In software. To generate 10-30 ms write/erase the timer/counter is used. During write/erase. SK may be turned off.

FIGURE 3. NSC800™ to NM93C06 Interface (also Valid for 8085/8085A and 8156)
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ADD
DECODE

| A0-A15 D0 CE C/D B/A
. NM93C
% D%Télggs %7' :2 H l!ANI(’i“i
_M M PORT A 1/0
10RQ i0RQ ®
Mkasso  Ro| © PI/OCTRL VMR wkagss
280 < T 280/
CPU N T e
g LM B0 Nrf‘sr‘acuﬁ
H BANK 2
< : * B7|'N"porT B 1/0
NTERRLPT 6
CONTROL LINES

@)
TL/D/5286-4

Z80-P10 9306

A0 SK

Al DI’DO
A2-A7 . CS1-CSé

* Only used If prlority interrupt dalsy chain is desired
* Identical connection for PortB .

Common to all 9306's (Bank 1)

FIGURE 4. Z80—NM93C06 Interface Using Z80-PIO Chip
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P20 P17 »] 0l
t NM33C06
P23 00 #1
v I CLOCK
P16 1 SK s
KEYBOARD
P *
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P24 P14 > A T Cs2
>lrz7 74138 1
P13 =3 B DECODER |
<—r—{ D80
H P12 a LI -ty CS9
<« 088 wF
P11
o L
t NM93C06
D0 #2
2 ES cs
4
TCse
[}
Dl |
NM93C06 1
400 #9
]
g Y ]
.
CS!
S TL/D/5286-5
* SK and D1 are generated by software. It should be noted that at 2.72 ps/Instruction. The SK perlod will be 10.88 us or 92 kHz, well

within the NM93C06 frequency range.
* DO may be brought out on a separate port pin if desired.

FIGURE 5. 48 Series uP—NM293C06 Interface
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FIGURE 6. 8048 1/0 Expansion

. D0g D07
NM33C06 1 f
Veg——]PIN 8 00 f—p LS164 sP‘é::IIiALLLIE'l‘. our
A
> sk« cLOCK
\4
' — PARALLEL IN
I___ PIN 9 - DI LS165 SERIAL OUT
= Dlp Dy

. TL/D/5286-7
FIGURE 7. Converting Parallel Data into Serial Input for NM93C06
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FIGURE 8. NM93C06 Timing
THE NM93C06A 5. Stored data is fully non-volatile for a minimum of ten

Extremely simple to interface with any pP or hardware logic.
The device has six pins for the following functions:

Pin1 cs* HI enabled

Pin2 sK Serial Clock input

Pin3 DI For instruction or data
input

Pin 4 DO** For data read, TRI-STATE®
otherwise

Pin5 GND

Pin8 Vee ~ For 5V power

Pins 6-7 No Connect No termination required

*Following an E/W instruction feed, CS is also toggled
low for 10 ms (typical) for an E/W operation. This inter-
nally turns the VPP generator on (HI-LO on CS) and off
(LO-HI on CS).

**Dl and DO can be on a common line since DO is TRI-
STATED when unselected DO is only on in the read
mode.

USING THE NM93C06

The following points are worth noting:

1. SK clock frequency should be in the 0-250 kHz range.
With most pPs this is easily achieved when implement-
ed in software by bit-set and bit-clear instructions,
which take 4 instructions to execute a clock or a fre-
quency in the 100 kHz range for standard pP speeds.
Symmetrical duty cycle is irrelevant if SK Hl time is >
2 ps. o

2. CS low period following an E/W instruction must not
exceed the 30 ms max. It should best be set at typical
or minimum spec of 10 ms. This is easily done by timer
or a software connect. The reason is that it minimizes
the ‘on time’ for the high Vpp internal voltage, and so
maximizes endurance. SK-clock during this period may
be turned off if desired. .

3. All E/W instructions must be preceded by EWEN and
should be followed by an EWDS. This is to secure the
stored data and avoid inadvertent erase or write.

4. A continuously ‘on’ SK clock does not hurt the stored
data. Proper sequencing of instructions and data on DI
is essential to proper operation.

years independent of Voo, which may be on or off.
Read cycles have no adverse effects on data reten-
tion.

6. Up to 10,000 E/W cycles/register are possible. Under
typical conditions, this number may actually approach
1 million. For applications requiring a large number of
cycles, redundant use of internal ‘registers beyond
10,000 cycles is recommended.

7. Data shows a fairly constant E/W Programming behav-
ior over temperature. In this sense E2PROMSs super-
sede EPROMSs which are restricted to room tempera-
ture programming.

8. As shown in the timing diagrams, the start bit on DI
must be set by a ZERO - ONE transition following a CS
enable (ZERO - ONE), when executing any instruction.
ONE CS enable transition can only execute ONE in-
struction.

9. In the read mode, following an instruction and data
train, the DI can be a don't care, while the data is being
outputted i.e., for next 17 bits or clocks. The same is
true for other instructions after the instruction and data
has been fed in.

10. The data-out train starts with a dummy bit 0 and is
terminated by chip deselect. Any extra SK cycle after
16 bits is not essential. If CS is held on after all 16 of
the data bits have been outputted, the DO will output
the state of DI till another CS LO-H! transition starts a
new instruction cycle.

11. When a common line is used for DI and DO, a probable
overlap occurs between the last bit on DI and start bit
on DO.

12. After a read cycle, the CS must be brought low for
1 SK clock cycle before another instruction cycle can
start.

All commands, data in, and data out are shifted m/out on

rising edge of SK clock.

Write/erase is then done by pulsing CS low for 10 ms.

All instructions are initiated by a LO-HI transition on CS fol-

lowed by a LO-HI transition on DI.

READ — After read command is shifted in

Dl becomes don’t care and data can
be read out on data out, starting
with dummy bit zero.

WRITE — Write command shifted in followed by

data in (16 bits) then CS pulsed low
for 10 ms minimum.
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INSTRUCTION SET

Instruction { SB | Opcode Address Data - " Comments

“READ 01 10xx A3A2A1A0 Read Register A3A2A1A0
WRITE 01 01xx A3A2A1A0 | D15-DO | Write Register ABA2A1A0
ERASE 01 11xx A3A2A1A0 Erase Register A3A2A1A0
EWEN 01 0011 XXXX Erase/Write Enable
EWDS 01 0000 XXXX Erase/Write Disable
ERAL 01 0010 XXXX Erase All Registers
WRAL 01 0001 XXXX D15-D0 | Write All Registers

NM93C06 has 7 instructions as shown. Note that MSB of any given instruction is a 1" and is viewed as a start bit
in the interface sequence. The next 8 bits carry the op code and the 4-bit address for 1 of 16, 16-bit registers,

X is a don't care state.

The following is a list of various systems that could use a

NM93C06
A. Airline tern’nal
Alarm system
Analog switch network
Auto calibration system
Automobile odometer
Auto engine control
Avionics fire control
B. Bathroom scale
Blood analyzer
Bus interface
C. Cable T.V. tuner
CAD graphics
Calibration device
" Calculator—user programmable
Carnera system
" Code identifier
Communications controller
Computer terminal
Control panel
Crystal oscillator
D. Data acquisition system
Data terminal
E. Electronic circuit breaker
' Electronic DIP switch
Electronic potentiometer
Emissions analyzer
- Encryption system’
Energy. management system
F. Flow computer
Frequency synthesizer
Fuel computer
G. Gas analyzer
Gasoline pump
H. Home energy management
Hotel lock
Industrial control
Instrumentation
Joulemeter
Keyboard -softkey
Laser machine tool
Machine control
Machine process control
Medical imaging )
Memory bank selection
Message center control
Mobile telephone

IrXx-

vo

DO

<

<

N X=

Modem .
Motion picture projector
Navigation receiver

Network system

Number comparison

Oilfield equipment

PABX

Patient monitoring

Plasma display driver

Postal scale

Process control
Programmable communications
Protocol converter

Quiescent current meter
Radio tuner

Radar dectector

Refinery controller

Repeater

Repertory dialer

Secure communications system
Self diagnostic test equipment
Sona-Bouy

Spectral scanner

Spectrum analyzer .
Telecommunications switching system
Teleconferencing system
Telephone dialing system

T.V. tuner

Terminal

Test equipment

Test system

TouchTone dialers

Traffic signal controller
Ultrasound diagnostics

Utility telemetering

Video games

Video tape system
Voice/data phone switch
Winchester disk controller
X-ray machine

Xenon lamp system
YAG—laser controller
Zone/perimeter alarm

system

4-82




The NM93C46—An Amazing
Device

Question: What has 8 pins, runs on 5V and can store any
one of more than 10300 unique bit patterns?

Answer: The NM93C46—a 1024-bit serial EEPROM.
Surprised? It is easy to check:

21024 = number of possible combinations

210 = 103

21024 = (210)102 = (103)102 = 10306

10306 combinations are more than enough for any conceiv-
able security application, serial number, or station I.D. many
times over. Although the NM93C46 is a small part both
physically and in memory size, its capacity to store unique
codes is boundless. '

Figure 1 shows the pin assignments and pin names for the
NMO93C46. Pins 6 and 7 are not connected, leaving only 6
active pins on the device. The DO pin is not active while
data is being loaded through the DI pin. DI and DO can be
tied together, creating a device that requires a 5-wire inter-
face. This interface may be useful in security applications.
The EEPROM could be built into a module that could be
used as a “smart key” in electronic security systems. The
key would be read whenever it was inserted into a 5-contact
keyhole and access would be granted or denied as deter-
mined by the stored code. If only 256 bits of the EEPROM
were to be used to store the code, this would still provide
1077 possible combinations. The remainder of the memory
in the key could be used for data collection or to keep a
record of where the key had been. It should be noted that
ability to write data into the key allows the key to be immedi-
ately erased if it is misused.

Dual-In-Line Package
O/

cs—1 1 8 b—Vee

sK—2 7h—nNc

Dl— 3 6 |—NC

D0—] 4 5 |—GND

TL/D/8611-1
Pin Names
cS Chip Select
SK Serial Clock
DI Data Input
DO Data Output
Vee +5V
GND Ground
NC No Connection
FIGURE 1

National Semiconductor
Application Note 423
Stacy Deming

The 5-contact key is nice, but a 4-contact key is at least
20% better. Figure 2 shows how the addition of a retriggera-
ble one-shot can achieve this reduction. This circuit puts
some timing constraints on the serial clock signal, but these
are easily met. The output pulse of the one-shot should re-
main high for a period that is slightly longer than one serial
clock cycle to prevent the NM93C46 from being reset. (The
falling edge of CS must occur before the rising edge of the
serial clock after the last bit of a write command is transmit-
ted.)

+5V

ONE- J
d SHOT I: s Ve
SK/CS SK
DI/DO'——E DI
DO GND —|
GND -

One-shot is retriggerable MM74HC123
FIGURE 2

A circuit for a 3-contact key is shown in Figure 3. A filter
capacitor, diode and one-shot have been added. Both one-
shots are triggered whenever a pulse to ground occurs on
the power supply contact. The capacitor and diode provide
power to the NM93C46 and the one-shots during this brief
power interruption. An operational amplifier can be used as
the power source and can easily generate the required
waveform. Both the serial clock and chip select signals are
recovered from this waveform.

TL/D/8611-2
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Vec
| Sk—1 —p
cs ONE-
SHOT A =} CS Vee
ONE- sK
SHOT B o~
DI/DO0 ] T
DO GND -—]
GND :

TL/D/8B11-3
One-Shot A—Y, MM74HC123
One-Shot B—1/, MM74HC123
FIGURE 3

By adding more circuitry to the key, it is possible to achieve
a 2-contact interface. A circuit for this interface is shown in
Figure 4. .

Commands and data are transmitted to the key by superim-
posing a pulse-.vidth-modulated code on the power supply
contact. The voltage swings between 8V and 16V at point 1.
A regulated 5V is supplied to the circuits in the key by a
local regulator. Resistors R1 and R2 form a divider to create
a 3V reference for the operational amplifier. R3 and R4 are
used as a divider that converts the 8V to 16V signal at point
1 to a signal at point 2 that swings between 2V and 4V. The
output of the operational amplifier now follows the signal at
point 1 but swings from OV to 5V. This signal is used to
trigger the one-shots as in the 3-contact circuit, and appears

at the DI pin as a pulse-width-modulated signal. Command
and data signals may now be entered. Data is read from the
key by monitoring the power supply current. When-the DO
pin is in TRI-STATE® or outputs a one, transistor T2 is
turned off. When DO outputs a zero, T2 is turned on and
current flows through R5. The value of R5 may be chosen to
create whatever current change is needed to detect the
state of DO. The current should be tested when the voltage
at point 1 is 16V. The resistor in this example will produce a
10 mA change.

Figure & shows a typical read sequence for the circuit
shown in Figure 4.

CONCLUSION

This application note describes a number of circuits that are
useful in security and data collection systems. These cir-
cuits should be considered only the beginning. It no longer
makes sense to install DIP switches to select access codes
in garage door openers, cordless and mobile phones, or any
other microcontroller-based system. “Smart keys” can be
used to gain access to databases and can be invalidated
over normal communication lines if they are abused. It bog-
gles the mind to consider what can be done with so many
unique codes. ‘

Note: The circuits in this application note feature the NM93C46. The
NM93CO06 is a pin-compatible part that stores 256 bits.
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Using National’s

MICROWIRE™ EEPROM

National Semiconductor manufactures a wide range of low
density serial EEPROMs that use the MICROWIRE interface
as a means of communication. Although all of these devices
use the MICROWIRE interface, there are slight variations in
interfacing due to differences in memory sizes, features,
and technology used to implement the device. Additionally,
the MICROWIRE interface does not specifically define any
protocol, it only defines a basic set of signal lines to inter-
connect two or more devices. Due to these reasons, addi-

tional information is necessary to fully understand how to

best interface
EEPROM.

The goal of tﬁis application guide is to cover a diversity of
information in renard to basic timing, interfacing options,
and functiqnality of different EEPROMs. | will use an outline
approach, so the appropriate heading can be located easily.
Each section attempts to be stand alone so the information
can be easily extracted. The outline appears below:
OUTLINE .
1.0 Description of EEPROM Families
1.1 CMOS EEPROM
1.1.1 NM93C Family
1.1.2 NM93CS Family
1.1.3 Variations
2.0 HARDWARE CONNECTIONS
2.1. INTERFACE PIN DESCRIPTIONS
2.1.1-Chip Select
2.1.2 Serial Clock
2.1.3 Data-In (D))
2.1.4 Data-Out (DO)
2.1.5 Program Enable (PE)
2.1.6 Protect Register Enable (PRE)
2.1.7 Organization (ORG)
2.1.8 Status (RDY/BUSY)
2.2. FOUR WIRE BUS
2.3. THREE WIRE BUS
3.0 TIMING CONSIDERATIONS
3.1 BUS TIMING
3.2 INSTRUCTION SEQUENCE DESCRIPTIONS
3.2.1 Read Cycle
3.2.2 Sequential Read
3.2.3 Erase and Erase All
3.2.4 Write and Write All
3.2.5 Program Enable and Program Disable
3.2.6 Protect Register Read
3.2.7 Protect Register Enable
3.2.8 Protect Register Disable
3.2.9 Protect Register Clear
3.2.10 Protect Register Write
3.3. INTERFACING SOLUTIONS
4.0 CONCLUSION

to National’s family of MICROWIRE

National Semiconductor

- Application Note 758

Paul Lubeck

1.0 Description of EEPROM

Families

1.1 CMOS EEPROM

National builds a range of MICROWIRE CMOS EEPROMs
in memory sizes ranging from 256-bit to 4906-bit. The
NMB93C family is the base family and the NM93CS is a simi-
lar family with additional features, there are also other devic-
es with slight variations on the interface. All these devices
are available with certain “standard” options such as oper-
ating temperature ranges and operating voltage ranges,
packaging options and test options.' These options being
fairly standard variations for semiconductor devices, will not
be addressed beyond this. The purpose of this article is to
address basic functionality and interfacing, including various
tricks to simplify or modify the interface.

1.1.1 NM93C Family

The NM93C family of EEPROM is available in 256-, 1024-,
2048-, and 4096-bit sizes. All of these are internally orga-
nized in 16-bit words, therefore all data transactions deal
with 16 bits. This family of EEPROMs has 7 instructions that
deal with read, write, and a basic level of data protection.
The instructions are listed in Table I. It is important to note
that there is a basic difference in length of the instruction
between the NM93C06 or NM93C46 and the NM93C56 or
NM93C66. This is due to the larger devices needing addi-
tional address bits.

The NM93C family of EEPROM, like all of National’s serial
EEPROMs have a basic level of write protection that can be
turned on or off by the use of the ERASE/WRITE DISABLE
(EWDS) and ERASE/WRITE ENABLE (EWEN) instructions.
Although there are two erase instructions included in the
NMB3C family, these are included only for compatibility with
older EEPROMSs that require erase before write. These
EEPROMs don't require erase before write and it is recom-
mended that in application the erase not be used as this
adversely affects endurance.

1.1.2 NM93CS Family

The NM93CS EEPROMs are identical to the NM93C family
in memory sizes and organization. Making them different,
they have two additional functions, sequential read and user
configurable write protection, and don't have either of the
erase functions, ERASE and ERASE-ALL as they are not
needed. Like all of the CMOS EEPROMSs, these have self
timed programming cycles and operate from a single exter-
nal supply of either 4.5V to 5.5V or 2.0V to 5.5V. In these
devices it is necessary to eliminate the erase cycles from
the code as they may adversely affect the performance of
the device.

As these have additional functions, the instruction set in-
cludes a total of 10 instructions, 3 that operate on the mem-
ory array, 2 that deal with the basic write protection and 5
that deal with the user configurable write protection. Refer
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to the NM93CS instruction set table (Table II) for definitions
of these instructions. As with the NM93C family, there is a
basic difference in instruction length depending on memory
size.

To further increase data security in these EEPROMs there
are also two additional input signals defined, Program En-
able (PE) and Protect Register Enable (PRE). These signals
are on pins that are unused on the NM93C family providing
upward compatibility to the NM93CS devices. .

TABLE |. NM93C Family Instruction Set Table

Instruction SB Op Code Address Data . Comments
READ 1 10 - A7/A5-A0 Reads data stored in memory.
EWEN 1 00 TIXXXX Write enable must precede all programming modes.
ERASE 1 1 A5-A0 Erase register ASA4A3A2A1A0.
WRITE 1 01 A5-AO0 D15-D0 Writes register. '
ERAL 1 00 - 10XXXX Erase all registers.
WRAL 1 00 ©O1XXXX D15-D0 Writes all registers.
EWDS 1 00 . 00XXXX Disables all programming instructions.
TABLE [l. NM93CS Family Instruction Set Table ’
Instruction | SB | Op Code | Address Data PRE | PE Comments
READ A 10 A5-A0 0 X | Reads data stored in memory, starting at spécified address.
WEN 1 00 - 11XXXX 0 1 | Write enable must precede all programming modes.
WRITE 1 01 [ A5-A0 | Di15-DO| O 1 | Writes register if address is unprotected.
WRALL 1 00 JOIXXXX [ D15-DO | O 1 | Writes all registers. Yalid only when Protect Register is
) . cleared. ) .
WDS 1 00 00XXXX 0 X | Disables all programming instructions. -
PRREAD 1 10 | XXXXXX X | Reads address stored in Protect Register.
PREN . 1 00. . | 11XXXX 1 1 | Mustimmediately precede PRCLEAR, PRWRITE, and PRDS
: instructions.
PRCLEAR 1 11 111111 1 1 | Clears the Protect Register so that no registers are protected
from WRITE.
. PRWRITE 1 01 A5-A0 ) 1 1 | Programaddress into Protect Register. Thereafter, memory
. addresses > the address in Protect Register are protected
from WRITE. T
PRDS 1 00 000000 1 1 | One time only instruction after which the address in the
’ . Protect Register cannot be altered. '
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1.1.3 Variations

There are two variations on the standard implementation of
the Microwire bus. Both variations can be viewed as en-
hancements. The first enhancement is a Organization
(ORG) input that allows the user to select the internal con-
figuration of the memory as either 8 bits wide or 16 bits
wide. When the input is high or unconnected, the device is
configured as 16 bits wide, when the ORG input is at a low
level, the memory is configured as 8 bits wide, but twice as
deep. The feature is present on both the NM33C46A and
the NM59C11. : :

The second variation is the STATUS output. This is the
Busy/Ready polling to indicate programming status. All oth-
er devices have this feature on the Data-Out (DO) output,
the NM59C11 alone has status available as a separate out-
put and not on the Data-Out output. This can simplify inter-
facing to a bidirectional data bus.

2.0 Hardware Connection

2.1 INTERFACE PIN DESCRIPTIONS

In this section, each possible input or output will be de-
scribed followed by the most popular variations of bus con-
nections. Not all devices have all of the described I/0s. The
1/Os are available according to Table Ill, I/0 Functionality.

2.1.1 CHIP SELECT (CS)

Chip Select is used to differentiate between various devices
on the same Microwire bus. In the case of EEPROM it can-

" not be tied high even if it is the only device on the bus as it

performs several additional functions. As it applies to any of
the Microwire EEPROMSs, the rising edge resets the internal
circuitry of the device, a function necessary prior to initiating
any new cycle. As shown in the functional block: diagram
(Figure 1) chip select also gates the data input and clock
input, thus disabling these functions.

During the course of clocking in the start bit, op-code ad-
dress and data-in or data-out, chip select must be held high
continuously, otherwise the internal circuits will be reset and
the cycle will have to be started again with a new start bit.

During programming cycles chip select initiates the internal
programming cycle. The falling edge of chip select will start
the internal programming cycle when a programming op-
code has been entered (Erase, Write, Erase All, Write All)
and then, in conjunction with Data-Out (DO), will indicate if
programming is complete (except the NMOS NMC9306). If
programming is complete, Data-Out will drive high, if incom-
plete it will drive low. In the case of the NMC93086, the user
must provide the programming time and in this case chip
select must be held low for a minimum of 10 ms, then
brought high and clocked to end the programming cycle.

Several additional notes in regard to chip select:

If a programming cycle is partially clocked in and then chip
select dropped, the EEPROM may enter into a programming

“mode. This is determined by how many bits have been

clocked in when chip select is dropped. If the start bit, op-
code, and all of the address has been clocked in, a pro-
gramming cycle will be initiated with no or partial data. If less
than a complete address has been clocked in, the program-
ming cycle will not be initiated. Refer to Figure 2, reference
line 1.

In the case of the NM59C11, a programming cycle will not
be entered unless a full data field has been clocked in. A full
data field may be either 8 or 16 bits depending on the logic
level present at the ORG input. A programming cycle will be
entered at reference line 2 in Figure 2 for the NM59C11.

Chip select hold time at the end of a cycle is referenced to
the last rising edge of clock (SK). The hold time from the
rising edge is the same as the minimum SK high time for the
particular device. This is stated in the datasheets as 0 ns
hold time from the falling edge of SK which assumes that
SK high time is always minimum. In this case SK can be left
in the high state or taken low at a later time. Internally chip

“select gates SK, therefore SK is not critical.

TABLE Ill. 170 Functionality by Device

Cs SK DI DO PE PRE ORG STAT
NM93C Family X X X X
NM93CS Family X X X X X X
NM93C46A X X X X X
NM59C11 X X X X X X
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2.1.2 SERIAL CLOCK (SK)

The clock input is used to clock all data, address, op-code,
and start bits into or out of the EEPROMs. SK clocks both
input and output on the rising edge only, the falling edge has
no effect on the devices. The only function it is not neces-
sary for is the Busy/Ready Polling which is an asynchro-
nous function.

Since SK is gated by ship select, it is a “Don’t Care” any
time chip select is low. It is also don’t care prior to a start bit
being clocked in and during Busy/Ready Polling. During
these conditions Data-In (DI) must be held at a low level,
otherwise a start bit will be interpreted.

If it is desirable to insert additional clock cycles during a
instruction sequence for the purpose of byte aligning the
data, there are several places in the data stream they may
be inserted as described below:

— On any instruction, zeros can be clocked into the DI in-
put before the start bit. Any number of clock cycles may
be added if Data-In (Dl) is held at zero. The first 1
clocked in will be interpreted as the start bit. This re-
quires special precautions if a bidirectional data bus is
used (Data-In tied to Data-Out) as the Busy/Ready Poll-
ing will interfere with the Data-In if it is not cleared out at
the end of each programming cycle. See Section 2.3,
THREE WIRE BUS, for more information.

— During a Read instruction, it is allowable to continue to
clock the device after the 16 bits of data has been
clocked out. In the case of the NM93CS family this will
cause the memory to increment to the next register and
present its contents on the Data-Out pin. In the case of
all other devices, whatever was present on the Data-In
pin will become present on the Data-Out pin (Fall thru).
Refer to Figure 1, Block Diagram.

— During a Write or Write-All, additional clock cycles may
be added after address A0 and before the valid data.
The EEPROM will write into the memory the most recent
16 bits, or in the case of the NM93C46A, the most re-
cent 8 bits or 16 bits depending on the status of the
ORG input. Adding additional clocks after the valid data
will cause the data to be misaligned. In the case of the
NM59C11, the device counts the data bits clocked in
and automatically enters the programming mode when it
receives a full data field, therefore bits cannot be insert-
ed between A0 and valid data.

— During the EWEN, Erase, Erase All, EWDS, WEN, WDS
cycles, it is not necessary to clock in a data field, al-
though it is mandatory to clock in'a complete address
field, even if the addresses are “Don’t Care”. Additional
clocks can be added after the address field.

2.1.3 DATA-IN (DI)

The Data-In input receives the Start-Bit, Address and input
data in a serial stream, each bit clocked in on the rising
edge of SK. Dl is gated by the chip select to provide a high
degree of noise immunity. As shown in the block diagram,
Data-In is routed to both the instruction shift register and the
data shift register. When the start bit is clocked into the last
bit of the instruction register, the clock is switched to the
data register to receive input data and clock data out simul-
taneous. The Data-Out remains in high impedance unless a
read cycle or Busy/Ready status is being done. The safest
state is to keep the Data-In pin in a low level as a start bit is
a high level.

2.1.4 DATA-OUT (DO)

The Data-Out (DO) output sends read data onto the micro-
wire bus and is clocked out on the rising edge of SK. It also
carries the programming status after a programming cycle
which is an asynchronous function that does not require the
clock. At all other times the Data-Out is in the high imped-
ance state. During a Read cycle, the Data-Out output begins
to drive actively after the last address bit (A0) is clocked in.
During the Busy/Ready polling it begins to drive active after
chip select is raised to a high level.

During the Busy/Ready Polling, the Data-Out output drives
low while the device is still in the internal programming cy-
cle. After the EEPROM has completed the internal program-
ming cycle, the Data-Out pin will drive high when chip select
is high. Subsequently, if chip select is brought high again,
Data-Out will again drive high indicating it has completed
the programming cycle. To clear the Busy/Ready Polling it
is necessary to raise chip select and clock in a start bit.
Once the start bit is clocked in, Data-Out will return to the
high impedance state. It is not necessary to continue with a
cycle after this start bit has been clocked in, although it is
permissible to start a new cycle with this start bit. This clear-
ing of the Busy/Ready status may be necessary if a bidirec-
tional data bus is used (Data-In tied to Data-Out) as the
Data-Out output will-interfere with the new data being pre-
sented on the Data-In input.

2.1.5 PROGRAM ENABLE (PE)

The program enable (PE) input will enable all programming
cycles when it is held at a high level during the duration of a
programming cycle. Conversely, it will disable all program-
ming, including programming of the protect register, while it
is held low. This input has no affect on any other cycle, so it
may be permanently tied high or low, or may be used in an
active mode. This input is available on the NM93CS family
only.

2.1.6 PROTECT REGISTER ENABLE (PRE)

The protect register enable (PRE) input is used to switch
between memory operations and protect register operations
since the same op-codes are used for both. With the PRE
input high, the op-codes define operations in the protect
register, with the PRE input low, the op-codes define opera-
tions in the memory. This pin may be tied high or low, or
used in the active mode. This input is available on the
NM93CS family only.

2.1.7 ORGANIZATION (ORG)

The Organization input (ORG) is used to control the internal
organization of the memory. The two selectable organiza-
tions are 16-bit words and 8-bit words. Simply by holding the
ORG pin at a high level, 16-bit words are selected, by hold-
ing the input at a low level 8-bit words are selected. When in
the 8-bit mode, one additional address bit is required in the
instruction sequence since the depth of the memory is dou-
bled. This input is available only on certain device types,
refer to the individual datasheets.

2.1.8 STATUS (RDY/BUSY)

The status output indicates the programming cycle status
after a programming cycle. When the device is in the pro-
gramming mode and therefore cannot accept any other cy-
cles, this pin will be low. After completion of the cycle the
STATUS pin will be driven high. When this function is pres-
ent, the Busy/Ready Polling is not available on the Data-Out
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output. In some systems, particularly those using a bi-direc-

tional data bus, this can simplify interfacing by eliminating .

the possible contention between the Ready indication and
the incoming data from the host device. This output is avail-

able only on certain device types, refer to the individual

datasheets.

2.2 FOUR WIRE BUS

The 4 wire bus is the simplest interconnection between the
EEPROM and the host device. In most cases the only sig-
nals necessary to provide are clock, chip select, Data-In and
Data-Out as shown in Figure 5. The PRE, PE, ORG, and
STATUS pins are not shown as they are variations on this
and the 3 wire bus connection. Multiple devices can be con-
nected to the microwire bus, the only limitations being load-
ing and available chip select means. In some systems it is
necessary to have a bi-directional data line as described
below in 3 wire bus. .

93CXX
MICRO o
S0 0l
Sl ¢
SK SK
PX P CS

TL/D/11169-7
FIGURE 5. Four ere Connection

2.3 THREE WIRE BUS
The 3 wire bus operates in the same mode as the 4 wire bus

with the exception that the Data-In and Data-Out pins on the

EEPROM are tied together. When using this connection,

there are two precautions that need to be observed.

— When Data-In is tied to Data-Out, there is a possible’
conflict between address A0 in the instruction sequence

and the dummy bit. This only occurs during a READ

cycle. This is not harmful-to the device and the internal

circuitry of the EEPROM guarantess that the device will

function properly under this condition. To decrease the

noisé created by ‘the condition, a resistor may be

placed in the locations indicated in Figure 6. The timing
" diagram in Figure 7 shows the bus conflict.

— The second possible area of conflict occurs when the
Busy/Ready status is on the Data-Out output. Since the
device will continue to indicate a Ready status indefinite-
ly after a programming cycle (until a start-bit is clocked
in), this can conflict with the beginning of the next cycle
if leading zeros are clocked in (See Figure 7). The solu-
tion is to either use a separate cycle to clear the Ready
bit or to eliminate any leading zeros from the instruction
sequence. If the Busy/Ready Polling is not used in the
application, the easiest solution is to use the NM59C11
that does not have the polling on Data-Out but has |t on

a separate output
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3.0 Timing Considerations

The following information describing the Microwire bus tim-
ing must be used in conjunction with the datasheet as it is
an expansion and clarification of the datasheet. First, the
basic timings with respect to the clock (SK) will be de-
scribed, followed by instruction sequence timing, and finally,
specific information in each instruction sequence.

3.1. BUS TIMING

The synchronous data timing shown in Figure 8 is similar to
that shown in the various datasheets. There is one. signifi-
cant modification to the timing specification though, the chip
select (CS) hold time is referenced to the rising edge of the
clock rather than the falling edge. With this modification, the
hold time specification must be changed to be the same as

the minimum clock (SK) high time. Other significant points

are:

— The only active edge of the clock is the rising edge.

— The only time the clock is necessary is when clocking
data into or out of the EEPROM. It is not necessary dur-
ing Busy/Ready Polling.

— The clock may be left in either the high state or low state
between cycles. It is safer-to leave the clock in the low
state.

— When chip select (CS) is high, clock (SK) is a critical
signal. With the exceptions noted in Section 2.1.2 tilted
SERIAL CLOCK (SK), no additional clock cycles or noise
that crosses the V| or V| thresholds can be tolerated.

SK ‘ tsku tskL
tois ' toin
DI < VALID >< >< ><7
tess I .tcsu = tsky

cs

tppo — D1
Do Vou

VoL

TL/D/11169-11

FIGURE 8. Synchronous Timing
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3.2 INSTRUCTION SEQUENCE DESCRIPTIONS

3.2.1 READ CYCLE

The READ cycle requires the host to raise chip select (CS)
and then clock in thru the Data-In (DI) pin a start-bit, op-
code, and address. Following clocking in the last address
bit, the Data-Out (DO) output comes out of the high imped-
ance state and drives a low level on the output. This is
referred to as the dummy bit and is a good indication that a
READ mode has been successfully entered if difficulty is
encountered during initial debug of a system. The dummy bit
is clocked out of the EEPROM on the same rising edge of
SK that clocks in the last address bit, AO. This is shown in
Figure 9.

3.2.2 SEQUENTIAL READ

Sequential read is a read mode available only on the
NM93CS family. It is entered by entering a READ cycle and
clocking out the first 16-bit word. After reading the first
16-bit word if chip select (CS) is kept high, address A + 1
may be clocked out followed by address A + 2 and so on.
When the maximum address is reached, the memory contin-
ues in the sequential read mode at address 0. In this man-
ner, the host may operate the memory in a continuous loop
read. When initiating a SEQUENTIAL READ, the first data

25

word is proceeded by a dummy bit as in a standard READ,
although the dummy bit is supressed in all subsequent data
words as shown in F/gure 9.

3.2.3 ERASE AND ERASE ALL

The ERASE cycles return the contents of the EEPROM to a
clear state which is read as 1's. Itis not necessary for any of
the CMOS EEPROM described in this article, and is includ-
ed in the NM93C family, NM93C46A, and NM59C11 only for
compatibility with older devices that require erasing. It is
recommended that the erase cycles be eliminated from the
instructions to simplify the code, speed up writing and to
improve the endurance obtained in the application. These
modes are entered by clocking in a start-bit, op-code, and
address. It is not necessary to clock in the data field as it is
assumed to be all 1's. It is necessary-to clock in the ad-
dress, even in the case of ERASE-ALL where it is “don’t
care” in all except the first two bits of the address field
which is used as additional op-code bits. After the full ad-
dress field has been clocked in, chip select must be re-
turned to a low level in initiate the erase cycle. In all devices,
except the NMC9306, programming completion can be de-
termined by Polling as shown in Figure 4, or a simple 10 ms
timeout will guarantee programming is complete if polling is
not used.
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3.2.4 WRITE AND WRITE ALL

The Write: and Write All cycles will write a specmed data
word into the specified address, or in the case of Write All,
the same data pattern will be written into all locations. In all
devices a new data pattern may be directly written over an
existing data pattern without erasing the first data pattern.
The write mode is entered by clocking in a start-bit, op-
code, address, and data, The full address field must be
clocked in for the Write All even though it is don't care in all
but the first 2 bits. It is also necessary to clock in a full data
field to assure correct alignment of data. The write cycle will
be initiated after 8--or 16-bit have been clocked into the
device in some-of the devices and in other devices after
chip select is brought low regardless of how many data bits
have been clocked in. Refer to the specific datasheets to
determine which method is used.

3.2.5 PROGRAM ENABLE AND PROGRAM DISABLE

Program enable and program disable are the instructions

that enable or disable writing and, where included, erasing.
The instruction name varies depending on the specific de-
vice but includes EWEN, EWDS, WEN, and WDS. These
instructions enable or disable the entire memory array with a
single instruction. All devices power up in the disable mode

and once placed in the enabled mode remain enabled until
a disable instruction is performed or Vg is cycled. These-

instructions provide the most basic level of data protection.
Although since most lost data is the result of the host device
becoming uncontrolled and performing the. “‘Program Sub-
routine’ it may be helpful to structure the software such that
the enable command is not included in the “Program Sub-
routine” but is in a separate subroutine. If a greater degree
of data security is needed, a NM93CS family device is rec-

code and an address field of all 0’s while both the PRE and
PE inputs are at a high level. This instruction must be imme-
diately proceeded by a PREN instruction.

3.2.9 PROTECT REGISTER CLEAR

The protect register clear instruction will clear the contents
of the Protect Register making the entire contents of the
EEPROM alterable only if the PRDS instruction has not pre-
viously been executed. This is done by clocking in a start-
bit, op-code, and address field of all ones. This instruction
must be immediately proceeded by PREN instruction and
requires that both PRE and PE inputs be held at a high level.

3.2.10 PROTECT REGISTER WRITE

The Protect Register write command (PRWRITE) allows the
host to write the protect reglster with the address where the
memory is to be segmented into ROM and EEPROM. The
defined address is the first ROM address and the ROM field
then continues to the top of memory. To execute this com-

" mand a start-bit, op-code, and address must be clocked in,

the address field containing the memory address that de-
fines the ROM/EEPROM boundary. The PRE and PE inputs
must be held at-a high level.

3.3 INTERFACING SOLUTIONS

“When interfacing serial microwire EEPROMs to microcon-

trollers there is an apparent conflict that occurs when se-
lecting clock polarity and phase. This can be easily over-
come in most situations, although when using some micro-
controllers that do not allow selection of either clock polarity
or clock phase, the only solution may be to resort to bit set

~ and bit reset instructions to interface to the EEPROM rather

than use of the serial interface provnded on the microcon-

.. troller.

ommended, or other more elaborate schemes involving re- -

dundant data storage and polling.

3.2.6 PROTECT REGISTER READ

The protect register read (PRREAD) command is the same
as a word read command except the input PRE must be
held at a high level and the address is don’t care. In spite of
the address being don’t care, the entire address field must
be clocked in. On'the Data-Out pin the contents of the pro-

tect register will be clocked out MSB first descending to | |

LSB.

3.2.7 PROTECT REGISTER ENABLE

Similar to the programming enable instructions described
above, the PREN instruction is necessary to perform any
programming instruction the affects the Protect Register.
Unlike the enable instructions described above, a PREN
must immediately proceed each programming instruction
that involves the protect register. The Protect Register pro-
gramming instructions are PRCLEAR, PRWRITE, and
PRDS.

3.2.8 PROTECT REGISTER DISABLE

The protect register disable instruction permanently dis-
ables any further programming instructions to the protect
register. Therefore it can only be performed once in the
lifetime of a NM93CS device. The purpose of it is to perma-
nently configure a portion of the EEPROM as true ROM and
a portion as Read/Write EEPROM. Great caution should be
exercised prior to executing this instruction as there is no
second chance. It is performed by sending a start-bit, op-

In the‘instance where there is a dedicated serial interface
provided, the conflict typically occurs as follows. Figure 10
demonstrates an EEPROM READ as this involves data be-
ing transferred from the micro to the EEPROM (Start bit, op-
code, and address) and data transferred from the EEPROM
to the micro (address contents). The conflict occurs in this
example when the micros clock sets data up on the falling
edge of SK and expects the EEPROM to accept it on the

rising edge, but then expects the EEPROM to do the same

when it sends data back to the micro.

1. The micro sets up a data bit. A propagation delay after
the falling edge the data bit is valid at the EEPROM DI
pin.

2. The EEPROM uses the rising edge of SK to clock the
data bit into its internal register.

3. When the data direction changes the EEPROM sets the
data up starting at the rising edge of SK.

4. The micro attempts to clock the data bit in that was set
up on clock edge 3.

This example will work if the micro requires 20 ns or less

data hold time after edge 4. If greater than 20 ns is required,

an alternate strategy is needed.

1a. The micro sets up the data bit on the rising edge and a

propagation delay later it is valid at the EEPROM.

2a. The EEPROM clocks the data into its internal register.

The EEPROM requires only 10 ns data hold time, which
can normally be guaranteed.
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3a. The EEPROM sets the Data-Out up on the rising edge.

4a. The micro clocks the data into it's internal registers on
the falling edge of the clock and a minimum data setup
and hold time is guaranteed for the micro based on the
minimum high and low time of the SK clock used in the
application. ‘

It should be noted that in the second example, CS (chip

select) is asserted when SK is low. If this cannot be done,

the DI input should be low when CS is asserted. If both DI

and SK are high when CS is asserted the EEPROM will

recognize this as a rising edge of SK. To accommodate this
in a design; it is allowable to clock in any number of logic
zeros prior to the start bit.

4.0 Conclusion

The serial EEPROM offered by National all share a common
structure. Separating them are various features that give
benefit to various applications such as the need for a bi-di-
rectional data bus or need for one byte word width. There
are a number of “tricks” that may simplify interfacing to
these which can easily be understood with the help of a
functional block diagram: Given this information the overall
job of using a serial interface EEPROM will be simpler.

TL/D/11169-13

cs

SK

Dt

Do

TL/D/11169-14

FIGURE 10 -
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Using an EEPROM—

12CT™™ Interface ,
NM24C02/03/04/05/08/09/
16/17

INTRODUCTION

National Semiconductor's NM24C EEPROMSs are designed
to interface with Inter-Integrated Circuit (I2C) buses and
hardware. NSC's electrically erasable programmable read
only memories (EEPROMSs) offer valuable security features
(write protection), two write modes, three read modes and a
wide variety of memory sizes. Applications for the 12C bus
and NM24C memories are included in SANs (small-area
networks), stereos, televisions, automobiles and other
scaled-down systems that don't require tremendous speeds
but instead cost efficiency and design simplicity.

12C BACKGROUND

The 12C bus configuration is an amalgam of microcontrollers-
and peripheral controllers. By definition: a device that trans- -

mits signals onto the I2C bus is the “transmitter” and a de-
vice that receives signals is the “‘receiver”; a device that
controls signal transfers on the line in addition to controlling
the clock frequency is the “master” and a device that is
controlled by the master is the “slave”. The master can
transmit or receive signals to or from a slave, respectively,
or control signal transfers between two slaves, where one is

the transmitter and the other is the receiver. It is possible to,

combine several masters, in addition to several slaves, onto
an 12C bus to form a multimaster system. If more than one
master simultaneously tries to control the line, an arbitration
procedure decides which master gets priority. The maximum
number of devices connected to the bus is dictated by the

maximum allowable capacitance on the lines, 400 pF, and’

the protocol’s addressing limit of 16k; typical device capaci-
tance is 10 pF. Up to eight E2PROMs can be connected to
an 12C bus, depending on the size of the memory device
implemented.

Simplicity of the 12C system is primarily due to the bidirec-
tional 2-wire design, a serial data line (SDA) and serial clock
line (SKL), and to the protocol format. Because of the effi-

National Semiconductor
Application Note 794
N. Brian Underwood

cient 2-wire configuration used by the 12C interface com-
pared to that of the MICROWIRE™ and SPI interface, re-
duced board space and pin count allows the designer to
have more creative flexibility while reducing interconnecting
cost.

OPERATING NATIONAL SEMICONDUCTOR’S NM24Cs

The NM24C E2PROMSs require only six simple operating
codes for transmitting or receiving bits of information over
the 2-wire 12C bus. These fields are explained in greater
detail below and briefly described hereafter: a start bit, a 7-
bit slave address, a read/write bit which defines whether the

~slave is a transmitter or receiver, an acknowledge bit, mes-

sage bits divided into 8-bit segments and a stop bit.

For efficient and faster serial communication between de-
vices, the NM24C Family features page write and sequential
read. :

The NM24C03/C05/C09/C16/C17 Family offers a security
feature in addition to standard features found in the
NM24C02/C04/C08/C16 Family. The security feature is
beneficial in that it allows Read Only Memory (ROM) to be
implemented in the upper half of the memory to prevent any
future. programming in that particular chip section; the re-
maining memory that has not been write protected can still
be programmed. The security feature in the NM24C03/
C05/C09/C17 Family does not require immediate imple-
mentation when the device is interfaced to the 12C bus,

‘which gives the designer the option to choose this feature at

a later date. Table | displays the following parameters:
memory content, write protect and the maximum number of
individual 12C E2PROMs allowed on an 12C bus at one time if
the total line capacitance is kept below 400 pF.

Code used to interface the NM24Cs with National Semicon-
ductor's COP8 Microcontroller Family is listed in a latter
section of this application note for further information to the
reader.

TABLE|

Part No. Number of Write Protect Max.

256x8 Page Blocks Feature Parts
NM24C02 1 No 8
NM24C03 1 Yes 8
NM24C04 2 No 7
NM24C05 2 Yes 4
NM24C08 4 No 2
NM24C09 4 Yes 2
NM24C16 8 No ]
NM24C17 8 Yes 1
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Slave 1
Master 1 (RAM)
Data
Clock
(i';,";oj) ' Mester 2

Data

Start Condition
— Clock and Data line high (Bus free)
— Change Data line from high to low

— After tysovin) = 4 p§ the master supplies
the clock '

FIGURE 1. 12C-Bus Configurations

- Slave address

TL/D/11268-1

— Transmitting device releases the Data line

— The receiving device pulls the Data line
low during the ACK-clock if there is no er-
ror

— If there is no ACK, the master will gener-
ate a Stop Condition to abort the transfer

IR ...aa, ACK B8 ACK 1 .

s ' . v .
tip 'eF TL/D/11268-2

) FIGURE 2. 12C Bus Timing

Acknowledge Stop Condition

— Clock line goes high’

f After tupvin) = 4.7 ps the Data lines go
high

— The master maintains the Data and Clock
line high

— Next Start -Condition after tFB(M.n) =
. 4.7 psis possible .

f
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START/STOP CONDITIONS

If both the data and clock lines are HIGH, the bus is not
busy. To attain control of the bus, a start condition is need-
ed from a master; and to release the lines, a stop condition
is required.

Start Condition: HIGH-to-LOW transition of the data line
‘ while the clock line is in a HIGH state.
Stop Condition: LOW-to-HIGH transition of the data line

while the clock line is in a HIGH state.
The master always generates the start and stop conditions.
After the start condition the bus is in the busy state. The bus
becomes free after the stop condition.

DATA BIT TRANSFER

After a start condition “S” one databit is transferred during
each clock pulse. The data must be stable during the HIGH-
period of the clock. The data line can only change when the
clock line is at a LOW level.

Normally each data transfer is done with 8 data bits and 1
acknowledge bit (byte format with acknowledge).

ACKNOWLEDGE

Each data transfer needs to be acknowledged. The master
generates the acknowledge clock pulse. The transmitter re-
leases the data line (SDA = HIGH) during the acknowledge
clock pulse. If there was no error detected, the receiver will
pull down the SDA-line during the HIGH period of the ac-
knowledge clock pulse.

If a slave receiver is not able to acknowledge, the slave will
keep the SDA line HIGH and the master can then generate
a STOP condition to abort the transfer.

If a master receiver keeps the SDA line HIGH, during the
acknowledge clock pulse the master signals the end of data
transmission and the slave transmitter release the data line
to allow the master to generate a STOP-condition.

Master Transmits to

ARBITRATION

Only in multimaster systems. . .

If more than one device are potential masters and more
than one desires access to the bus, an arbitration procedure
takes place: if a master transmits a HIGH level and another
master transmits a LOW level, the master with the LOW
level will get the bus and the other master will release the
bus; and the clock line switches immediately to the slave
receiver mode. This arbitration could carry on through many
bits (address bits and data bits are used for arbitration).

FORMATS

There are three data transfer formats supported:

— Master transmitter writes to slave receiver; no direction
change

— Master reads immediately after sending the address byte

— Combined format with multiple read or write tranfers.

ADDRESSING

The 7-bit address of an 12C device and the direction of the
following data is coded in the first byte after the start condi-
tion:

MSB LSB

R/W

Slave Address

TL/D/11268-3
A "'0” on the least significant bit indicates that the master
will write information to the selected Slave address device;
a “1” indicates that the master will read data from the slave.
Some slave addresses are reserved for future use. These
are all addresses with the bit combinations 1111XXX and
0000XXX. The address 00000000 is used for a general call
address, for example, to initialize all 12C devices (refer to 12C
bus specification for detailed information).

Slave, No Directon Change

), i §
|s Slave Address IR/WI A I Data I A I Data I A I P I
LA A L1k ;;
)
ngn Data transferred
= E
0"=WRIT (in bytes + Acknowledge)
TL/D/11268-4
Master Reads Slave Immediately after First Byte »
Slave Addressl ‘I I I | | | I
ls Slave Address fg /y} A Data A " pata | A | P
J .
Data transferred
"1" READ (in bytes + Acknowledge)
TL/D/11268-5

The master becomes a master receiver after first ACK

Combined Formats

I s |Slave Address |R/V_VI A I I A

Data

| s I Slave Address IR/WI A I Data I A I p I

Read or Write

n bytes Data + ACK
§ = Start Condition

A = Acknowledge

Read or Write
TL/D/11268-6
n bytes Data + ACK
P = Stop Condition

FIGURE 3. 12C-Bus Transfer Formats
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TIMING

The master can generate a maximum clock frequency of
100. KHz. The minimum LOW period is defined -as 4.7 ps;
the minimum HIGH period width is 4 ps; the maximum rise

time on SDA and SCL is 1 us; and the maximum fall time on
SDA and SCL is 300 ns.

Figure 4 shows the detailed timing requirements.

Symbol Parameter Min Max . Units
“fsoL ' SCL Clock Frequency 0 100 kHz
- tBUF N Time the Bus Must Be Free before 47 R s
co a New Transmission Can Start : C#
thp; STA Hold Time Start Condition. After this 40 S o s
Period.the First Clock Pulse is Generated R w
‘tow “ The LOW Period of the Clock 47 s
. sy STA _Setup Time for Start Condition . . .
(Only Relevant fora Repeated 4.7 ‘ C us
Start Condition) :
thp; DAT  DatainHold Time 5 Cops
. ‘ 0* ‘ i us
tsu; DAT Setup Time Data 250 ) ns
te : Rise Time of Both SDA and SCL Lines ' 1 ps
t o " Falltime of Both SDA and SCL Lines 300 ns
tsy; STO Setup Time for Stop Condition 4.7 s

*Note that a transmitter must internally prov:de at least a hold time to bridge the undefined region (max. 300 ns) of the falling edge of SCL.
FIGURE 4. 12C-Bus Tlmlng Requirements

o i,

oy

b

CoP820C
28-PIN

__J=_23

Voo
39k

NM24C02
2k BIT

4 | .
AL A2 ‘

T T

+5V
TL/D/11268-7

FIGURE 5. 12C Bus EEPROMI;LCont}oIIer Cdnflguratlon Used for Sample Code

SOFTWARE TASKS

I. Write fixed values to E2PROM cells

Il. Read values back from E2PROM and save in RAM loca-
tions from COP

Note: I2C Bus Modes Used:

Master Transmitter ggﬁ —, Slave Receiver

Master Receiver SCLSDA Slave Receiver

REMARKS

— The 12C bus, 2-wire serial mterface generally requires a
pull-up resistor on the SDA line and the SCL line, de-
pending on whether TTL or CMOS hardware interfacing
exists.

—I2C bus. compatible pC’s or peripherals have OPEN
DRAIN outputs at SDA and SCL.

— COP800 does not have OPEN DRAIN outputs, but the
“bus requirements” can be met by switching SDA and
SCL connections into TRI-STATE® for the following
cases:

The bus is not accessed
A slave has to send an acknowledge bit.
— MICROWIRE can not be used for I2C bus operations.

— Current sink capability on SDA and SCL must be 3 mA to
maintain “Low Level” (an 12C bus spec.).
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TTLE IIC - EEPROM ROUTINES'
.INCLD COP800.INC

.CHIP 840

LIST X 21

EEADR
EEWRD
EEDAT1
EEDAT2
RAG
EEREAD

BITCO
INIT:

* * *TASK RELATED RAM - DECLARE" * *

LD SP,
LD B,

LD [B+],
LD [B],
LD B,

LD
LD
LD

[B']v
[B']’
[B-],

LD (B]

R I I I I A 25 B R

; EXAMPLE: IF ADDRESS BYTES IS  "1010 010X THEN
; STORE: "X010 0101
: INTO RAM (X=0/1; WRITE/READ)

O A A IR I A I I A A R AR R R

LD PSW,
LD CNTRL,
LD FLAG,

.FORM

i **** DO WRITE TO EE-PROM

I R R R R R R R R R

e

; (2 BYTE SUCCESSIVE WRITE)

SBIT 0,
LD B,

RBIT 2 [B],
JSRSTACON
JSR WAIT

PO S

; ADDRESS OF EEPROM

= 002
= 003 ; WORD ADDRESS EEPR.
= 004 ; DATATO EECELL
= 005 ; SECONDBYTE
= 010 ; FLAG-WORD
= 012 ; READ-DATA FROMEE
= 013 ; SECOND BYTE
= 014 ; THIRD BYTE
= 015 ; FOURTH BYTE
= OF0 ; COUNTER FOR BITSHFT
#06F .
PORTLD ; INIT LS, L3 FOR EE-
#00C ; OPERATIONS
#00C
#EEDAT2 ; INIT RAMS
#034 ; FIXEED VALUES FOR
#012 ; EEWRITE (2 BYTES)
#0A0 ; MIRROR OF #05
#025 ; MIRROR OF "A5"
#00 ; LOAD PSW
#00 ; AND CNTRL REG.
#0
AAG ; SET FLAG FOR WRITE
PORTLD ; POINT LPORT DAT REG.
; TO MODIFY "SDA, SCL" .
; PREPARE FOR START, -
; CONDITION.
; AFTER WRITE TO EE.
s WAIT FOR > THAT 40

TL/D/11268-8
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STACON:
RBIT 3,
0B,
LOPA:
LD BITCO,

LOPA1:

P R R R R R RN Y

** DO THE START CONDITION **
* * AND SHIFT OUT ADRESS - * *
** BYTE AND WORD-ADRESS **

LR R R R E R R R RN

IFBIT 0, B]

JP ONE,
RBIT 2,
JPCLK

ONE:
SBIT 2,
JP CLK

CLK:
SBIT 3,
NOP
NOP -
RBIT 3,
RBIT 2,
FORM

LD A, [B]
RRCA, -

X A, [B]
DRSZBITCO
JP LOPAT,
LD A, [B+],
IFBIT 1,
JMP,

JSR ACK,

IFBIT 0,
JP CEC1,
IFBNE
JMP LOPA,
RET

CECt1:
IFBNE, .
JMP LOPA,

#EEADR

#008

PORTLD

GETDAT

#04

#06

; FINISH START COND.

; PREPARE TO CLOCK
;OUT ADDRESS.

;DOSETSOF 8 BITS

: SWITCH SDA BEFORE
;SCL
; SET BIT LEVLE "0"

; SET BIT LEVEL "1*
; ENSURE SAME BIT
;LENGTH

; DO CLOCK PULSE

; ENSURE> 4USEC

;SWITCHALSOSDALOW . -

; ROTATE BYTE ONE

; BIT POS. RIGHT
;ANDSAVE . .
;CHECK IF 8 BITS .

; SHIFTED

; DECREMENT 8

; CHECK IF READ
;BRD BYTE IS NEXT?
; IF SO, THEN READ.

; GET ACKNOWLEDGED
; WHEN 8 BITS ARE

.- ; SHIFTED.
- ;CHECK IF READ
" ; OR WRITE OPERATION.

; ON READ (HERE)
;IFNOT 2 BYTES YET

"' AFTER EE-ADDRESS AND

; WORD ADDRESS ARE SHFT.

:1ST AND 2ND DATA-

i BYTE (3RD + 4TH) .

4-102
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LD B, o #EEDAT2

LD [B-], #078

LD [B], #0586

LD [B-], #0EO

LD (8], #025

LD B, PORTLD
; TO MODIFY "SDA, SCL" -

RBIT 2, [B],

JSRSTACON,

JSRWAIT,

.FORM

A R R R R R R R R I I S

: **+* DO READ FROM EE-PROM ****

L R R

(READ 4 SUCCESSIVE BYTES)
RBIT 0 : ' o AAG
LD B, #EEWRD
D (B4, #0A0
LD (B, . | #025
. ** FIRST 2 BYTES SAME AS IF WRITE **

AR (IN TERMS OF TRNSMIT)
LD B, e #PRTLD
RBIT 2 (B] - SRR 2
JSR STACON,
SBIT 2, S PORTLD
NOP, -
NOP.
SBIT 3, PORTLD
SBIT 1. FAG
LD B, L #EEWRD
LD [B], #0A0
LD (8], #0A5
RBIT 2, [B), ©  PORTLD
JSRSTACON Co
RBIT 1, AAG
JMP INIT
.FORM

s NSEC TO PROPERLY
; ERASE WRITE.

; INIT RAMS
;ANOTHER 2 BYTES
; OF FIXED DATA

; MIRROR OF #07

; MIRROR OF "A5”

; PREPARE FOR START
; CONDITION.

; AFTER WRITE TO EE.
; WAIT FOR > THAN 40
;MSEC TO PROPERLY
; ERASE WRITE.

; INDICATE READ
; INIT RAMS

; MIRROR OF #05
; MIRROR OF "A5"

; PREPARE

;FOR

; START COND.

; AND SHIFT 1ST

;2 BYTES.

; PREPARE FOR

; ANOTHER START-
; CONDITION,

; SDA HIGH FIRST.

; INDICATE THAT

; 3RD BYTE IS NEXT
; INIT RAMS

; MIRROR OF #05

; MIRROR OF "A5"

; PERFORM ANOTHER

+START

; CLOSE THE LOOP WHEN

iFINISHED

;POINT LPORT DAT REG. "

TL/D/11268~14
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STP:
SBIT 3,
NOP,
SBIT 2,
RET,

-FORM

R A R R R Y

i** GET 8BIT OF DATA FROM EE-PROM **

R R R R

\T:
JSR ACK,
LD B,

JP

GETDAT:
JSR ACK,

GETDAT1:
LD BITCO,
RBIT 2,
RBIT 2,

LOPB:
SBIT 3,
RBIT 7, [B]
IFBIT 2,
SBIT 7, [B]
RBIT 3,
DRSZ BITCO,
JP SHFT
LD A, [B+],
IFBNE
JMP GETDT,
SBIT 2,
JMP STP

FORM

SHFT:
LD A, 8],
RRC A
X A, [B]
JP LOPB

L N R R R R

; ** SIMPLE ROUTING TO DO 40 MSEC DELAY * *

L R RN

PORTLD ; ESTABLISH STOP-

; CONDITION
PORTLD

; GET ACKNOWLEDGMENT
#EEREAD ; POINT FIRST READ RAM
GETOTM 1 AND READ IN

; ACKNOWLEDGMENT TO EE-

-+ PROM WHEN 8 BITS
« ;ARE SHIFTED IN.
#008 3 INIT BIT. COUNTER
PORTLC ; BEFORE READING, PUT
PORTLD ;'SDA’ INTO HIGH-Z.
PORTLD ;DO CLOCK HIGH
_ ;READIN EEDATA

PORTLD 1 INSETS OF 8 BITS
PORTLD ;DOCLOCKLOW

; CHECK IF 8 BITS

;ARE SHIFTED

;INCREMENT B
#06 ; CHECK IF 4 BYTES

; ARE SHIFTED IN?
PORTLC ; PUT L2=0

s WHEN TRUE, DO STOP -

; CONDITION AND

s RETURN

;ROTATE BITS ONE

; POSITION RIGHT

TL/D/11268-12
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WAIT:
LD OF1

LOPD:
LD OF2,
LOPC:
DRSZ OF2,
JPLOPC,
DRSZOF1,

JPLOPD
. RET

ACK1:
SBIT 2,
JP ACLK,

ACK:
RBIT 2,

ACLK:

SBIT 3,
NOP
NOP
NOP
RBIT 3,

. 8BIT 2,
RET

END

#0.20

#OFF

PORTLD

PORTLD
PORTLC

; SIMPLE WAIT LOOP

; TO PRODUCE>40MSEC
;s TIMEQUT

; TO PROPERLY PROGRAM’
; EEPROM. TIME REQUIRED .-
; TO ERASE/WRITE

; THE EEPART.

; INDICATE TO EE-PROM
; (PUT DATA LINE LOW)

; PUT DATA-LINE HI-Z

: AND GET ACKNOWLEDGE
'8 BITS ARE SHIFTED,
: DO A DUMMY CLOCK

; (FOR ACKNOWLEDGE)

TL/D/11268-13
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INTRODUCTION

This application note presents a number of solutions to help
a system designer overcome some possible limitations of
serial Electrically Erasable PROMs (EEPROMs) to obtaln
greater system performance and flexibility.

1.0 COMPARING SERIAL EEPROM

INTERFACE STANDARDS

The two industry standard serial interfaces for EEPROMs
are the MICROWIRE and 12C-bus specifications. The key
features of these two interfaces are shown in Figure 1.

228NV

This note assumes that the reader is familiar with National
Semiconductor’'s range of MICROWIRE EEPROMs
(NMS3Cxx and NM93CSxx) and 12C (NM24Cxx) devices.

Serial Interface Standards

HC. EEPROM
3 SDA |¢ M soa SDA—Device selection/address/data
12c
sScL ] SCL SCL-Synchronisation clock
TL/D/11429-1
MICROWIRE
uC . . EEPROM nC EEPROM-
DO DI ) D ] DI
[, DI f¢ Do SK' | Clock DO
: CS | Chip Select
SK » SK 00 | Dataout SK SK
cs M cs DI | Dataln cs $ CS
TL/D/11429-2 TL/D/11429-3
4 Wire : 3 Wire
MICROWIRE 12c
Max Bus Speed 1 MHz 100 kHz
Number of Active Pins 4 2
Maximum Memory N/A 16 kbit
Acknowledge No Yes
Data Size 8- or 16-Bit 8-Bit
Block Write No Yes
Sequential Read Yes ‘ Yes
Number of Devices on Bus Limited by Port Pins 32 Functions, 256 Total Devices

FIGURE 1. MICROWIRE vs 12C
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The key advantages of the MICHOWIHE interface com-

pared to the 12C-bus are:

® Higher system speed (1 MHz vs 100 kHz)

o Greater.memory size (unlimited vs 16 kbit maximum)

® Address programming pins are not required on’
peripherals

The key advantages of the I2C-bus are:

® Only requires 2 pins (SDA and SCL)

® Allows easy implementation of a multi-master system

Both interface standards are supported by a variety of mi-

crocomputers; some have dedicated interfaces built-in (fpr

example National Semiconductor's COPST™), while other

microcomputers can interface to either standard by toggling
170 port pins as required.

2.0 12C-BUS MEMORY SIZE

2.1 12C-Bus Concept

The 12C-bus uses two wires, serial data (SDA) and serial
clock {SCL) to carry information between various integrated
circuits connected to the bus. Each device is recognized by
a unique address and can operate as either a transmitter or
receiver depending on the function of the individual device.
A typical 12C-bus system is shown in Figure 2.

MICRO
A .
SDA
REAL TIME LCD
CLOCK DRIVER
SCL
DATA EEPROM
CONVERTER MEMORY
MICRO
B

TL/D/11429-4
FIGURE 2. A Typical 12C-Bus System
In addition to transmitters and receivers, devices can also.
be defined as masters or slaves when performlng data
transfers.

Amasteris: — the device which initiates data transfer
— generates clock signals
— terminates a data transfer
— e.g., a microcomputer

Aslaveis: — the device addressed by a master

. — e.g., a memory

Note: The [2C-bus is a multi-master bus; each master generates Its own

clock signals when transferring data on the bus.

2.2 EEPROM Memory on the i12C-Bus

The 12C-bus specification allows a maximum of 16 kbits of

EEPROM. The 4-bit device type identifier string which fol-

lows the START condition is 1010 for EEPROMs. National

Semiconductor manufactures a range of different size 12C

EEPROMs (2k, 4k, 8k, and 16 kbits) to allow a system de-

signer to select the amount of memory required. .

EEPROMs on the I2C-bus may be configured in any manner

required, providing the total memory addressed does not

exceed 16 kbits. EEPROM memory Addressing is controlled

by two methods:

¢ Hardware configuring the A0, A1, and A2 pins (device
address pins) with puil-up or pull-down resistors

o Software addressing the required PAGE BLOCK within
the device memory array (as sent in the slave address
string)

Pin Descriptions

Serial Clock (SCL) an input used to clock data into and

: out of the memory
a bidirectional pin used to transfer
data into and out of the device

connected to V¢g or Vgs to config-
ure EEPROM address

Serial. Data (SDA)

Device Address Inputs

Device A0 | A1 | A2 Effect of Address
NM24C02/03| ADR|ADR|ADR{23 = 8/(8) X (2k) = 16k
NM24C04/05| X |ADR|ADR|22 = 4{(4) x (4k) = 16k
NM24C08/09| X- | X.|ADR|21 = 2|(4) X (8k) = 16k
NM24C16/17| X | X | X 120 = 1](1) x (16k) = 16k

ADR—active pin used for device addressing

X—not used for addressing (must be tied to ground/Vgsg)
Many applications now require greater than 16 kbits of
EEPROM on an I12C system. For the purpose of this applica-
tion note we will consider how to use multiple 16 kbit
(NM24C16/17) devices in an |12C bus system to increase
the total memory size.
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Hee 12¢ BuUs
SDA SCL
S
RS R
1 MM74HC405 1
Y7 e
SDA \
MASTER N " '
(MICROCOMPUTER) |__SCL :
)

‘e’-D-A-b OUT/IN Y2
A0S1_EN__ ol inn v1le
A » A Y0 j¢
B s
c M c < < L <
SDA  SCL SDA SCL SDA SCL SDA  SCL
NM24C16 NM24C16 NM24C16 NM24C16
#0 #1 #2 } #7
A2 Az A Az
A A A A
Ao Ao A A
ov

TL/D/11429-5
FIGURE 3. Increasing 12C-Bus EEPROM —> 16 kbits

2.3 Bank Switching 12C EEPROMs The MM74HC4051 is controlled by four inputs; INH which

A circuit to increase the EEPROM memory size of the 12C enables the switches to be “on” and inputs A, B and C
bus, while still maintaining full software and hardware com- which select one of the eight switches. The master (micro-
patibility, is shown in Figure 3. controller) generates these four control signals to the

The circuit connects the serial clock (SCL) to each memory MM74HC4051 directly.

device, but the serial data (SDA) is connected by a multi- In this case a typical software flow would be:

plexed, bidirectional analog switch (MM74HC4051). The — set microcontroller port pins to select the NM24C16/17
MM74HC4051 is an 8-channel analog multiplexer which required , .

connects together the outputs of 8 digitally controlled ana- . — [DEVICE TYPE] — [DEVICE ADDRESS]: — [PAGE
log switches, thus achieving an 8-channel multiplexer. BLOCK ADDRESS] —> [BYTE ADDRESS]

These switches are bidirectional, allowing any analog input This means that this low cost solution still maintains fuli

to be used as an output and vice-versa. They have a low 2 ™
“'on” resistance, typically 509 or less. 12C-bus compatibility.

Worst Case Analysis
- MM74HC4051
2C-
12C-Bus Specification Solution Specification
Cmax = 400 pF (Note 1) Cin = 90 pF max
fmax = 100 kHz (Note 2) trD = 15 ns max
= 10 ps Period = 5 ns typical
loL max = 3 mA Ron max = 140Q

Note 1: The maximum number of devices connected to the 12C-bus is controiled by the maximum allowable
capacitance which is 400 pF per line. . .
Note 2: The maximum |,C system clock is 100 kHz. The propagation delay through the MM74HC4051 is small
enough to ensure that data set-up time of 250 ns min is not violated.
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3.0 ACCESSING SERIAL EEPROMs
3.112C System
READ Operations

3.1.1. Random Read

Random read allows the master to access any memory location in a random manner. The master first performs a “‘dummy” write
operatlon‘ then issues a start condition followed by the slave address and then the word address to be read. (See Figure 4.)

s s
BUS ACTVITY: T SLAVE ‘ “WORD ; SLAVE 8
MASTER ADDRESS . ADDRESS n R ADDRESS 0
T « \ v T - : P
s I rrrrruri I P
A LIN | | I I | l I .
SDA LINE IIlIllIIII I T O I | :
A e e
BUS ACTIVITY: . c
NM24CXX : K L & K DATA n .
Co . TL/D/11429-6
FIGURE 4. Random Read

3.1.2 Sequential Read
A sequential read operation allows the master to read a continuous stream of data from the memory without having to keep
clocking in the word address and waiting for the memory to assert the ACK signal.
Sequential reads can be initiated -as either a current address read or random access read. The first word is transmitted as
normal, however, the master now responds with an acknowledge (ACK) to indicate that it requires additional data. The memory
continues to output data for each ACK received until the master does not send an ACK and generates a STOP condition.

¢
The address counter increments all word address bits, allowing the entire memory contents to be read during one operation.
When the top memory address is reached then the counter “rolls-over” to zero and continues counting. (See Figure 5.)

- BUS ACTIVITY:  SLAVE . A A ?
MASTER  ADDRESS e e T [ 0
— K K P
v'l"I||||‘|||||~||||vllllITlllllllrl_l‘] TT T Trrord
SOALINE ™) I Lt 111 T |
. A ;o\ ;.
BUS ACTIVITY: -C : ; E e
NM24CXX g DATA R DATA n+ 1 DATA n'+ 2 | DATAn+x-

. . TL/DI11429-7
[FIGURE 5. Sequential Read N o
3.1.3. Current Address Read . . .

Internally the NM24Cxx devices contain an address counter that maintains the address of the Iast word accessed incremented
by one. Therefore; if the last access (either a read or write) was to address n, the next read operation would access data from

address n + 7, without the need for the master to transmit the 8-bit word address and then wait for the NM24Cxx acknowledge
signal before transmitting the data. (See Figure 6.)

S

BUs AcTiviTy: T SLAVE
MASTER & ADDRESS
R

;o . .
T
0
P
rrrruriri
SDA LINE |:| | || | ll I | H ‘
. 3 ————ee )
BUS ACTIVITY: : 4 T OATA .
NM24CXX " . K
. o o TL/D/11429-8
FIGURE 6. Current Address Read
Write Operations '
3.1.4 Byte Write
The normal write sequence is shown in F/gure 7.

S ‘ N

BUs acTviTy: T SLAVE WORD H

MASTER A * ADDRESS - ADDRESS™* - DATA - © o

T . v \ . , v P

| rrrrrii | | rrrrruri | P

SDA LINE |||l|||||||| |||||||||
BUS ACTIVITY: 8 ¢ ¢
NM24CXX K K K

TL/D/11429-9
FIGURE 7. Byte Write

The master clocks the data into the NM24Cxx, and upon receipt of the ACK generates a STOP condition, at which time the
NM24Cxx begins the internal write cycle to the nonvolatile memory. While the internal write cycle is in progress the NM24Cxx
inputs are disabled, and the device will not respond to any requests from the master.

All NM24Cxx EEPROMSs have a Write cycle time of Ty, = 10 ms MAXIMUM for 5V systems.
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3.1.5 Page Write . .
The NM24Cxx devices are capable of a sixteen byte page write. The master starts the operation in the same manner as the byte
write but instead of terminating it continues to transmit up to fifteen more words. The internal address counter in the memory
automatically increments to the next address. When the master has finished writing data to the memory, it terminates the write
cycle in the usual way when an internal write cycle occurs in the memory.

This method results in a single T,y delay instead of sixteen. This is useful for applications such as saving data after detecting a
power failure when speed of writing is critical.

S

Bus AcTiviTY: T SLAVE H
MASTER @ ADDRESS WORD ADDRESS (n) DATAn . DATA n+ 1 DATA n+15 0
T ————— . - o N - N — ~ P
|IIIIIIIIEIIIII-11rllllllll LI |
SDA LIN '
LINE I!III AN RER MEERN] NN Il_ll\
BUS ACTIVITY: é 2 ¢ 8 é
NM24CXX K K . K K K

TL/D/11429~10
FIGURE 8. Page Write

3.1.6 Typical Ty, vs Maximum Ty,
Good design practice recommends using “worst-case” timing calculations rather than typical figures. After a master had
initiated an internal write cycle in the memory there are two options before the next cycle can begin:
1. Master waits Ty, MAX = 10 ms ’

— this ensures that all “worst-case” write cycles will be finished

’ or

2. Master “polls” memory to detemine if the write cycle is complete Ty, TYP = 5 ms
With option 2 the master can start polling immediately after starting the internal memory write cycle as follows:
[STOP] — [START]. — [SLAVE ADDRESS FOR WRITE OPERATION] — [POLL ACK]

IF no ACK then NM24Cxx still BUSY doing internal write

else NM24Cxx completed write cycle
master can proceed with next read or write operation.

This method can make significant improvements to overall system performance.
Note: After receiving a no acknowledge the master should output a stop condition to free the 12C-bus for other operations.

3.2 MICROWIRE Systems

3.2.1 Read Mode ) ) ‘
A typical Read access is shown in Figure 9. The rising edge of CS is used to sélect and reset the EEPROM. Then the
microcomputer clocks in the start bit and opcode for a read cycle using serial clock (SK) and Data In (DI pins). This is followed by
the address where data is to be read from, after which the data is output via Data Out (DO) pin.

- SYNCHRONOUS DATA TIMING

Vin
e V“__/ 1 ;.t>s‘ \—

v ; b tskn i tskL H tesu
1H g tsks w
K vlLT—’ : I___
- Yois - . ﬁm \ . X
D}
i
Vo : -~ oo : . ks *j*n_r
00 (READ)VOL : \ : H )

tsy ton [ or
, Vou - .
DO (PROGRAM) Yo, ( STATUS VALID

TL/D/11429-11

— Chip Select (CS) used to differentiate between various devices on bus.

— Rising edge of CS resets internal circuitry of EEPROM.

— Low-to-High transition of shift clock (SK) shifts all data in and out.

— CS brought low before next rising edge of SK to initiate self-timed programming cycle.

FIGURE 9. Read Mode
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3.2.2. Sequential Read
All National’s NM93CSxx devices support sequential read allowing the complete memory array to be read in a single operation.

n-1 /]
n-2] |

Address
Counter

—-IN

( o
T
!
1

Memory

) TL/D/11429-12
CMOS: Sequential Read

Allows the user to obtain an endless
loop of data simply by entering the
read mode.

—> Reduces overhead

—> 50% faster read

Note: The NM93Cxx devices do NOT support sequentual read.

FIGURE 10. Sequential Read

3.2.3 Write Mode

A write cycle is entered in a similar way to a read cycle; first the start bit and opcode for a write cycle are clocked in via DI,
followed by the address and data to be written. The self timed programming cycle is initiated by bringing CS low before the next
rising edge of SK as shown in Figure 71. )

3.2.4 Typical Typ vs Maximum Ty,

When the MICROWIRE EEPROMs the designer has three options to determine when the device has finished a programming
cycle (either a write or erase instruction) as shown in Figure 71.

Option 1: pprocessor/ ucontroller waits for Twpmax) = 10 ms
Option 2: pprocessor/ucontroller polls Data-Out (DO) for Busy/Ready status Twp(typ) =3ms
Option 3: if using the NM59C11 there is a separate RDY/BUSY pin: Typ(typ) = 3 ms

WRITE:

Le . LC

- U I yh

BUSY
Do . 3, - READY

Address bit A6 and A4 become “don’t care” for NM93C08.
Address bit A7 becomes a “don't care” for NM93CES. —typ

FIGURE 11. BUSY/READY Polling Options

TL/D/11429-13
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All MICROWIRE EEPROMSs can use options 1 or 2, and in the case of the NM59C11 there is a separate RDY/BUSY pin which
the microcontroller/microprocessor can poll to determine the programming status.

4.0 WRITE PROTECTED MEMORY

4.112C EEPROMs

National Semiconductor manufactures two versions of 12C EEPROMs: a “standard” version (NM24C02/04/08/16) and a
“secure” version (NM24C03/05/09/17). The “secure” devices are fully software compatible with the standard devices plus
they use one of the unusedvpir)s to implement a hardware write protect for the upper half block of the memory array.

n
IF WP=+Vsc  READ ONLY
WP IFWP=0V  READ & WRITE
uC EEPROM /3
2k < n S 16k-bits
sCL ¥ scL
: READ &
SDA e SDA WRITE
o
TL/D/11428-14
2 < n < 16k

. FIGURE 12. 12C Secure Memory System
If the master does attempt to write to the protected memory, then the NM24C03/05/09/17 will accept the slave and word
addresses, but will not generate an ACK, thus the programming cycle will not be started when the STOP condition is asserted.
4.2 MICROWIRE EEPROMs

All NM93CSxx devices have the security feature which allows the user to define a portion of the memory to be write protected,
either permanently or temporarily. This is useful for storing secure information in a system, such as calibration data. To control
the secure memory involves a combination of setting a hardware pin and various software instructions as shown in Figure 13.

— Protect Register: n
Input PRE must be high and PREN Read
" instruction executed before a write Only
to protect register Memory
— Disable Cell:
Set via PRDS instruction, input Disabl : 127
PRE must be high and PREN in- cel "
struction executed
PRDS is a one time only instruction Msé ‘;’ry
— Address in register defines first lo-
cation to be protected 127 0
— : " Protect Memor
Protect register may be altered un. Register y

less PRDS is executed
TL/D/11429-15

FIGURE 13. Memory Protect Register

Data in serial MICROWIRE EEPROMs is further protected from spurious write cycles (especially during power transitions) by
including a program disable mode which will automatically abort any requested Erase or Write cycles. Figure 14 shows the
suggested instruction flow for maximum data integrity with National's MICROWIRE EEPROMs.

MAIN POWER SUPPLY J -l '

4.5V-5.5V

Veo -| .
’ 55V =Vec =48V _

MAINTAINED ON CAPACITOR

INSTRUCTION [ ins ewenL] procram L_Jewos ewenl] Procram | _Jewos’

{ERASE, WRITE,
ERAL OR WRAL)

A . TL/D/11429-16
*EWDS must be executed before Vg drops below 45V 1o prevent accidenta! data loss during subsequent power down and/or power up transients.

FIGURE 14. Protecting Data in Serial EEPROMs
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Typical Instruction flow for Maximum Data Protection -

— Although EEPROM in non-volatile, the problem exists that stored data can be destroyed during power transitions.

— All National Semiconductor serial EEPROMSs when initially powered up are in Program Disable Mode. In this mode it will abort
any requested Erase or Write cycles. .

5.0 EEPROM ENDURANCE AND SYSTEM LIFETIME

5.1 EEPROM Deflnltions

The two main specifications which determine the system reliability and lifetime of an EEPROM ‘are Endurance and Data
Retention.

Endurance: The number of data changes of an EEPROM before any bit fails to write correctly. .

Data Retention: The ability of an EEPROM cell to retain charge once it has been programmed for extended periods under static
or dynamic conditions of voltage or temperature.

Parameters which affect Endurance are:

* Programming Duty Cycle and Waveform:'AIthough the NM93Cxx devices can have a Fgk (max) 1 MHz, it is important to
make sure that the duty cycle is such that tgky (SK high time) and tgk (SK low time) have a minimum value of 250 ns.

* Ambient Write Cycle Temperature: The colder the operating temperature the better the endurance will be. For example
25°C vs 90°C will show approximately a 2:1 improvement.

* Programming Time: All National EEPROMs are self-timed and the programming time cannot be varied by the user, guaran-
teeing reliabie system and lifetime performance.

¢ Programming Voltage: The lower the programming voltage Vpp the longer the required timing period Twp- All National's
EEPROMSs operate.from a single Vg supply and have an on-board Vpp generator which is Vg independent. This ensures
that all National EEPROMs are both easy to use and highly reliable. The programming voltage cannot be varied by the user.

5.2 Read Cycles

Read cycles are non-destructive so all EEPROMs have the capability for an infinite number-of reads.

5.3 Data Changes

With an EEPROM it is |mportant to look at the endurance or number of write cycles the device can support. There are three
types of write sequence to consider with EEPROM technology:

1) Erase before Write

As the names suggests, a memory location must be erased before it can be written to. A typical software flow for a write
instruction is:

— send ERASE instruction to memory address n
— send WRITE instruction to memory address n
Disadvantages
— must perform 2 dedicated instructions
— slower system performance (2 instruction cycles, 2 Twp delays)

— each write operation requires 2 data changes;
i.e., endurance specification is effectively halved

2) Autoerase
— send WRITE instruction
— EEPROM automatically performs ERASE instruction, then performs the WRITE operation
Disadvantages
— still need 2 data changes for each WRITE cycle, thus reducing system performance and halving endurance rating
3) Direct Write .
— single WRITE instruction, no ERASE needed
— writes over existing memory contents
— eliminates ERASE cycles
Advantages .
— single instruction, faster system performance
— single data change for each WRITE instruction

All National Semiconductor CMOS EEPROMs (both MICROWIRE and 12C) use Direct Write method giving the highest system
performance, reliability and endurance characteristics of CMOS EEPROMs available on the market today.

When looking at EEPROM endurance specifications it is necessary to look more specifically at the number of data changes
(ERASE & WRITE) per write cycle. National specifies 1 write cycle to be 2 data changes (to be consistent with other manufactur-
er's datasheets whose products are either Erase before Write or Auto Erase), so the figure of 500k Write cycles is actually
equivalent to an endurance figure of 1 Million (106) data changes. ’

National Semiconductor produce full product qualification booklets giving process performance and reliability characteristics; for
a copy contact your local National Sales representative.
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6.0 CONCLUSION
National Semiconductor offer the widest range of serial EEPROMSs covering two main industry standard serial interfaces;
MICROWIRE:
e.g. NM83Cxx, NM93CSxx
size: 256-bit — 4 kbit (16 kbit coming)
12C:
e.g. NM24Cxx
size: 2k —> 16 kbits
All these EEPROMs offer the same high specifications of:

Endurance: 106 data changes

Direct Write: no erase cycle required

Data Retention: " greater than 40 years

Self-Timed Write Cycle: typical write cycle time 5 ms
Sequential Read: NM93CSxx, NM24Cxx devices
Memory Protect: NM93CSxx, NM24C03/05/09/17

These features make them easy to use, allowing the system designer to achieve high performance, highly reliable systems.
REFERENCES
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Software for Interfacing

‘the COP800 Family

Microcontrollers to
National’s
MICROWIRE™ EEPROMs

ABSTRACT

National’s NM93Cxx and NM93CSxx family of serial
EEPROMs have MICROWIRE “'slave” interfaces that direct-
ly connect to the MICROWIRE “master” interfaces on the
COP800 family of 8-bit microcontrollers. Peak data transfer
rates are as high as 1 MB on the 4 wire MICROWIRE bus.
This application note includes the essential assembly lan-
guage software to address MICROWIRE EEPROMs.

HARDWARE INTERFACE

A schematic for connecting a COP800 family microcontrol-
ler to one of Nationals NM93Cxx family MICROWIRE
EEPROMSs via the microcontrollers dedicated MICROWIRE
port is shown in Figure 1. National makes two basic families
of MICROWIRE EEPROMSs, the classic NM93Cxx series
and the newer full featured NM93CSxx series. The
NM93CSxx series EEPROMSs have a sequential read capa-
bility and the “S™ in “CS” stands for sequential (the “C”
implies CMOS). As can be seen the “CS” series devices
have two additional pins which control write protect features
(consult a data sheet for information on their function). By
connection these pins to Vgc and GND as shown in
Figure 2, it becomes possible to use either “C” or “CS”
family parts in the same physical socket. This would be de-
sirable if a change from a *“C” series part to a “CS"” series
part is possible for reasons of product upgrades or simply
manufacturing inventory control. Pins 6 and 7 on the “C”
series parts are true no connects and thus can be tied to
Ve or ground harmlessly.

COPBXX v
NM93CXX cc

[ cs Vee ;’—l

SK sK NC f=—

O D! NC l=—
D Do GND —1

TL/D/11491-1
FIGURE 1. Basic National MICROWIRE
Interconnection to a COP800 Family Part

COPBXX NMS3CXX v
NM93CSXX ¢
60 cs Vo >
sk sk L
Do ol PEfz
ol 00 GNDI-—--

TL/D/11491-2
FIGURE 2. This schematic allows either a
NM93Cxx or NM93CSxx part to be used in the
same socket. Software can then be adjusted
to take advantage of the “CS” serles advantages
without making changes to the board.

National Semiconductor
Application Note 841
Robert Stodieck

If it's desirable to use both types in the same socket without
being forced to make software changes, one must be care-
ful not to use the sequential read capability of the “CS”
series. Both types of parts should be tested in the socket
before the software is frozen.

NM93C06 to COP8XX Family Software Detalls

Always consult the latest data sheets for information about
timing variables mentioned in the text that follows. These
numbers were correct at the time that this application note
was written but are subject to change.’ '

1. The SK clock frequency must not exceed 1 MHz. Consult
the processor data sheet for details.

2. The CS low time following a write must exceed 250 ns.
This starts the internally timed write operation. The DO
line will leave the high impedance state if CS goes high
again and will drive low until the internal write cycle is
complete. After DO returns high, indicating “ready” the
first rising edge of SK with CS high and DI high will return
the DO pin to the high impedance condition. This condi-
tion is normally the start bit of the next instruction.

The DO pin will be low for up to 10 ms and then go high to
indicate that the write is complete. If a new instruction is
attempted before the DO pin returns high it will be ig-
nored and the DO pin will not go tristate. The DO pin will
always go to the tristate condition when CS is low.

3. Opcodes are either 2-bits or 4-bits long depending on the
instruction type and are always preceded by a “start-bit”
of a logic one. Any number of leading zeros can be
clocked in before the start-bit (the sample assembly code
inserts seven). Addresses are either 6 or 8-bits long de-
pending on the density of the device. The combined op-
code and address field is 8-bits for the smaller devices
(93C06 and 93C46) and 10-bits for the larger devices
(93C56 and 93C66). On the opcode types that do not use
addresses, all of the “dummy” address bits must be
clocked anyway (the combined opcode/address field is
constant number of clock cycles).

4.0n read operations the data out stream starts with a
dummy zero. On NM93Cxx family EEPROMs, it is accept-
able but not required to have extra clocks after the 16th
actual data bit. On NM93CSxx family EEPROMs, extra
clocks after the 16th actual data bit will begin to read the
next data word.
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Notes on the Assembly Code:

The subroutines that follow are adequate to quickly pilot the
programmers task of addressing a serial EEPROM of the
NM33Cxx family. Additional subroutines can very easily be
adapted from these to handle the additional opcode types
of the NM93CSxx series parts. Enough code has been in-
cluded to allow the code to operate in a stand-alone fash-
ion. However, when integrating the routines in to another
program, initialization statements affecting global variables
such as initializing the stack point or the X or B registers will
need to be moved, deleted or replaced by statements in the
main program. -
The assembly code uses a software timer loop to time out
the write time of the EEPROM. The programmer should be

aware that it is possible to use the EEPROMs own internal
timer to accomplish this task. This is done by monitoring the
EEPROMs DO line after taking the EEPROMSs CS line low to
start a write and then setting CS high again to re-enable the
DO output.. The write is complete when the DO (of the
EEPROM) drives high. Using the EEPROMs internal timer
will allows the microcontroller time to accomplish some oth-
er task in the 10 ms that the write or erase operation re-
quires. If the DO line is to be used to indicate that the write
is complete, other MICROWIRE components on the bus
must wait for the EEPROM writes to time out before being
accessed (the DO line is in use).

The code was tested on a COP820 device via a Metalink In
Circuit Emulator. The code should translate to other
COP800 devices with little or no modification.

NM93C06 and NM93C46 Opcodes and Address Fields*

WREN | WriteEnable | 0 0
WRDI Write Disable 0 o0
ERAL Erase All 0 0
, WRAL Write All 0 0
READ Read 1 0
WRITE | Write 0o 1

1 X X X X
0 X X- X X
0 X X X X
1 X X X X
A4 A3 A2 A1 A0
A4~ A3 A2 A1l A0

NM93C56 and NM93C66 Opcodes and Address Fields*

WREN | WriteEnable | 0 0 1
WRDI | WriteDisable | 0 0 0
ERAL | EraseAll 0 0 1
WRAL | Write All 00 O
READ | Read 1°0 A
WRITE | Write 0 1 A

7
7

-0 O =

X X X X X X
X X X X X X
X X X X X X
X X X X X X
A6 A5 A4 A3 A2 Al AD
A6 A5 A4 A3 A2 A1 AD

*Note: All Opcode/Address Fields must be preceded with a leading 1" as a start-bit.
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Read Cycle .-

l.Slartl Read |

o .. Address | Data L o o
. _Bit Op-Codef . ) ' L s
o0 S < __ /I XX —
. .. Dummy Bit . -
- TL/D/11491-3
Write Cycle . :
cs I

mb--c:

I Start I . Write - I Address " Data . . Busy Ready
Bit Op-Code . .

IC ! g4
Do - , — - { frm

TL/D/11491-4
FIGURE 3. Read and Write cycle waveforms. Notice that one leading
zero is shown before the start-bit. The actual code inserts seven.

******************************************************* ;

THIS PROGRAM PROVIDES SUBROUTINES TO HANDLE COP820 OPERATIONS ON
THE NM93CO06 EEPROM I.E., WRITES, READS, ERASES, ENABLES AND DISABLES

**********************************************#***#****

we we we we ws

.INCLD COP820. INC .
sReserving RAM locations for key variables

RDATL = 1 ;LOWER BYTE OF THE NM93C06 MEMORY DATA READ
RDATH = 2 ;UPPER BYTE OF THE NM93C06 MEMORY DATA READ
WDATL = 3 ;LOWER BYTE OF THE DATA TO BE WRITTEN TO NM93C06
WDATH = 4 UPPER BYTE OF THE DATA TO BE WRITITEN TO NM93C06

ADRESS = 5 ;THE LOWER 4~BITS OF THIS LOCATION CONTAINS THE ADDRESS

sOF THE NM93C06 MEMORY LOCATIONS T0 BE READ/WRITTEN

sTHE UPPER NIBBLE MUST BE ZEROS
SNDBUF = 0 ;USED FOR THE COMMAND BYTE TO BE WRITTEN (Local Scratch Pad)
DLYH = OF0 ;LOCATIONS RESERVED FOR WRITE TIMEOUT VALUES

DLYL = OF1

FLAGS = sUSED FOR PROGRAM FLAGS (Local Scratch Pad)
sFLAG VALUE DEFINITIONS
;00 ERASE, ENABLE, DISABLE, ERASE ALL
;01 READ CONTENTS OF NM93C06 REGISTER
;03 WRITE TO NM93C06 REGISTER
;OTHERS ILLEGAL COMBINATION
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:THE INTERFACE BETWEEN THE COP820C/840C AND THE NM93C06 (256-BIT EEPROM)
;CONSISTS OF FOUR LINES. THE .GO(CHIP SELECT LINE), G4(SERIAL OUT SO);
;G5 (SERIAL CLOCK SK) AND G6(SERIAL IN SI). .
;*4********’l**************'**,*************

.

sUSE ONLY IF SP WAS NOT PREVIOUSLY INITIALIZED
LD SP,#02F sINITIALIZE STACK POINTER
LD PORTGC,#031;SETUP GO, G4, G5 AS OUTPUT
LD PORTGD,#000;INITIALIZE G DATA REG TO ZERO
LD CNIRL,#008 ;ENABLE MSEL, SELECT MW RATE OF 2TC

LD X,#SIOR sSET THE X REGISTER TO POINT IO SIOR
LD B,#PSW ;SET THE B REGISTER.TO POINT TO PSW

sEXAMPLE SUBROUTINE CALLS ONLY, DO NOT INCLUDE IN FINAL CODE LOAD
sADDRESS IN LOCATION "ADRESS" HIGH AND LOW BYTE TO BE WRITTEN INTO
sWDATH AND WDATL AND CALL THE SUBROUTINE,

JSR EWEN

JSR WRIIE

JSR EWDS

JSR READ
DONE: .JP DONE

;THIS ROUTINE ERASES THE MEMORY LOCATION POINIED TO BY THE ADDRESS
sCONTAINED IN THE LOCATION ”ADRESS”. THE LOWER NIBBLE OF THE VALUE
sIN THE LOCATION "ADRESS” IS THE NM93C06 REGISTER ADDRESS. THE UPPER
sNIBBLE SHOULD BE SET TO ZERO. ) B

.
’

ERASE: LD A,ADRESS
OR A,#0CO
X  A,SNDBUF
LD FLAGS,#00
JSR INIT
RET

sTHIS ROUTINE ENABLES PROGRAMMING THE NM93C06 (EWEN).

EWEN: LD SNDBUF,#030
LD FLAGS,#00
JSR INIT
RET

.o we

THIS ROUTINE DISABLES PROGRAMMING OF NM93C06.
WDS: LD SNDBUF,#00

LD FLAGS,#00

JSR INIT

RET

sTHIS ROUTINE ERASES ALL REGISTERS OF NM93C06.

ERAL: LD SNDBUF,#020
LD FLAGS,#00
JSR INIT
RET

’ -
sINITIALIZATION, MODIFY MOVE OR DELETE WHEN INTEGRATING INTO MAIN PROGRAM
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sTHIS ROUTINE READS THE CONTENTS OF THE NM93C06 REGISTER. THE ADDRESS

;IS SPECIFIED IN THE LOWER NIBBLE OF LOCATION "ADRESS”. THE UPPER

sNIBBLE SHOULD BE SET TO ZERO. THE 16=-BIT CONTENTS OF NM93C06 REGISTER ARE
sSTORED IN RDATL AND RDATH.

READ: LD A,ADRESS

OR A,#080

X A, SNDBUF
LD FLAGS,#01
JSR  INIT

RET

;

sTHIS WRITES A 16-BIT VALUE STORED IN WDATL AND WDADTH TO THE EEPROM
sREGISTER WHOSE ADDRESS IS CONTAINED IN THE LOWER NIBBLE OF THE
sLOCATION "ADRESS”. THE UPPER NIBBLE OF THE ADDRESS SHOULD BE SET TO ZERO.

WRITE: LD A,ADRESS
OR A,#040
X A, SNDBUF
LD FLAGS,#03
JSR  INIT
RET

sTHIS ROUTINE SENDS OUT THE START BIT AND COMMAND BYTE. IT ALSO
sDECIPHERS THE CONTENTS OF THE FLAG LOCATION AND MAKES A DECISION
sREGARDING WRITE, READ OR RETURN TO THE CALLING ROUTINE.
INIT: SBIT 0,PORTGD +SET CHIP SELECT HIGH

LD SIOR,#001 sLOAD SIOR WITH START BIT

SBIT BUSY,[B] ;SEND OUT THE START BIT
PUNT1: IFBIT BUSY,[B]

JP  PUNTL
LD  A,SNDBUF
X A,[X] ;LOAD SIOR WITH COMMAND BYTE
SBIT BUSY,[B] ;SEND OUT COMMAND BYTE
PUNTZ2: IFBIT BUSY,[B]
JP  PUNT2
IFBIT 0,FLAGS sANY FURTHER PROCESSING?
JP  NOTDON ;YES -
RBIT 0,PORTGD ;NO, RESET CS AND RETURN
RET
NOTDON:IFBIT 1,FLAGS ;READ OR WRITE?
JP  WR93C ;JMP TO WRITE ROUTINE

LD  SIOR,#000 ;NO READ NM93C06
SBIT BUSY,PSW ;DUMMY CLOCK TO READ ZERO
RBIT BUSY, [B]
SBIT BUSY,[B]
PUNT3: IFBIT BUSY,[B]
JP  PUNT3
X A, [X]
SBIT BUSY, [B]
X A,RDATH
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PUNT4: IFBIT BUSY, [B]

1¥8-NV

JP  PUNT4
LD A, [X]
X A,RDATL
RBIT 0,PORTGD
RET

WR93C: LD A,WDATH
X A, [X]

SBIT BUSY,[B]
PUNTS: IFBIT BUSY,[B]

JP  PUNT5
LD  A,WDATL
X A, [X]

'SBIT BUSY, [B]
PUNT6: IFBIT BUSY,[B]

Jp PUNT6
RBIT, '0,PORIGD
JSR  TOUT
RET '

H
;ROUTINE TO GENERATE DELAY FOR WRITE
g R o R R R R R R K O R R Kk

.
’

TOUT: LD DLYH, #007 sCHECK YOUR OSCILLATOR~--PROCESSOR COMBINATION
sTUNE FOR 10 MS DELAY

WAIT: LD DLYL, #0FF

WAIT1: DRSZ DLYL

Jp WAIT1

DRSZ DLYH

Jp WAIT

4-121



AN-870

Upgrade to National’s Wide
Voltage Range, Zero
Standby Current EEPROMs

ABSTRACT

National's NM93C06L, NM93C46L, and NM93C56L
EEPROMSs and the new NM93C06/46/56LZ series devices
operate across a 2.0V to 5.5V range suitable for unregulat-
ed battery powered operation. In addition, the new
NMO93C06/46/56LZ devices have ultra-low standby cur-
rents ideal for portable applications using very small batter-
ies.

PERSONAL ELECTRONICS GAIN SOPHISTICATION

Many personal electronic items have moved from being per-
ceived as trendy novelties to being viewed as mainstream
personal or business appliances. Consumer familiarity, in
turn, produces sophistication in the market for features. The
ability to retain memory through battery changes and other
types of power failure is highly desirable. Implementation of
such sophisticated features requires RAM with battery back
up or EEPROM memory. :
Battery backed up RAM is usually far more expensive and
functionally less attractive than EEPROM memory. Battery
backed up RAM requires:

1. RAM

2. Battery holder
3. Battery
4

. A door or other method to allow the battery to be re-
placed

5. New batteries to be located and replaced by the owner
EEPROM on the other hand requires:
1. EEPROM.

Serial EEPROM is invariably the cheapest and most com-
pact solution for memory requirements up to 16 kbits.

CORDLESS PHONES

Memory dialing, noise reduction signal processing, and mul-
ti-channel operation with low noise channel selection capa-
bility, are now standard features for better quality cordless
phones. Cordless phones are now moving to serial
EEPROMSs which can retain memory dial phone numbers
and other parameters even through the inevitable dead bat-
tery and line power outage events.

Cordless phones have limited battery life. Memory dial data
and other feature settings stored in RAM are subject to loss
from dead batteries if implemented in the hand unit, or line
power outages if maintained in the base unit. Reprogram-
ming ten or more numbers for a memory dialer each time
this happens is not desirable. Implementation of memory
dialing and other features in the environment of a cordless
phone requires RAM with a battery back up or EEPROM
memory.

National Semiconductor
Application Note 870
Robert Stodieck

The length of time a phone can be left off its charger when
not in use without the battery going dead is called standby.
The cordless phone in standby normally leaves the radio
receiver on to listen for incoming calls so that it can ring
locally. -

Standby and off hook time power consumption are dominat-
ed by the linear circuitry of the radio transmitter and receiv-
er. Furthermore, the batteries in this application are relative-
ly large and are frequently recharged. Thus, this application
does not usually require the extremely low standby currents
that can be achieved with the “LZ” series serial EEPROMSs.
But a broad range of Vg voltages are encountered in this
application. Most cordless phones use a stack of three Ni-
Cad batteries for power. This produces a nominal voltage of
3.6V, but during charging this may go as high as 4.0V, and
may drop into the 2.7V range in use. Some types of cordless
phones use other battery technologies and battery counts.
For example, stacks of 2 lead acid cells are also used pro-
ducing a 4V nominal Vcg. The 2.0V to 5.5V Vg range al-.
lowed by the “L” series of serial EEPROMs accommodates
all the common Vg ranges.

PAGERS

Paging units are a second example of high technology elec-
tronics gone blasé. Unlike cordless phones, pagers use reg-
ulated batteries for power and thus, do not need wide Vo
range EEPROMs. Since the batteries are small and power is
a concern, low voltage operation is an advantage, as are
very low standby currents used by the “LZ” series.

ELECTRONIC CAMERAS

All electronic cameras also make use of the NM93C46LZ
and NM93C56LZ devices. This application generally uses
regulated batteries to guarantee a constant 5V. But the bat-
teries tend to be small and the camera spends much of its
life on the shelf. Parameters stored in the electronic memo-
ry on these new cameras include shutter speed and focus
calibrations that must never be lost in the life of the camera,
and the frame counts and other details that change in serv-
ice but which must not be lost when the battery dies.

The parameters connected with the many features found on
these cameras are best retained in EEPROM. The small
batteries and the long periods of inactivity involved require
an EEPROM with very low standby currents to avoid running
down the battery when not in use. With a standby current of
less than 1 pA, the “LZ” series parts handle these applica-
tions with ea