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This report considers a smmple circuit which can be used
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Circuit operation is described and measured performance
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counter was built and used. Results are presented as curves
of probability of error as a function of demodulator input
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ABSTRACT

In radio transaission of binary data, it is often
desirable o conserve bandwidth at the expense of signal
pover. To rteduce carrier bandwidth (switching rate), 4 bits
are used to change a parameter of the carrier, so the
carrier has 2"  discrete ;Olbinations of amplitude,
frequency, or phase. A common form of H-ary data
transaission is composite amplitude shift keiing (ASK) and
phase shift keying (PSK).

This report considers a siample circuit which can be used
to generate any arbitrary composite ASK and PSK carrier.
Circui* operation i3 described and ameasured performance
presented. To detaramine “he noise behavior of particular
types of composite ASK ard PSK, a demodulator and error
counter was built and used. BResul:s are presertaed as curves
cf probability of error as a functiorn of demodulator inaput

signal o noise ratio.
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I. INTRODUCTION

A. OBJECTIVE
The objective of this study is to investigate <*he

operation of ar analog aultiplexer whea used to generate

composite aamplitude-shift keying (ASK) and phase-shif¢t
keying (PSK) carriers, sometimes called quadrature amplitude
modula-ad (QAM) carrisrs, wvhen the message is digital data.
u The analog multiplexer modulator is a simple <c¢ircuit which

uses inexpensive components. This circuit also has the

potential "of improving +he noise performarnce of digital
i communication systaas by convenien<ly allowing “he

genera*ion of a varia-y of modula+ion formats.

B. 3ACKGROUND

Digital communication systenms assume increasing
importance as the usa2 of dijgital systems exparnds. As the
number of iastalled or plarned digi*al sys+tems increases,
“he cost of individual coaponeats and “hs performance of <he
sys-em become increasingly important.

The aoise performince of a digital communication systenm

1 _ is largely determined by <he mndula*ion scheme since <he

1
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modulation scheae deteraines <tha decision regions the
receiver must resolve. The siaplest modulation scheme is
binary in which one 5f two possible signals is transaitted
during each sigraling interval. Higher data rates can be
achieved over a channal of 1limited bandwidth a* “he expense
of increased transamitter power by increasing <he number of
possible signals. In an N-ary scheme one of ¥ possible
signals is transaitted during each signaling in*erval. Bach
of the M possible signals reprasents a combination of N data
bits where M = ZN. Each possible signal is a syebol in the
M-ary message and is uniquely iden+ifiable by its amplitude
and phase combiration.

Typical M-ary =modulation schemes <transamit particular
modulated carriers such as gquadrature phase shift keying,
8~phase shift keying, and 16-le2vel composite amplitude and

phase shift keying [Ref. 1]. An axample of ar M-ary schene

is *he composite ASK and PSK scheme in which the carrier
amplitude may be A 5r 24 and the phase may be 0° or 1809,

Four possible syabols may be <*ransmitted each of which

represents two data bits. Pigure 1.1 is the block diagram

of such a digital a>3dulacor. The inpu< is a data stream;

the output is a modula+ed sinusoid. The coding schems is




arbitrary, but the truth table in Pig. 1.2 is used for this
example. Given this coding scheme and the data stream 4 (%)
in Fig. 1.2, +he modulator generates the voltage vavefornm
v(*) 4in Pig. V.2. Pigure 1.3 is <the circuit diagraa of a

2-phase, 2-amplitude digital modulat...

Bit A

v
d(t) Modulator %
Bit B

Pigure 1.1. 2-Phase, 2-Amplitude Digital Modulator Block
Diagras

The typical acdulation schemes may not be optimuam, The
modula*or in <this s<tudy permits the <transaission of a
carrier having an arbi trary ASK and PSK format. Use of this
modulator permits the oxperimental investigation of <he
, noise rperformance of any ¢type of ASK, PSK, or combined
aodula+*ion. Determina+ion of the optimuam “ype of modula<=ion

is the subject of future studies.

PR
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Data Bi+
A B ! Asplitude Phase
0 0 A 1800
0 1 A 0o
1 0 2A 1800
1 1 2 Qo
(o)
1 . 1 0 : 0 1 0 + 0 1l —
N Time
Data S+r=aa
v(t)

Modulated Carrisr OQutput
Pigure 1.2. 2-Phase, 2-Aaplitude Nodulator Truth Table and
Signals
14




QO

Oscillator | jg40 ' “. vit)y

a(t)

Pig. 1.3. 2-Phase, 2-Aaplitude Modulator Circuit Diagranm

C. SUMMARY OPF RESULTS

The conclusion from this study is *+hat ¢the analog
sultiplexer is suitable for use as a sodulator. These
modula*ors allow <+the trangmitted phasors <o be placed
arbitrarily. The aodulators ara simple circui+s using
irexpensive components.

The following chapters of this report deal with the
sultiplexer, the aodulator, and the experimental method,
Chapter II is an exaaination of <+he analog nmultiplexer.

Chapter III describes modulators using analog multiplexars.

It describes amplitude aocdulators, phase nmodula*ors, and




coaposite amplitude and phase modulators. The mos* general
modulator circuit described can *“ransmit up to 81 phasors
from vwhich 8 may be arbitrarily chosen. Chapter IV
describes the systea and methods used to tsst the modula‘tors
and gives the results of these tests, Chapter V contains

the conclusions and suggests further studies.

[
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II. IHE ANALOG BULIIRLEXER

The analog multiplexer used in this investigation is *he
4051. No atteapt is made to compare its performance with
other multiplexers. This chapter considers the suitabilisy
of the analog amultiplaxer as a aodulator. The first section
discusses required characteristics and the second sec<ion
the mneasured performance of this specific aultiplexer. The
conclusion is <that *he 4051 is a suitable device at the
carrier <£frequency and switching rates used in *his

investigation.

A. REQUIRED CHARACTER ISTICS

The ainisum requirements f>r a multiplexer <+o func<ion
satisfactorily as 2 carrier modulator are negligible
amplitude distor*ion, negligible phase shif*, negligible OFP
current, unifora switch characteris+tics, a fast switching
capability, and negligible undesirable transients.

Aaplitude distortion is a funceiorn of the ON resistance
of *he switch. If the ON resistance varies with the applied
voleage, the switch will distort an applied sinusoid. In a

circui+ that suss sinusoids the affects of such amplitude




D

distortion vill appear at the output of the amplitude and

phase detectors as increased noise, The ON resistance of a

b
s
[
H
3
5
3

given switch should be constant for the range of applied
voltages. Circuit ad justment will be simplified if the set
of svitches also has uniform ON resistance.

Negligible phase shift in the multiplexer is essential
in this phase modulator circuit. Since the switches in the é
analog multiplexer are electronic, there is potential for i
phase shift <through the inteqrated circuis. Phase siift
will be negligible if it is constant regardless of the
2 .1 ) applied voltage at the frequency used. Phase shif* should

f ) be uniform across the set of switches.

The OPFF current osust be lov since any leakage will
appear as a phase shif+¢ vhen summed with another sinusoia.
The switch must b2 fas:t 9nough that <the sinusoidal
: carrier can be switchad at the 3ata rate.
Undesirable transients apust be removable by fil*ering

1 . vithout affecting the information content of *he signal.

‘ B. MEASURED PERFORMANCE
The Yational Semiconductor Analog Integrated Circults

t manual advertises the 4051 as having 1lov ON rTesis:ance,

typically about 80 ohss, with the svitches aa«ched ¢o about

|
[ S i T




five ohas [Ref. 2]). The OFF resistance is claimed ¢to be

high wvith dinput 1leakage curreants <ypically S pi. The
svitching time from control inpaut to signal outpat is stated
as about 400 ns and the time from INHIBIT input ¢to signal
ocutput is typically 550 rs. The contzol 1lines ars TTL
coapatible with binary address decoding on the chip.

Pour switches of a2 4051, tested in detail in *he circuit
of Pig. 2.1, shoved the ON resistances in Pig. 2.2. The ON
resistance varies- lsss than three ohas for input voltages
under 1 V. If othar resistors in the circuit are auch

larger than this thrae oha variation, aaplitude distor+ion

will be negligible.

The 4051 in the test circuit of Pig. 2.1 showed 1o

discernable phase shif ¢t either in superimposed input/ocutput
sinusoid displays or in Lissajous patterns. Pigure 2.3 is a
dynamic display of a Lissajous pattern showing the output
from a 4051 with seven inputs grounded and a 30 kHz signal
applied to *he other. The svitching rate is 10 kHzZ. For
the purposes of this modula+or, t+he phase shift across a
4051 can be considered to be zero radianms.

The OPF resistances of the 4051 is high, bu* a precaunczion

sust be observed. The input and output circuits aust be




Dgcillator

. HP 204C
HP 1220A
4051
Voltmeter
HP 3u465A
10430

Pig. 2.1. ON Resistance Test Circuit

isclated, With a 0.713 v, 30 kBz sinusoid applied to all
eight inputs and with the chip INHIBIT 1low, the ousput
across a 1063 oha resistor is 0.628 V., With the INHIBIT
high the output is J2.31 av. By carefully isclating the
input and output circuits, *his leakage can be reduced to
less than 0.2 av. It is iaportant tha¢ this leakage be low
for the circuits that follow.

The turn-on and turn-off tiaes as controlled by the chip
INHIBIT are S00 ns and 600 ns respectively.

Some transients wvere observed at the svitching tines.

These “ransisats vere resoved by the filters dJdiscussed in

Chapter III.
20




§ on
Resistance
v)

150

148

146

luk

142 °

1u0

138 $ 4 >
Volts

Pig. 2.2. ON Resistance of the 8051 Switches

The 4051 is suisable for use :in this investigation. The
carzier fraquency of 30 kHz can Dbe passed with negligible

aaplitude dis+ortion and phase shif* as long as the




amplitude is not greater than 1 V. The leakage curren+* is
low if input and output circuits are isolated. The switches
are quite unifora. The observad transients can be removed
by filtering. A data rate of 1 kHz is well withir <¢he

svitching capability of the 4051,

Voltage
A

Pig. 2.3. HMultiplaxer Phase Shift

22




IITr. ANALOG MULIIPLEXER HODULAIOR

The value of an analog nultiplexsr as a Jdigital
modulator 1lies in its ability to select rapidly among
pre-sa* signals. This chapter describes switching
nodulators for MN-ary Dphase, aaplituade, and composite
phase~amplitude systeas. The last section describes a
general analog amultiplexer modulator which can generate up
to 81 points on the phase plane froa which any 2ight may be
selected arhitrarily using U4-bi+ contrsl codes on the

modulators.

A. PHASE MODULATOR
Phase mocdulation with ar analog multiplexer involves the

selection of ocne of a set of sinusoids with predetermined

phase relationships. The diagram in Pig. 3.1 represer<s a
mcdulator which may transmit any of <four sinusoids as
selected by <+he combination of data bits, The use of a
single low-cost integrated circuit as a nmodula*cr is an
cbvious advantage over aore complex circui¢s. The abili+sy
i to pre-set and control precisely “he phase shift circuits is
also advantageous. A disadvantage of discrete phase

svisching is the phase discontinuity at switching %isme.

23
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Out

SE
i

I

Data

Pig. 3.1. Phase Nodulator Block Diagran

The performanc2 9f a U-phase acdula<or is shown in
Pig. 3.2 through Pig. 3.4. Pigure 3.2 is a photograph of
the output of a U~phase modulator wi+th a 30 kHZ carrier arnd
da~a swvitching at 5705 Hz. Figure 3.3 is a photograph of
*he 16 times expanded display of <he *ransien*t that occurred
a* the center of Pig. 3.2. This *ransient was ramoved by a
bandpass filter. Pigure 3.4 is the output of a 4-phase
aodula<or with a 30 kHz carrier and a 10 XAz swvitchina rate
shewvn  wvwith the Jdata clock superimpecsed. The phase

sransi-ions are rapild wi<h negligibls dis<tor+ion,
24




Voltage
0.5v/div

e
Time 20us/div

Pig. 3.2. Prhase Modulator Output

Yoltage
0.5V/div

4 o ' &

-
Time 1.25us/div

Pig. 3.3. Phase Switching Transient
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AMPLITUDE MOCULATOR
Amplitude modulaticn may also be done simply with an

analog multiplexer, Ir “his case we select a prede*ermined
resistor which, with R, establishes “he output ampli<ude.
Tha pexformance 5f a 4-amplitude modulator is shown in

Fig. 3.6 and Fig. 3.7. At the transition point of Fig. 3.6

modulator.

carrier frequency is 30 kHz and *he swi“ching vate is 9 kHZ

+ransi+«ions are rapil wich negligible dis<or<ion.

Vvoltage
9.5V/4iv

Pig. 3.4. U-Phase Modulator Qutput

divider (Fig. 3.5). The data bits select <+he

a transient similar <o <ha*t seen in the phase

This transient is removable by filterirng. The

3.6 aad 1 kHz in Pig. 3.7. The apmpli“ude

26
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Pig. 3.5. Anmplitude Nodulator Block Diagraa

Voltage
0.5V/div

Time 0.lms/div

Pig. 3.6. Amplitude Nodulator Output

7




 Voltage -
3.5V/div

14

Pige 3.7. U-Amplitude Modulator Output

C. COMPOSITE AMPLITUDE AND PHASE MODULATORS

Composite amplitude and phase modulation with analog
multiplexers can be don2 many ways. One wvay is %o select
among sinusoids of pre-set phase and amplitude as in the
phase mcdulator described abova. This, however, is ra<her
tastrictive. Two multiplexers in combination provida more
flexibili+y.

1. 4-Phase, 4-Asplityde Modulator

Pigure 3.8 1is a block diagram of a modulator <hat

cosbines +ha phase arnd amplitude func=-ions. In <this

any of four aamplitudes at any - of four phase

arcangeaen*
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angles may be selec=ed. The cutput can be a 16-ary signal.

The four phase angles and *he four amplitudes aay be pre-set

€0 *ake advantage of the properties of the transaission

A MG D M.

systenm.
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Pig. 3.8. U-Phase, U-Amplitude Nodulator Block Diagraa

The performance of a 4-phase, U-amplitude modulator

g

is shown in Pig. 3.9 and Pig. 3.10. Pigure 3.9 is +the
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R

cutput with a 30 kHz <carrier and a 10 kiiz switching rate
vith periodic data swvitching bo¢h phase and anmplitude
gisultaneously. Pigure 3.1 i{s <he cutpus with a 1 kAz
svitching rate. Again the transitions are rapid wvi%h

negligible distortion.

Pig. 3.9. G-Phase, % -Amplitude Modulator Output - 10 kHz

Some observa*ions are in order. Any number of phase
angles and aaplitudes may be ganerated. This nuaber is
limited only by the number of inputs on ths multiplexer. 1If
there ware a need to 40 so, additional capacity could be had

by using the INHIBIT control >f *he multiplexer <o select

30




T Madeedii

Voltage

U2m¥/div

Pig. 3.10. Uu-Phase, 4-Amplitude Nodulator Output - 1 kHZ

asong chips, It is possible to carry separate da*a straaass
in the amplitude aand phase of the sigral, but i+ may no* be
desirable because of the significantly larger probability of
error in +he amplitude detector as compared wi<h ¢the phase
de<ector. It would also be possible 2o clock the 1a+a
inputs o “he %wo amultiplexers at different rates.

Figure 3.1%" is the circuit diagram of a UG4-phase,
4-applitude modulator. The voltage follower in “he ou<pue
tuffers the voltage divider. The output amplifier msa<ches

the voltage level <o +he channel. De+ails o¢ the 4-phase

source and channel are ia Appendix . Table I shows <he

centrol truth tables.
3
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Pige 3.11. U4-Phase, OG-Amplitude Modulator Circuit Diagraa

TABLE I

4-Phase, U-Amplitude Modulator Truth Tables

A B | Resistor | Vou* cD 1 Angle




2. Geperal Analeg Hulziplexs: Maodulator

The aodulators described earlier have limited

flexibility in phasor placement. There is another class of

analog aultiplexer sodulators that gives greater
] flexibility. Pigure 3.12 is the block diagram of thig
A general analog aultiplexer modulator.

The gereral 2analog multiplexer aodulator outpu<« is
the sum of “wo sinusoids, The data inputs are *he address
H lines on a ROM which is prograamed *o select the input

sinusoids necessary to sua to the desired output. Figure
{ 3.13 is a phase plane diagraa of cu- possible output
corstellation froam this modulator. 1If, for example, ve wish
to <“ransmi* t“he phasor dasignated “p¥ in Pig. 3.13, ve
select tha cosine input weighted "C" and the sine inpus
wveight2d "B", The modulator suas these “wo sinusoids giving
a sinusoid with +he amplitude 2nd phase indicatad by phasor

Hwpn

Tha flexibility of *+he aodulator lies ia i+s abiliey

S st o

i to sum sinusoids with any pre~-se+ coefficients. There is no
reason the input coefficients aust be equally spaced as
drawn. They may be any valu2. The use of <the INHIBIT

control allows one :o place the phasor on an axis, aevena at

the origin if desirad.
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Pigure 3.12. General Amalog Nultiplexer Modulator Block
Diagras
While <+he modulator in Pig. 3.12 has 25 possible
outrut phasors, only four are arbisrary. Once one

coefficient is fixed, one coaponent of five phasors is

fixed.
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Pigure 3.13. General Analog Nultiplexer Modulator
Phase~-Plane Diagras

The 4051 analog aultiplexer used in this
irvestijation has eight inputs. This capability expands <xhe
potential illustzated in Pig. 3.13 <o nine points lacluding
zero on each axies “o1 a +otal of 81 possible phasors with
eight arbieczacy. The number 5f arbicrary phasors can be
nade as large as ve please by iacreasiag <he nuaber of
sul+iplexers ard changing <*+he BOM <0 select bDoth <the

requized chips and <hs requized inpucs.
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The circuit of ore impleamentation of the genaral
analog aultiplexer modulator is shown in Pig. 3.14. The
experisental circuit wae aligned for a 4-phase, U4-ampli=ude
output like that produced by thas modulator in Section 3.C.1.
The ROM was also programmed to give the same cons*sllazion
rotated 450, These patterns demonstrate the flexibili+y of
the aodulator while remaining compatible with the recelver
previously constructead. Appendix A gives “he details of the
experimental circuits. Appendix B describes the prograsaming
of the RON.

The voltage followers in Pig. 3.14 Dbuffer *he
voltage divijers. The output amplifier suamas the sinusoids
and reduces “he voltaga to a level compatibla with <the
channel.

Th2 perforaance of the geaeral analog aultiplexer
aodulazor with periodic data is shown in Fig. 3.15 and wish
randoa data ia Pig. 3.16, The carriar is 30 kHz and the
symbol rate is 1 kHz. The obsarvable transitions are rapid

wish negligible distor+iecn.
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General Analog Multiplexer Sodulator Circuit
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8 e .

Time 1.0ms/div

Figure 3.1S. General Analog Multiplexer Modulator Output -
Periodic Data

Yoltage
W5mV/div

Pigure 3.16. General Analog Nultiplexer Modulator Outpu% -~
Randoas Data
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IV. EXRERIMENTAL ETHOD

Bo+th +he 4-phase, U4-amplitude modulator and the genaral
analog mul*iplexer wmodulator were buil: and “ested. The
4-phase, U4-amplituds modulator *Tansmits the phase plane
constellation shown 3in Fig., 4.1, The c¢enseral apnalog
sultiplaxer modulator <*ransmits both the constellation in
Fig. 8.1 and that in Pig. 4.2. Bo+th modulation schemes ace
“he same since the U450 rotation <is with <cespect ~0 an
arbitrary reference. Each of “ha 16 symbols repr2sents four
tits of daka,

The objective of the test was 4o determine 3if <he
modula*ors, construc-ed as simply as Chapter III suggests,
would perform well smough %o warTtan% further investiga<ion.
The resgles support +he basic cencep=. Pur+her
investigation with this flaxible modulator concep: is
vacran+ed,

The following sections dsscribe <he eoxperimer*tal systen,

i

*he a2xpecimen+al procadure, and “he experimental results.
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Pig. 4.1. BRxperimental Phase Plane Constellation

A, EXPERIMENTAL SYSTENM
Pigure 4.3 shows the experimental system “hat *ests <he
modula*ors by sending data <o <he aodula+ors, addin a

variabla level noise to “he modula+«2d signal, ex*racting an

estimate of the da*a from <*he signal plus noiss, and
i counting errozrs :a +the receiver output. Appendix A

describes the experimen+al systeam in detail.
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Pig. 4.2. Experinmental Phase Plane Constellation

The data source is a 16-stage feedback shifc cagister
which genera*es a pseudo-random sequence 65535 bi%s long.
The data rate is 4 kdz. This data, with a randoam s*tarctirg
point for each test run, is presented four bits a%+ a *ime %o
the modula“sor vhich “ransmits a carrcier at an amplitude and
phase *hat represents the four-bit¢ symbol. The syabol ra%e
through the “ransmission systema is 1 kHz. The carcier

fragquancy is 30 kHz.
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Noise
Source

gata r——rFodulator —-‘[Channel
Source

r |

Amplitude Phase
Detector Detector

rTOor
Counter ‘Etector Data Decoder

Pig. 4. 3. Experimental Systea

The transmit+ed symbol passes *hrough a channel wi<h a
variable signal to noise ratio. The output powver level of
+he modulator is fixed a*+ a prajetermined value. The signal
to noise ratio in +the channel is varied by changing the
input roise level. The signal “o noise ratio is measured a+
+he input to *the de+ac*tors with an RNS voltmeter (HP 3u00A).
Signal and noise ares measurad separately with the o<her
inpu® grounded. The 4idle chanrel noise was measured wi<h

both carrier and noise inputs grounded and deterainad %o bde

a= least 50 4B below “he signal level.




An error detector compares bi* by bit the data es+inate
from the receiver with the <«ransmitt<ed data and records the

differsnces as errors.

B. EXPERIMENTAL PROCEDURE

The objective of +the experimen+al procedure was ¢o
precduce curves of +«he prcbabilit of error varsus signal %o
noise ratio over a probability of error range of about 10-2
to 10—-S. The procedure for taking data.uas “he following:

1. The carrier level at pmaxiaum amplitude was fixed at a
level well wi+thin ¢*he dynamic range of systeam
components and recorded. This level was cons<tant for
all test runs.

2. The noise level was se* to a value within “he ranga of
in+eres* and recorded.

3. Con*inuous random Jdata was sent through “h2 systea,

U, The agrror dataccr coun%acs wera reset <to zeros and
gtar~ed. The counters stoppad af+ar 100,000 data bits
bad been exaainad. The number of arrors in 100,000
bits was recoc-ded.

S. S*tap 4 was repeated *hr22 tinmes.

6. The errors in $fur runs vera summed and <the
probabili+ty of error was coaputed.

7. S+teps 2 through 6 vere rapea“+ed for various signral %o
noise ratios sufficient =0 generate +the desireqd
pecformance curves.

The experiaertal results arz given in the nex* sec<ion.
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C. EXPERIMENTAL RESOLTS

Data taken with “he procedure outlined in the preceding
section is summarized in the curves displayed irn Fig. 4.4
through Pig. 4.6. A1l +hree figures show the measured
probability of error of ihe composi<e systea and the
detectcrs separately. Figure 4.4 is +he set of curves for
the 4-phase, 4-aaplitude modulator of Section III.C.1.
Pigqures 4.5 and 4.6 are *he sets of curves for the general
analog multiplexer modulator transmitting the constellatiors
of Pig. 4.1 and Pig. 4.2 respectivaly.

The curves show iifferences, bdut they also show strong
similarities, The compositea curves are within 2 4B at a
10=3% error rate. The diffarences are the resul* of
alignmens variations in <he receiver wher2 a few amillivolts-
change in a <threshold or offse* adjustmen* nadeffﬁ
significant difference in performance. The magnitudes
expressed in the curves show “hat <the receiver js not
op«iaunm. A conclusion one should drav from <he cirves is
+hat +he *wo classes >f modulatdrs are coaparcable. Another

conclusion is +hat “he overall performance is such as %0

warran% fur+<her study.
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V. GONGLUSIONS AND RECOMMENDATIONS

The analog aultiplexer is a suitable device ¢for a
digital modulator a* the carrier frequency and data ra*e
used in this research. It switches ¢the carrier rapidly with
negligible distor+tion and generates only ramovable
transienss,

The tvwo classes c¢f @modula*or Dbuile for *his

investigation perfora well. The outputs of <the 4-phase,

4-amplicude mcdula<or and +he general analog multiplexer
modula«or are ccamparable for a given modulation scheme. The

general analog multiplexar podulator, however, allovws more

flexibili+y in ¢he placement of phasors. There is no
é inherens liait to =ke number of arbitracy phasors one can
genera+a. Both asdula%ors are simple circuits wusing
inexpensive componen*s.

Some sugges*ions for fur+<her study fcllow:

1. Seek higher carzier frequencies aad faster syabel

rates.

! 2. Use the flexibi-ity of <he general analcqg mulsiplexer
modulator %o study cpiimum phasor placement in ¢=2ras
of lowest pos+<-iastacetion probablilicy of error.

, 3. Given op%*imua dhasor placemen+t, deteraine *he optimum
data~+o-phasor coding schene.
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Look a+ the effects of switching phase and aaplitude
with independant data streams on indspenden* clocks.

Look at *he security and recciver addressing poten<ial
of switching aodulation scheames.

Detarmine if switching amsdulation schemes *o optimize
“he system dynamically dimproves the bie error
performance ovar a systam wish a fixed modulazion

schene.




APPENDIZX A

THE EXPERIMENTAL SYSTEM

A. CVERVIEW OF THE EXPERIMENTAL SYSTEM

The exparimental system consists of a <transasission
systen, a test systen, and a +%iming system. The
transaission system <con+ains the modulator, charnel, and
receiver (Pig. A.1). The +es~ systea has a data source arnd
an error detector. The tiaing systea provides clocking for
bo*h ~<he ¢ransmission system and <he <%est sys<es, The

fcllowing sections of this appendix describe each systea.

-l Transmission System T
[ I - |
.l Modulator ‘[Channel ‘l;eceiver
Timing
Sys*ten
Test System
zata
Source
vﬁ Error
Tetector

Pig. A.1. Experimental Systes Block Diagrana
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B. TRANSMISSION SYSTZM HARDWARE

A coaplete transaission system Is used to *est <the
operatior of the modulator (Fiz. A.2). The “ransmitter is
just the modulator which is discussed in detail ir Chagtar
III. The chanrel adds white Gaussian noise +o *he signal,
bardiimits <he sum, and providss leval adjustment befora the
teceivar, The receiver has both amplitude and phase
de%ectors. Tiaing signals 2are from the common <“inming

systea. The following sections describe the channel and

Teceiver.
Noise
pmgd fodulator g Channel =gy Receiver
Timing Timing
from Ddata Source To Error Detector

Pig. 4.2. Transaission System Block Diagram
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1. channel

The transmission channel consists of a noise summer,
a bandpass filter, and a predetector 1level adjusting

amplifier (Pig. A.3).

Noise
l i
Noise Bandpass Predetection
prmegt gy Bk . o
Summer Filter Amplifier
From To
! Modulator Detectors

Fig. A.3. Transmission Channel Block Diagrams

a. YNoise Summer
The noise summer provides 1isolation of +he
sodulator and *he noise gensrator and provides <+he correct

vol«age 1level into <he bandpass <filter (Fig. A.4). The

modula<ad signal passes =hrough a Dblocking capaci*ocr %o the

summer with an inpu<t gain con+trol. The signal iavel ou= of

the sumaer is fixed by “he following procedure:

2. Set <*he asodulator dJata :iInpu+t for a £fixed

carrier signal 5% maxiaua ampli“ude.
52
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i 1. 5round the noise iaput.
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3. Adjust the carrier input to “he modulatoz =0 2 V{(p-p).

4., Adfust <+the signal gain for a summer output of
300 av (p-p).

The noise goes “hrough an isola<ing voltage follower <o the
supger, The noise l2vel nay be set by adjusting “he ou*-put

level of the rardom noise genara<+or.

From Mcdulator

lur 20k 12k
] A AAAA—

+12
2 s
n
741 —
= 3
eneral Radio 10k
L D)
320-3 LA | -2
Eandom Noise -
Fenerator . To
3andnass
Tilter

Pig. A.4. Noise Summer Cizcuit Diagran

b Bandpass ?il%er
The ideal bandpass £ilter would 9pass all of <he
signal power and limi% 2¢ise powsers <o +ha+t wi<hir =<he signal

passband. The tandwid«h of ths passband is a furnctisn of
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the signaling ra+e and *the meodula“ion scheme. This systena
operat2s at a syambo) rate of 1 kHz with both phase and
amplitude modula*ion at <hat £requency. The carrier
frequency is 30 kHz. A bandwildth of 3 kHz is a comproaise
between low noise and low intersymbol in“erference.

The bandpass filtsr design is based on the
procedure of Helburn and Johnson [Ref. 3]. The Q of <*he

rtesulting €fil*ers is higher *han <¢tha* indicatad in ¢the

prccedure. Using a gain of 2 and a Q of 6 rather than a Q 1
of 10 as indicated by the ra*io of bandwid+*h *o center !
! fraquency resulted in the circuit ir Fig. A.S. The variable
resistors permit some adjustmertt of the center frequeincy.
They are adjusted £5r a maxiaua ou+«put with an unmodulated

30 kxHz inpu-~.

-

The +ransfer functicn of +he €ilter, gen2rated
by sweeping %<he input frequency and recordiing «he cutpu=- on
a storage display spectrum analyzec, is shown in Pig. i.6.
The 3 4B poin+ts ar=2 28.5 and 31.5 kHz.

The performance of *“hz £iltar 4is shown in
Fig. A.7 where the spectrum of <he input noise is shown wixh
the spectrua 0f the filter output and in Fig. A.83 vhere <%he
spectzum of ~“he aaplitude and phase modulated Iinpu* signal

is shown with +he spectrum of «he fil*er ocutput.
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From
Channel

To Predetection
Amplifier

Pig. A.S5. Bandpass Pilter Circuit Diagram

The signal cut of he bardpass fil“er is shown
in Pig. A.10. The input signal was the general analog
muleiplexer modulator 4-phase, us-amplitude signal shown in
Pig. A.9 vhich is similar *o Pig. 3.15.

C. Predetaction Amplifier

§ &
1+

The oredetection amplifier (Fig. A.11) se*s =he

level of the =signal into <«he detec*ors. There are %vo

ad jus+tments,

The gaia of the firs+« stage controls <he lavel

0of *he AC sigral =o the dezactnrs, The level ou« of +he

bar.dpass fiiter is about 1.5 V(p~p). The 3lesired level in+o
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Fig. A.6. Bandpass Pilter Transfer Punction
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Pig. A.7. 1Input and Jdutput Spectra - Noise
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Fig. A.8. 1Input and Outpat Spectra - Modulated Signal




Voltage
43mV/div

Pigure A.9. General Analog Hultiplexer Modulator Output -
Periodic Data

Pig. A.10. Bandpass Pilter Signal Out
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From +12 +12
Bandpass Vi 7
Filter 2 I 2.1
741 ' To
i, Detectors
2 110k N
J -12 -12
.
< 30K =
-12

Pig. A.11, Predstection Aaplifier Circuit Diagras

*he envelope detector is 2.5 V(p-p). The input to *he phase
devector is not «critical at this stage since i+ is fur+her
amplified.
The DC 2adjust on t+the second stage biases *“he
sigral abova *he diods 31rop of -he envalope dazector.
2. BReceive:

The receiver has detectors *o ex=rac+t da+a from <%he
amplitude and phas2 informaticn of <+he input signal
(Fige A.12). The nax+ paragraphs “c-ea<t <he +%wo 3detectors.

a. Asplitude Detector

The aaplitude detec*tor is an envaelope detector
followed by a 1lcw pass filcer, a Jdecision «circui¢, and a

decolding circuis A.13). Bach is described below.

(Fi3.




Predetection Netector
Amplifier To Errop
L -
Detector

Phase
H <j H
Detector

Pig. A.12. Receiver Block Diagram

Envelope Lol Lowpass - Decision -] Data
‘ i . .
Detector Tilter Circuit Decoder
grog : To Error
; .reﬂgtgctlon Netector
] Amplifiep '

Pig. A.13. Aaplitude Detector Block Diagraa

in envalope det2ctor vas selected for

simpiicity. I+ iz racognized <ha¢ other detector circuiss

vould reduce +he probabilicy of error for a given ratio of I

signal power *o noise power, The demodulasor is, however,

no* a priaary concera of “his ras2arch.
A vol=age follower isola«es <he enve lope

de-actor from the inpu=+ ciccuit and phase de*tac+or




{(Fig. A.14), The diode has a voltage drop of about 0.8 V
that must be overcome ¢o get an ou<put. If ¢he input signal
vol-age is syametric about zero, the low level envelope step
vill ba reduced compared to +*he other stepvs (Fig. 1. 15).
¥ith a properly chosen threshold, <+his probably would not
causa a problem, but for ease in setting +he +hrasholds, the
input signal is biased to be syammetric about the diode

voltage (Fig. 1.18). This is done a*+ the predstec+ion

amplifier (Pig. A.1V).

To lecision

+12 Zircuit
7 1MU152
3 '7'5 A >
From =12 .1uF 0k .35uF
Predetection
Amplifier

=

Pigure A.14. Envelope Detector and Low Pass Pil*er Circuit
Diagraa

The RC +«ime constant of *the envelopa detactor is

abcut 0.3 as cr *threa <“iazes “he syabol period.




eaaa

Voltage
400 mV/div

o . " " P

Time 1.9ms/div

Pig. A.15. Bffect of Envelope Detector Diode Drop

The breakpoint of the low pass filcer +ransfer
furction is 2600 Hz.

"he decision lsvices iz +<he decision circuit are
ccmtazazors (Pig. A.16). The signal from the low pass
fit-ar mus<- be amplified to plac2 it within ~he u3zabla Tange
cf +“he compara%crs. Two stagas of amplifiers -otain a
posi+ive-going signal. The rCange control adjusts “he sigrnal
gair of “he ampliflar which de=ermines =h2 rarnge of levels
presented to the coao2rators. Tha DC bias sets -he absolute
value cf “he levels. The compaza%ors aze connectad for a

=Pl compatible output [Ref. 4). This configuraticn rtequires
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input levels between O and 4 V. The range and DC bias are
set o give the voltage lavels indicated on  the
representative waveform in ig. A.17. Pigure A.18Iis a
photograph of the actual wvavefora a<« the input to  “he
comparators.

The thresholds are <he aidpoints be;ieen lavels
which ore would expect assuairg Gaussian noise.
Measur2ments of bit error rat2s versus threshold vol-=age
confirmed the amidpoint thrashold within axperiman+al
accuracy (Fig. a.19). Noze +the probabili«y of arror
variation with ocnly a 0.1 V change in threshold voltage.
The £inal threshold values used in «he sxperimen< are shown
in Pig. A.17.

The threes compara*or outpu*s from <he decisiorn
circui+t cacry +he =2stimate of «wo da+ta bi«s enccded
according +*o the =ruth zables in Pig. 4.20. Da<a bi+« 1
follows thr2shold 2 =2xac+ly, s> only data bit B needs <o be
decoded. That is 3on2 usiag a 74151, cne-cf-eight daxa

selecsor, wWwith inputs 1 and 7 haigh and all othecs grounded

as in ?ig. A.20.

ny




From Envelope Detector

Pig. A.16. Amplitude Decision Circuit Diagraan
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Yolts
o}
Thresholds

- —_— T3 3.0V

2.4 1
L ] —Tz l' 8']

1.2
-t 0.3V
0 —— R — >

Pig. A.17. Amplitude Decision Circuit Input Levels

Jolitage
u80mv/div

A PY

Time 1.Cmg/div

?ig. A.18. Amplitude Compara“tor Input Signal
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Errors
Input Signal Levels

300 t Low = 0.0Q5V ‘
High= 1.15V
200 |
100
- —
0.2 J.4 9.6 0.8 Threshold

Voltage

Pig. A.19. Bi* Error Rate versus Threshold Voltage

be Phase De=2c*or

The ©phas2 detec*to is a *wo-channsl <coherznt

[a}

aul+«iplier follcwed by a lowpass filzwer, a decision circais,
and a decodiag circuilt (Fig. A.21). Since <he cizcuitry arnd
cparation of <*he in-phase and quadrature chanrals ace *the

cane except for <«he -efarence siausoid, only <«he in-phase

o
1]
'_‘
o

channel is 2escribed w.
A phas: coher2at sys=em is assumed

exparizent. Ther2 is nc A%%2APT 0 <IsECcover a
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Bit ﬁ..

2it 2y,

+32

wJ’-un'm\Jw

[

-+
[¢4]
4

Possible Inpu:s Da<ta
73 2 T A B
A R A A
0 0 1 01
0 1 1 19
1 1 1 11

Pigure A.20. Amplitude Data Decoder Truth Table and Circui¢
Diagram

efarence from the rsceived signal. The reference sinuscids

(4]

i are %“aken directly Zrom ¢the same mul<-i-phase scurce =hat
supplies “he “ransmisser.

The signal €-om +he pr=a23erection amplifier goes
threcugh a DC blocking capacitor and a voltage follcwer which

iso0late <+he phase 1Jz242ctor £f-om <he rCes

cf

of tke syst2n

(Fig. A.22). A signal conditioner corract

n

for phase shifst

el

inzzoduced by <he <=Tansmissisn systsma 2and <cemcoves <the




alog Lowpass Decision
oltage Filter Circuit
ultiplier
Cosine Pata
Reference Decoder
%nil°8 Lowpass Decision
Joltage Filter Circuit
Multiplier
Sine
Reference To Error
Detector
Zero-
Crossing
Cetector
Phase Shift
e e
Compensator
rom
Predatection
Ampiifier

Pig. A.21. Phase Detector Block Diagran

amplitude vaciations. The phase shif“+ compensator cana t¢

ad4jus+<ad by *he follcwing proceduraz:

A 1.

2. Comparae the

Transmie a sinuscid with phase reversal aodula=ion.
inpu=s o th? muleirlier using Lissajous

patterns.
69




24

1 >
—]
From S
Predetection
Amplifier
il 12
= Phase Shift Cffset 3alance
" Compensator
Capacitors in ufF Resistors in ki

Pig. A.22. Signal Conditioner Circuit Diagram

3. Adjust the phase compensa*or *o produc2 a display

corresponding =o phase cohersnce.

A zero <crossing de*tector removes ampli-zude
inforama~ion by groducing a square output clipped at abou*
$2.3 V for input %o %he mul+iplier. This signal retains <*he
phase informa%ion. The offset control adjusts +the rela<ive
dura-ica of the »posi*tive ard nega+ive excursions of +he
resul%ing sguare wave. The balance con«rol Dbalances +the

sagnitude ¢f <he posi<ive and nsga<ive excursions,




The basic <¢lement of “he phase detector <5 an
analog voltage wmultiplier (FPig. A.23). The ousput of =he
analog voltage multiplier is the instantaneous produc= of
the reference sinuscid and signal square wave. This product
integrates over time to ¢V if +he two are in phase, =~V if
+hey are out of phasa, and 0 if they are in quadra“ture. The
rul+*iplier also includes an offset control to compensate for
all offsets in this branch of the systen. The nosinal
measuced voltage at this summing input of ‘he analog voltage
mul+iplier is 36 mv. This must be held <0 £2 aV to main<ain
satisfactory phase dstector performance. The product froa
*he analog voltage multiplisc goes +hrough a buffering
voltage follower *o an amplifier. The amplifier includes a
gaina centrol *o prasent “he correct voltage levels <o *he
ccmparators. A lowpass filter removes “he high frequancy
coamaponan<+s.

The decision devices ars compaca<ors configured
for TTL compatibles ou*puts as are <+hose in <+he apmpli+ude
decisicn circuis (Pi3. A.24). The inpu*t signal <o «he phase
decision circuit is 2 three-lev2l vol%age wi<h ¢V, -V, 2a2d 0
representing cespectively in-phass, cu<-of-phase, anrd

quadra+aze inpu=z signals (Fig. A.25). The ccaparators will
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Signal from
Zero-Crossing 12

Detector +12
7
1 u
l
:1| 4
< -12
10 _§200k
Ref 8 ffset
7 3
_—
1 _AD53u

Py =12

Pige A.23. Multiplier and

10k 70k 10k
.‘V\M——W——NVV-‘L—D

12 -OZUF
2 7

. -12 To Phase
o Decision
Circuit

Lowpass Pilter Circuit Diagram

respord only +*o inputs between 0 and 4 VvV, The incomiag

signal is applied <o a 4iode

it is iaver+ed, applied =9

and sea* *o one comparator ard

a second dionde, and sert *o *he

c-her comparator. 80¢h compara*tors then see posi+ive input

volrtagas. The gains 2£f *he
*0 pake <+he input wvoltags
3.6 V. The +hreshold is

ccapara=or input is in Fig.

amplifiers in ¢he sys<em are se+
ranje at the ccaparaters 0 <o
1.8 V. The waveform at <he

A. 25.

The phase daca decodar has as inputs “he outpu‘s

¢f fcur comparasors 2s<imaciag “wo da<a bizs with a s%raighe

btinacy code according +o the *ru*+h <%able in fic. A.27. The
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10 100 Threshold +5

e AAA At AA A 200 .
-é 1

From +
Multiplier [2

3

(=]
~n

1N4152 -
2

.

A

31 ]
J? High =
=12 5.1 In Phase

xrasistors in k@

Pig. A.24. Phase Decision Circuit Diagras

o a re

Time lms/div

Pig. A.25. DPhase Decision Circuit Input
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Pig. A.26. Phase Detector Cosparator Input

decoding is by a 74148 priovis encoder. The 74148 s a
nega*ive logic device, so ail sigaals must be irnverted,
[ 3. Nulii-Phase Source

The “ransaission sys“em reguizes up %o six siausoiils
of *h:z same frequancy bHu* A4iffarent phase angles f£or
coheren- operatica. The phase shife circuits of S+tou: and
Kaufaan wi<h aincr modification provide a convenlent mechod

for gerera%in the nacessary phase shifts and con<erolliag

[

the 2utput amplitudes cf <he n2eded signals givern a comaon

ineut sinusoid (Pig. 1.28) [Ref. S51].
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7404 =] 74
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270° (315°) |:>: 13
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J

741438
—eeo-wJAngle { C D
00 (+450) | 0 O
900 (+1350) | 0 1
1800 (+2259) | 10
2700 (+3150) | 1 1

Pigure A.27. Phase Data Decoder Truth Table and Circuit
Diagran

The dinput oscilla<or is a, Hewlet+t-DPackard HP 204C. ThLe

chcsen cperating frequency is 30 kHz.

The circui+t is constzuc<ted with T47 (dual T41)
operatioral amplifiers (Fig. A.29). These aaplifiars work
vell a* <he frequency and aaplitudes used. The variable
feedback Cesistors coatrol the gain. The variable raesis+ors
to ground adjust pnhase. Ther2 is some in%erac=ior bet weern

these con<rols, so peaking adjustmenss are necaessary.




@scillator ge

f———— ugo 180° Pnm————

‘h—- 135¢ 180° e ——

Pig. A.28. Multi-Phase Source Block Diagram

Figure A,30 shows +ha ou+%puts of an 8-phase source

corstructed for =his research with <“he iaput

(7]
'
1e]
3
w
[

superiamposad.

C. TEST SYSTEN
The <es« sys*ea provides <ss+« da*a to <the “ransmis<er,

veceivas ~he estipat2 0f “he 3da*a Srom the receiver, and

records errars (Pig. 1.31).
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Oscillator

4P 20uC

30kHz 2VYD-p

-459
f'_"'—"""_"'"“——loj’
} L AW |

7.5k 20k
| +12 ||
7

| 2,7k 00247 | 747 241305,
I A
| .002uF 10k |
l =~ l
L o r e e e em e e o e e d
el BFY'C
| Same as above |270°
b e e m e e e e e e e = d

Pig. Ae29. Multi-Phase Socuzce Circuit Diagrams
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Pig. A.30. 8-Phase Source Output

Transmis

s3

.
ion

souree Jetecter

Pig. A.31. Tes*t Systes Block Diagraa
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1. Dara Sourgs

The data souzce is a 16-s*aga psaudo-random sequence
generator with feedback =aps £ro>a s+ages 16, 15, 13, ard 4
(Pig. A4,.,32) [(Ref. 6. This cornection genera*2s a maximal
leng*h sequence of 65535 biss, Thke da<ta genera*or has
provigsion for getting cut c¢f tha forbidden s<=ate (all 9) by
“aking the parallesl load enable high w@momentarily. Racely
vas this necessary and <hen only on s+ar+-up. The parallel
load enable could have been tied *o *+he system CLEAR, bu*
this was not done %o randomize th2 s+ar+ing poin® within <he
da<a sequence on 2ach test run.

The data source also has 3 serial +%c¢ four-bit
parallel conver<er since +the <*rarsmission sys+2m handles
four bits ir parallal (Fig. A.33). The serial da+a strean
is clocked in%o a four-bi+ shif+ registsr and la<ched svery
four=h bi%, Tke la=ch outpu+t goa2s bo*h *o the modula*or and
*c <he t*ast system fo5r la*2r comparisorn with +he raceivad
es~-ima=za,

2. ER32% Dez2cza:

The error datector 3e<ac*ts bi« arrors (Pig. A.34).

While symbol er-crs 1ay be mor-= azaniagful in an operac<in

sys+ea, bi+t eccor ilaptification ia <his 2valuatisn sys+2a




Serial Data Clcck

1 rlLd 1 0 y
! g - o)
2 E pER—e - g
B 2 3
—
u 94 -
pre—
3 I I b : I R X
g i 3 4 : u
7 7
—1 ——
i Y
- - -
+5 + S +5

(V9]

+
(¥4

u;I
+
[Fa)

TR

High To Parzllel

Pig. A.32. Pseudo-Randoam Sequence Generatcr Circuit Diagram

allcws ona <0 *

(4}

ac2 ~he soucce of +he ecczor, A« <he end cf€
~he cuzrant symbol period, <he hold latch -eceivzs a ccoy <f

+hs parallel da<«a which has b2en <-ansai==-2d <hrocugn <=he
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Serial 2ata In l+5
3

1 1
2 1

()
N
~3 O 0 1O KN

|‘.—ln
I~
B =
rofw

CSgrial "ata Clcocok
(I

Tick 2

=
S |
wul

i
-
A

Fig. A.33. Serial to Parallel Converter Circuit Diagrams

Ih

in

systea. The ou%pu<t la%«ch receives tha sstipmarte 0of “h2 3a*a
frem tha receiver 1a-a Jecodars a< “he same <«ipme. A* the
baginning of *he followinag symbol period the hcll and su<put

Tegisters =rcac2ive the Ja«a £:-om +he cespactive
la<ches. Thz ou=pu: serial da%a clock shif+s “he da-<a

An 2xclusiva=-0r Ja%e comparss s+wage 4 o0f “he saif«
sTs. A diff2r3ance is presen=ed as 2 high <o an AND
I =he da%a :zoun= pulse siaul<arn=2ously is high, =*ae

coun+ter ra2caivss +he puls2 and ccurn<s an errer.
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From 3Serial-

To-Farallel From lata
Converter Timing Decoders
dold Output
T g4 - T 4--1»«\'
Laxsce LEATCN

!

Qutput Shifdy

SJerial Data Clock

Zount Pulse

Register

L

Serial Tata Clock

, Pig. A.34.

¢XCclusive-0r Jate compare the pro

T2gis%ers. I1£, €or 2xample, “h2 2

input £-o3 stage “weo, Arly =wo hits

*he svabol pericd. Four bi=s
82

S R

Error Detactor Block Diagranm

(4}
t
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w

er s=age o

-

clusive~-or gate g

will be compazed
#ill be s2en




exclusive-or gate, but sirce “he serial input to “he shif+
registars are grounia2d, <che last +wo bits will always be
low. Using this technique one can determine selactively <he
performance of the amplitude arnd phase modula*ion systanms.
It is necessary only <o insure the bits of interes+- are
loaded into the proper s*ages of *he hold and ou“put latches
and considar the reduced number of bits being compared.
3. GCounzers

The test syst2m has “wo counters, a bit counter and
an 2rror counter. The basic coun%er is a *aree Jecade
counter and display circuit (Fig. A.36). The awror counter
is just a basic coun=2 wi“h *hs coun* input coming €zom the
error 3da%ec*or. Th2 data bit coun*er has a basic three
decad=s coun=zer precsd=2d by a *wo Jdecade divider for a
160,000 bi+ count capacizy (Figz. 1.37). The carry-ous »f
+he high corder stage is +“he STO? COUNT pulse, This makes

the sys~em count 109, 000 4data bits and the errors apade in

ot

+hose 100,000 biss and stop. The cour% inpu for «he bhis

cocuntar comes directly from <he system da<a count pulse

souzc2. The system CLEAR clz2arcs bo+h counters.




Hold Hold
Latch Shift Register
1 . 4
A 2 13 . +5
B 3 15 3
L ] 4
+5 5 3 5 %O
C -~
n 7 13 o)
LM (o
anlon —1

7475

Lagk Ju 7485

-

-0 Zrror
Zounter

Sata Jount 2ulse >—-—)

1 1 4 +5
g ~=- T-
A - S
A nd g
3 3 3 3
" 3 4
+5 3 2 S L
Z S
) 7 12 8
-_— - - - N
3—1 o P
L
7473 T < 7338
. .
SaTouT Jutpous
_a=cl Shif< Register

Pig. ’.35. BError Detector Circuit Diagram
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Data Count Pulse

Basic Counter
1 S +5 STOP COUNT i
15 |
ol
3
-— oo
= L
' 2
51 [
3 -~
+517 19
2 9 +5
F
] 1 28 +5
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+5 17 -2
£ ?l +35
_
- oA aA
pooy 4277
CLZAR

Pig. A.37. Data Bi%t Coun*er Circuit Diagram
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Do TIMING SYSTEM
1. 1Iimipg Requizapents

The timing systeam provides synchronization between
*he «ransmitter and receiver 2and clocks <%he test sys+en.
The symbcl period must be cl2arly d=fined so <*the received
eymkcl can be samplad near *hs end of the period. This
symbol period definss the op2rating =c-ate of +he en<ire
experimental systenm.

A symbol ra<e of 1 kHz was chosen as a reasonabls,
illustrative rate zhat avoids “he <complications in«roduced
by high speed timing. This rate corresponds tc a data ra<te
cf 40J0 bits per sacond or *he equivalent of S00 ASCII
characeters wvith pacity per second. The highest frequancy
required is -he master clock which has only %o run a*
256 XHz %0 give all “ha flexibili<y required.

The requirsi ¢iming functions include <“ransmi-=<ar
and racaiver symbel <ianing, data source clockiang, and ecror
detec%or timing. The ¢iming diagram (Fig. A.38) illustractes
these ;elationships. Refarences *“o line =numbers in <he
following discussion zo2€er ¢o lines of *he <iming diagranm.
Tha mas+er clock opera<tas a« 256 =imes the syabol period.
The smalles:t 1efinabla intarval is one +ick (period) »f <he

mag=er clock. Tic¢cks ) *hrough 255 defira cne symbol period.

37




10.

11.

12.

13'

u,

Ideal Symbcl Timing
(Two symbols)

Ideal Detec*or Out ’/’,,—""_—___-\\\\\--‘----

Ideal Comparator Ou*

12
Ccl

Input Parallel Da<ta
atch Enable

gut Serial Data | I I I | l l l I | I | I l ' l I
ck

Tick 2)
Actual Symbol Tiaing ABCD

Sample Detsctor Jut //,/f"——-—__—-_-\\\\\‘-.----

Sample Compara*dr Out ¥ Tolel
& e

%E 2&3*c* Enable

Ou-puz La*ch Contents

A3CD

Load Ou*put,Shift
Pegister (Tick 2)
outpu* Shif+ R

Corntents of Output
Shif:t Registe:

|

|
Qupy i 2gis*tar U—‘LJ—II__I_
[__.

o)

(@]

1>}

unt ; ick
28, 92 20)

Pig. 4.38. Systea Tiaing Diagranm
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Th2 ideal syabol (Linz 1) defines a *ime €franme
within which all othar timing functicns wmust be dJdefined.
Given “he ideal symbol, <+he da2tector output would reseamble
line 2 and the comparator outpu- would resemble Lire 3. All
ccmparators will reach <+heir final state befora <he end of
the pericd and will remain 4high for some +ime in%*o <the
following symbol period. The ac“ual waveforms are shif<ed
somevha~ from the id2al <+o avoid the =2dges effects a%t *he
syabol boundries. The definitive <+iming standard is the
mas*er clock.

The master clock defines 256 *“icks per symbol which
may be divided or logically extracted <+o clock and time all
sys+-em functions. Sarial data must be clockad and latched
t0 pressn% a U-biec parallel word <o <the modula<ecr at the
teginning of *he symbol pericd. The da*a 2stima+s from <+he
de<ecrtor 3acoders ausc be sampled a* “he 214 of *he syambol
peciod. The inpur and ou=put Ja+a aus* be la=ched, 1loaded
into shift registers, and clocked ou* for comparison. The
individnal bits wmus: bes coun<eed a:ngd, simul+«an2ously, *“he
errors must be ccunzad. A1l handling and cour<irg of dJata

pus~- be <imed %0 occur whern the data are valid.

89

R A et N o g s g " — J’
t
1
|

Ay e




———

T

The inverted 4 kHz timing output (Line 4) clocks <+he
serial data source and *he iaput shif+ rasgister. Since the
shift registers shift on the nsga“ive-going 2dge of the
clock, this sigral is invertsd “o make th2 data valid a+ +he
+ime tha data latch samples i, This input «iming places a
new se> of valid da%a in the inpu*t shift rcegis<er 32 =icks
before *he =2nd of the symbol p2riod and leaves 1+ “here for
the fizrst 37 ticks of the following period.

The inpu+t parallel vdata latch is enabled by +ick 2
(Line 5). This timing marks <+he beginning of <he ac<ual
symbol perind. It is not necessacy <“o delay “he symbol %o
+tick 2, but *ick 2 is used elsewher2 and is ccnvenien* here.
Wi«h <he syabol periodl defined by =ick 2, <“he actual syambol
*iming is as shown on Lline 7. Rapreseatative Jetaector and
comparator cutpu+ts ar2 spown on Lines 7 and 8 -espectively.

The ou*put data aus* be sampled 22ar th2 end of <he
syzbol psriod when =he compara*srs are most likaly “o0 he at
+he final valve, The outpu% i24ch is enabled by +ick 252
{(Lina 9) . Tick 252 alsc enatl=as +he iInput hold latch *o
praserve <+ha <+transmi<+ed da=a £for «ccmparison with <*he
raceivad da=a. Th2 con%2n%s 3£ =he ou«put 3a-a latch and

inpgut  a1cld la*ch ar=2 valid frzom <tick 252 of *he syabol
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period to tick 252 of the following period (Lire 10). That

provides a stable sampling of <%he data for <+«he comparisen
shif* regis+ers %o read.

The comparison shif% registers load on *ick 2 (Llire
11) and shift at the same rate as the inpu- serial da<a
source (Lire 12). Th ey, howaver, use the uncomplemented
clock which aoves the bits uniformly *hroughout +he symbol
period (Line 13). This uyniform <timing makes coun=ing
ccnvenien+,

Both *the bit counter aand the ercor counter are
enabled approximately midway 3duriang each of <«ne four Dbic
intervals within “h2 symbol perisd. The *iming pulses occur

at ticks 28, 92, 156, and 220 (Lin=2 14). =2ach of *hase Zfour

ticks is counted as a3 da<za bie. An error is racordad cnly

th

if «he wercor detector output is high during one of «hese
“icks.
2. T2azng System Hazdwa:cs
Th2 <+«iming systea has 2 divider and a poulse

genera<dsr %0 provila clockizg €or all sec=ions of *he ﬂ

experimental svstea (Pig. A.39). The mas%2r clock is a

Wavetaek Model 142 HP VCG Gen=zza%*or with a sguars pulse

cutpu+t a+ 256 kHz. The diviier »proviies eight Dbinacy
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veigh*ed ou+=pu<s. The outputs from the combina<ional logic

cizcui*+ arce *he <+iming puls2s needed in both the

transmaission and «est systems.

-y
M v .. “ylse
Master o] Divider -
Clock 2enerator
Clocking 7

g

[o
o
w
[ e |
L V]

Signals

Pige. A.39. Timing System Block Diagraa

a. Clock Dividar
The clock divider is a pair of 7u161's cascaded
i<h outputs from all divider =<s%ages. Scme of +“he outguts
ar< available complemen<ad 4o provids *he signals required
bty bcsh +h ccabinaticnal logic of <he pulse generator and
the synchronization 5f *he experimen<al system. TFigura A.40
{s *he schematic diagrzam of <he clock divider.
b. Pulse Gzn2ra%tor Coabinaticnal Logic
The combinational ly7ic curcui® is buil« acound
741511, one=-of-aignt data sz2lec*ors, which providia 2

corvenien4 way %0 jenarase complica+zd logic functions with
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Master *ia] L3 +5
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—
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B 1 l >
5 11 8, 16kHz
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+3 17 MgS,
'_5‘_J . :‘I +5 16’ 3kHEz
-J_-.-'M]_%l 32! LkYz
15 +5 32, UkHz
15
14
13 1/5 7ugu g4 2kHz
T 4’
11
s -1
2 +5
3 2
4131 1/5 TLQ4 ‘28i 1kHz
k) 1XxHz
173 Tu4dL
Pig. A.40., <Clock Divider Cirzcuit Diagran
a small chip ccun=. These chips, with <he use of <he
INHIBIT line incluil=l, can 32n2ra%e any four-bit 1logic

functien. The cutpu=s of

wish AND ga*es =0 give <“he specifl

913

- S

Rt T D PR N R & SR IR S

selectors ace <ombinad

<ick pulses c2quired.




The truth “ables for the da*a selesc=ors are in
Tab. II. The ou%puts ©of the selectors are sets of pulses
which car be combined *o give +the desired sutput pulses.

Pigure .41 is tha schema+ic Jdiagram of +he

ccmbina<ional lecgic “ha* ganeratas <+he *iming pulses. All

'™

inputs come from <“he timer diviler

D

xcept the syst2m CLEAR

and <«ha STOP COUNT siznals, Ths sys*em CLZAR is a manually
activa+ed clear signal used +o raese% *he courn<ers before
taking Jdata, The STO? COUNT signal is from the carry ou= of
*he last stage «cf <ha2 data bit coun*er. This ar-argenen<

ccunts 100,000 daxa i~s and se*s the €lip

h

lop *o inhibis

«he da<a coun* pulse outpu<.
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Fig. A.41. Pulse Generator Combinational Logic
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ARRSNDIX B
2 PRON PROGRAMMING

The aultiplexers of the general analog amultiplaxer
modulator require more control 1lines ir gereral than the
number of data bits represanted by each syabol. Some logic
is necessary betwean the Jdata inputs anrd the aultiplexer
cen*rols.

The modulator logic and the receiver data decoder logic
are related., The cholce of an 2ncoding scheme is arbitrary,
but once made, the logic at both ends is determined. While
the 1logic can be realized o*her ways, a aenory is
convenient. The scheme chosen for “his research encodes the
first *wo bits of the 4input symbol in the aaplitude
information and tha last two bi%s in *he phase informa*ion.

The input data bits are a part of ¢the address for a
prograamable read only memory (EPRON). The address for sach
phasor is the same as <he deccded symbol <each phasor
represents (Pig. B.1). Each aamaplitude circle is binary
numbered £roam low to high. Tha< bianary number is +the first
¢wo bi<s. The four fhase 2angles are binary nuabered and
represented in  the last <+«wd Dbits. That coapletely

de<ernines “he data part of ~he EPROM address.




Bits (ABCD) l

Aaplitude carriss AB. 1101=D

Phase carries CD. l

Binary = Hexadecinmal 1001=9
1 0101=5
1 0001=1

110 1=B 0110=6 0100=4 1100=C

X
1010=a 0010=2 1 9000=0 1000=8 Cosine

0011=3
i 0111=7
1 1011=3B
1 1111=p

Sine
Pig. B.1. Phase Plane Address Codes

The same address pattern, rota+ed 450, 3is used for <*he
rctated phase plane constellation. Ano*her bit in <he EPROM
address seolects betwesen +the ¢two constellations. This
feature is for experimental convenience here, bues i+
illustrates the flexibility one has wich the general analog
mul*iplexer modulator.

Given *ha address for each phascr, ¢the EPROE data at

each address is the control signal set needead to generate
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the desired phasor. The 4051 has three switch select lines

INHIBIT «which mrast ODe controlled. Yor <his

tvo-aultiplexer modulator, an eight-bit word is needed at

each address. Arbit«rarily the first four bits control <+he

cosine multiplexer and the last four bits control “he sire

sultiplexer. The first bit of @ach group is <+the INHIBIT

The other three match the binary code of the switch

select lines. Figure B.2 shows the EPROM data pattern. The

full dazta word of any possible phasor is made by

concatenating the cosine and sine parts as illustrated in

Piq. 303.

The prograam for the realization of the general analog
aeltiplexer modulator with the constellation on the
quadrature axes is in Tab. III. The program <that rotates
the coas*ellation by 4S0 is in Tab. IV. Pigures B.4 and B.5
diagraa the hexadecimal addrass and data codes for the two

constallations.
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Binary = Hexadecimal l

==~ 0000=0

=== 0001=1

=== 0010=2

=== 0011=3

0000=0 0010=2 0101=5 0111=7

R e

1=1

1XXX, 1XXX=8,8

Pig. B.2.

0011=3 0100=4 0110=6

=== 0100=4

== 0101=5

=== 0110=6

-== 011127

Sine
Multiplexer Control Codes

et et Setrinind Bbd B Dt

Cosine




e+ e e

Binary
X 00000000

1XXx0000 X 01110000

X 01100001

- -x----x- —--x-— --x- Y ) x-‘--x-o-- x-- - x---

Cosine

X 01100110
X 00000111

L
1
|
b
i
i
l
l
'

Sine
Pig. 8.3. Phase Plane Data Codes




TABLE IIT
% EPROM Progras - Case 0 . :
3 EPRON Address EPRON Qu<tpu* Da‘a ':
S Dec Hex Binary Binary Hex

00| 000]| 0000000000 {01001000({48
: 017001{0000000001({10000011}83
02},002{0000000010{001110001]38
0310030000 000011{100001001{8Ga
os| oouef{coo00000100|010110001{S5S8
; 05{00s5| 0000000101 {10000010]82

o 06| 006} 0000000110{00101007201{28

] | 07} "07{0000000111({10000101}835
! . 08| 008{ 0000001000 1)0110100010)¢68
1 09} 009| 00060001001 | 100000¢0C 1181

| ! 10100a| 0000001010 {0001100¢C 1|18

; 11{008(00000601011]100001101) 86
‘ 12100cCc| 0000001t00 ] 01111000178

1370073 |0000001101({10000000142832
14{00g| 0002001110 {000010001 038
15{00P| 000200111 1{10000111¢{38?7
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TABLE IV

EPROM Prograa -~ Case 1

EPROM Addrass EPROM Output Data
Dec Hex Binary Binary Hex
‘ 00{000|{ 0000000000 01000071 1]a3
f 0 001 000000000 1 001100 11 33
02)002 0000000010 00110100 3 4
03 003 0000 0000 1 1 010001001{ 4 4
0u 004 0000 0001100 01010010 5 2
05 005 0000000101 00100010 2 2
06 006 0000000110 00100101 25
0?7 007 0000000 11 ¢ 01010101 S5
08 0038 0000001000 011700001 6 1 {
09 009 0000001001 00010001 11
10 00 0000001010 200010110 16
11 00B® 0000001011 9217100110 6 6
12 00C 0000001100 2111700001470
13 920D 0002001101 00000O0O0OO0Y}|O00
14 00E 000000 Y110 000090111 0 7
15 oor 000000 VY111 01110 111 77




Lol lio

Address/EPROM Da%a l
Hexadecimal D X 80
L
5 l 82
1.

|

E/08 A/18 6/28 2/38

AT AT oL AT TS i

0/“8 u§58 8/68 C/78

Cosine

3 34

-3
€0
92}

@

8

[}

l
l
|
:
|

37

i Siae

Pig. B.4. Phase Plane Codes - Case 0

F

104




Address/EPROM Data Hexadecimal
DX 00 cCX 70
9 x 11 8 X 61 ]
5 X 22 4 X 52
1 X 33 0 X 43
B T S D S A T L BT D T —~———
Cosine
2 X 34 3 X 44
6 X 25 7 X S5 |
A X 16 B X 66
2 X 07 PX 77
* Sine
Pig. B.5. Phase Plane Codes - Case 1
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