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power. To reduce carrie.: bandwidth Cswitching rate), M bits

P are used to c~ange a parameter of the carrier, so the
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is composite amplitude shift keying (ASK) and phase
shift keying CPSK).

This report considers a simple circuit which can be used
to generate any arbitrary composite ASK and PSK carrier.
Circuit operation is described and measured performance
presented. To determine the noise behavior of particular
types of composite ASK and PSK, a demodulator and error
counter was built and used. Results are presented as curves
of probability of error as a function of demodulator input
signal to noise ratio.
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ABSTRACT

In radio transmission of biaary data, it is often

dsirable to conserve bandwidth at the expense of signal

power. To reduce carrier bandwidth (switching rate), 8 bits

are used to change a parameter of the carrier, so the

carrier has 2M discrete combinations of amplitude,

frequency, or phase. & common form of 8-ary data

transmission is composite amplitude shift keyin% (ASK) and

phase shift keying (PSK).

This report considers a simple circuit which can be used

to generate any arbitrary composite ASK and PSK carrier.

Circuit operation is described and measured performance

presented. To determine the noise behavior of particular

types of composite ASK and PSK, a demodulator and -error

counter was built and used. Results are presented as curves

cf probability of error as a function of demodulator input

signal to noise ratio.
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I. f" 2_ _ITIO_

A. OBJECTIVE

The objective of this study is to investigate the

operation of an analog multiplexer when used to generate

composite amplitude-shift keying (ASK) and phase-shift

keying (PSK) carriers, sometimes called quadrature amplitude

modulated (QAH) carriers, when the message is digital data.

The analog multiplexer modulator is a simple circuit which

uses inexpensive components. This circuit also has the

potential of improving the noise performance of digital

communication systems by conveniently allowing the

generation of a variety of modulation formats.

B. BACK GROUND

Digital co mmunic ation systems assume increasing

importance as the use of digit-a systems expands. As the

number of installed or planned digital systems increases,

the cost of individual components and the performance of the

system become increasingly important.

The noise perform!nce of a 4igital comunicatio, system

is largely determined by the modulation scheme since the

Il .



modulation scheme determines the decision regions the

receiver must resolve. The simplest modulation scheme is

binary in which one of two possible signals is transmitted

during each signaling interval. Higher data rates can be

achieved over a channel of limited bandwidth at the expense

of increased transmitter power by increasing the number of

possible signals. In an R-ary scheme one of ,M possible

signals is transmitted during each signaling interval. Each

of the M possible signals represents a combination of N data

bits where H - 2. Each possible signal is a symbol in the

M-ary message and is uniquely identifiable by its amplitude

and phase combination.

Typical R-ary modulation schemes tr!ansmit particular

modulated carriers such as quadrature phase shift keying,

8-phase shift keying, and 16-level composite amplitude and

phase shift keying [Ref. 1]. An example of an M-ary scheme

is the composite ASK and PSK scheme in which the carrier

amplitude may be A or 2A and the phase may be 00 or 1800.

Four possible symbols may be transmitted each of which

represents two data bits. Figure 1.1 is the block diagram

of such a digital modulator. The input is a data stream;

the output is a modulated sinusoid. The coding scheme is

12



arbitrary, but the truth table in Fig. 1.2 is used for this

example. Given this coding scheme and the data stream d(t)

in Fig. 1.2, the modulator generates the voltage waveform

v(t) in Fig. 1.2. Figure 1.3 is the circuit diagram of a

2-phase, 2-amplitude digital modulat%.

Bit A

d ('t) Modulator
Bit B

Figure 1.1. 2-Phase, 2-Amplitude Digital sodulator Block

Diagram

The typical modulition schemes may not be optimum. The

modulator in this study permits the transmission of a

carrier having an arbitrary ASK and PSK format. Use of this

modulator permits the %xperimental investigation of the

noise performance of any type of ASK, PSK, or combined

modulation. De.ermination of the optimum type of modulation

is the subject of future studies.

13



Data Bit

A B IAmplitude Phase
o 0 1800
o 1 00
1 0 2A 1800
1 1i 2A 00

Data Stream
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00

Os cillator !80 - 'v(t )I

I tI R

I I
B d(t) A

Fig. 1.3. 2-Phase, 2-&Aplitude Hodulator Circuit Diagram

C. SUMEARY OF RESOULS

The conclusion from this study is that the analog

multiplexer is suitable for use as a modulator. These

modulators allow the transmitted phasors to be placed

arbitrarily. The modulators are simple circuits using

inexpensive components.

The followinq chapters of this report deal vith the

multiplexer, the modulator, and the experimental method.

Chapter I is an examination of the analog multiplexer.

Chapter III describes modulators using analog multiplexers.

It describes amplitude modulators, phase modulators, and

ii . . . il I l1 5



composite amplitude and phase modulators. The most general

modulator circuit described can transmit up to 81 phasors

from which 8 may be arbitrarily chosen. Chapter IV

describes the system and methods used to test the modulators

and gives the results of these tests. Chapter V contains

the conclusions and suggests further studies.

16
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'i. TU ANALOG ULZULUEI

The analog multiplexer used in this investigation is the

1051. No attempt is made to compare its performance with

other multiplexers. This chapter considers the suitability

of the analog multiplexer as a modulator. The first section

discusses required characteristics and the second sec'ion

the measured performance of this specific aultiplexer. The

conclusion is that the 4051 is a suitable device at the

carrier frequency and switching rates used in this

invest igat ion.

1. REQUIRED CHARACTER ISTICS

The minimum requirements fir a multiplexer to function

satisfactorily as a carrier modulator are negligible

amplitude distortion, negligible phase shift, negligible OF?
current, uniform switch characteristics, a fast svitching

capability, and negligible undesirable transients.

Amplitude distortion is a function of the ON resistance

of the switch. If the ON resistance varies with the applied

voltage, the switch will distort an applied sinusoid. In a

circuit that sums sinusoids the effects of such amplitude

17



distortion will appear at the output of the amplitude and

phase detectors as increased noise. The ON resistance of a

given switch should be constant for the range of applied

voltages. Circuit adjustment will be simplified if the set

of switches also has uniform ON resistance.

Negligible phase shift in the multiplexer is essential

in this phase modulator circuit. Since the switches in the

analog multiplexer are electronic, there is potential for

phase shift through the integrated circuit. Phase shift

will be negligible if it is constant regardless of the

4applied voltage at the frequency used. Phase shift should

be uniform across the set of switches.

The OFF current must be low since any leakage will

appear as a phase shift when summed with another sinusoid.

The switch must be fast enough that the sinusoidal

carrier can be switched at the data rate.

Undesirable transients must be removable by filtering

without affecting the information content of the signal.

B. MEASURED PERFORaN CZ

The National Semiconductor Analog Integrated Circuits

manual advertises the 4051 as having low ON resistance,

typically about 80 ohms, with the switches matched to about*1



five ohms [lef. 2]. The OFF resistance is claimed to be

high with input leakage Currents typically 5 pA. The

switching tine from control input to signal output is stated

as about 100 ns and the time from INHIBIT input to signal

output is typically 550 ns. The control lines are TTL

compatible with binary address decoding on the chip.

Four switches of a 4051, tested in detail in t he circuit

of Fig. 2. 1, showed the ON resistances in Fig. 2.2. The O

resistance varies- less than three ohms for input voltages

under 1 V. If other resistors in the circuit are much

larger than this three ohm variation, amplitude distortion

will be negligible.

The 051 in the test circuit of Fig. 2.1 showed no

discernable phase shift either in superimposed input/output

sinusoid displays or in Lissajous patterns. Figure 2.3 is a

dynamic display of a Lissajous pattern showing the output

from a 4051 with seven inputs ;rounded and a 30 kHz signal

applied to the other. The switching rate is 10 kHz. For

the purposes of this modulator, the phase shift across a

4051 can be considered to be zero radians.

The OFF resistance of the 4051 is high, but a precaution

must be observed. The input and output circuits ust be

19



,, )8cillator

HP 1220A

l10430

1_

Fig. 2.1. ON Resistance Test Circuit

isolated. with a 0.713 V, 30 kHz sinusoid applied to all

eight inputs and with the chip INHIBIT lov, the output

across a 1063 ohm resistor is 0.628 V. With the INHIBIT

high the output is 3.31 mV. By carefully isolating the

input and output circuits, this leakage can be reduce4 to

less than 0.2 NV. It is important that this leakage be low

for the circuits that follow.

The turn-on and turn-off times as controlled by the chip

INHIBIT are 500 as and 600 as respectively.

Some transients were observed at the switching tines.

These transients were removed by the filters discussed in

Chapter III.

20



ON
Resi-stance

150

148

146

144

4142

140

1382
0 1 2 3

Volts

Fig. 2.2. 01 Resistanc* of the 4051 Switches

The '4051 is suitable for us. in this investigation. The

carrier frequency of 30 k~z can be passed with negligible

asplitud* distortion and phase shift as long as the

21

4 . . . . . . . . . .



VOltage

Volitage

F ig. 2. 3. Rultiplexer Phase Shift

amplitud, is not greater- than 1 V. The leakage current is

low if input and output circuits are Isolated. The switches

are quite uniform. The observed transients can be rqmoved

by filtering. k data rate of 1 kHz is well WithiL the

switching capability of the '#051.

22



III. MODUL TOifLL j~LZg

The value of an analog multiplexer as a digital

modulator lies in its ability to select rapidly among

pre-set  signals. This chapter describes switching

modulators for H-ary phase, amplitude, and composite

phase-amplitude systems. The last section describes a

general analog multiplexer modulator which can generate up

to 81 points on the phase plane from which any eight may be

selected arbitrarily using -bit control codes on the

modulators.

A. PHASE MODULATOR

Phase modulation with an analog multiplexer involves the

selection of one of a set of sinusoids with predetermined

phase relationships. The diagraa in Fig. 3.1 represents a

modulator which may transmit any of four sinusoids as

selected by the combination of data bits. The use of a

single low-cost integrated circuit as a modulator is an

cbvious advantage over more complex circuits. The ability

to pre-set and control precisely the phase shift circuits is

also advantageous. A disadvantage of discre.e phase

svitching is the phase discontinuity at switching time.

23
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:ISC

4o51

-T-r
.001 Out

Vp4

Data

Fig. 3.1. Phase modulator Block Diaqram

The performance of a 4-phase mcdulator is shown in

Fig. 3.2 through Fig. 3.4. Figure 3.2 is a photograph of

the output of a 4-phase modulator with a 30 kHz carrier and

data switching at 5705 Hz. Figure 3.3 is a photograph of

the 16 tines expanded display of the transient that occurred

at the center of Fig. 3.2. This transient was removed by a

bandpass filter. Figure 3.4 is the output of a 4-phase

modulator with a 30 kHz carrier and a 10 kHz switching rate

shown with the data clock superiipcsed. The phase

transitions are rapiA with negligible distortion.

24
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Time 20ps/div

Fig. 3.2. Phase Modulator output

Fig. 3. 3. Phase Switching Transient

25
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olt age
.SV/div

Fig. 3.4. 4-Phase Modulator Output

B. AMPLITUDE MODULATOR

Amplitude modulaticn may also be done simply with an

analog multiplexer. In this case we selectz a predetermined

voltage divider (Fig. 3.5). The data bits select the

resistor which, with R, establishes the output amplitude.

The pezformance if a 4-aMplit'-ude modulator is shown in

Fig. 3.6 and Fig. 3.7. At the transiti.on point of Figl. 3.6

there is a transient similar to that seen in the phase

moulator. This transient is removable by filtering. The

car!tie-r frequency i-s 30 kHz and the switching rate is 9 kHz

in Fig. 3.6 and 1 kHz in Fig* 3.7. The amplitude

transitions are rapid with negli-gible d.istortion.

26



Dat

Fig. 3.5. kuplitude Modul.ator Block Diagram

T2.. 0.1d/di

Fig. 3.6. Amplitude Modulator Output



Voltage'osv/div

Fig. 3.7. 4-Aplitude Modulator Output

C. COMPOSITE AMPLITUDE AND PHASE MODULATORS

Composite amplitude and phase modulation with analog

multiplexers can be done many ways. One vay is to select

among sinusoids of pre-set phase and amplitude as in the

phase modulator described above. This, however, is :ather

restrictive. Two multiplexers in coubination provide more

flexibility.

Figure 3.8 is a block diagram of a modulator that

combines the phase and amplitude functions. In h.is

arrangement any of four ampli tudes at any of four phase

28



angles may be selected. The ouatput can be a 16-ary signal.

The four phase angles and the four amplitudes may be pre-set

to take advantage of the properties of the transmission

system.

R~

R2

Out
R 3

4.4
A B

Fig. 3.8. 4-Phaser 'I-Amplitude modulator Block Diagram

The performance of a I4-phase, 4-amplitude modulator

is shown in Fig. 3.9 and Fig. 3.10. Figure 3.9 is the

29



output with a 30 kHz carrier and a 10 kaz switching rate

with periodic data switching both phase and amplitude

simultaneously. Figure 3.10 is the output with a 1 kRz

svitching rate. again the transitions are rapid with

neqligble distortion.

Voltage
O.lV/div

Pig. 3.9. 4-Phase, 4-Amp)ltude modulator Output - 10 kHz

Some observations are in order. lay number of phase

angles and amplitudes may be generated. This number is

limited only by the number of inputs on -he multiplexer. If

there were a need to do so, additional capacity could be had

by using the INHIBIT control of the multiplexer to select

30
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Pig. 3.10. li-Pbaxe, l-Amplitude Modulator output -I kflz

aaoq chips. It is possible to carry separate data streams

in the amplitude and phase of the signal, but it may not be

desirable because of the significantly larger probability of

error in the amplitude detector a&s compared with the phase

detector. it would also be possible to clock the lata

inputs to the two mltiplexers it different rates.

Figure 3.11 is the circuit diagram of a li-phase,

li-ampli.tude modulato:. The voltage follower ftn th, output

buffers the voltage divider. The output amplifier matches

the voltage level to the channel. Do-tails of the L-phase

source and channel are 4-2 Appendix A. Table I shows the

ccntrol truth tables.

31
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2. 21ta A1S W14~g 0i1i~~n MlatXgE

The modulators described earlier have limited

flexibility in phasor placement. There is another class of

analog multiplexer modulators that gives greater

flexibility. Figure 3.12 is the block diagram of this

general analog multiplexer modulator.

The general analog multiplexer modulator output is

the sum of two sinusoids. The data inputs are the address

lines on a RON which is programmed to select the input

sinusoids necessary to sum to the desired output. Figure

3.13 is a phase plane diagram of ca possible output

constellation from this modulator. If, for example, we wish

to transmit the phasor designated *P" in Fig. 3.13, we

select the cosine input weighted "C" and the sine input

weighted "2". The modulator sums these two sinusoids giving

a sinusoid with the amplitude and phase indicated by phasor

Th4 flexibility of the aodulator lies in its ability

to sum sinusoids with any pre-set coefficients. There is no

reason the input coefficients must be equally spaced as

drawn. They may be any value. The use of the INHIBIT

control allows one to place the phasor on an axis, even at

the origin if desired.
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A cos (wt~

B Co a(wL -.- 00
~Out

C cos(wt)L

D cos(cat)

IE sin(wt)
Data

F sinC(wt)

G sin(t)

H sin(wt)

Piqure 3.12. General kalog ultiplexer odulator Block

Diagram

While the modulator in Fig. 3.12 has 2S possible

out;ut phasors, only four are arbitrary. Once one

coefficient is fixed, one component of five phasors is

fixed.
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Figure 3.13. General Analog Bultiplezer Modulator

Phase-Plane Diagram

The 4051 analog multiplexer used in this

irveststiatiou has eight inputs. This capability expands the

potential illuurtat-ed in Fig. 3.13 to nine points Incluling

2ero on each axiv "ov a total of 81 possible phasors with

eiqht arbitrary. The number of arbitrary phasors can be

made as large as we please by increasing the number of

multiplexers ard chanainq the RON to select both the

requi:ed chips and -he required inputs.
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The circuit of one implementation of the general

analog multiplexer modulator is shown in Fig. 3.14. The

experimental circuit was aligned for a 4-phase, 4-ampli-ude

output like that produced by the modulator in Section 3.C.1.

The RON was also proqraamod to give the same constellation

rotated 4,50. Theme patterns demonstrate the flexibility of

the modulator while remaining compatible with the receiver

previously constructed. Appendix A gives the details of the

experimental circuits. Appendix B describes the programming

of the ROe.

The voltage followers in Fig. 3.14 buffer the

voltage dividers. The output amplifier sums the sinusoids

and reduces the voltage to a level compatible with the

channel.

The perforsance of the general analog multiplexer

modulator with periodic data is shown in Fig. 3.15 and with

random data in ?ig. 3.16. The carrier is 30 kHz and the

symbol rate is 1 kHz. The observable transitions are rapid

with negligible distortion.
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5 4 m Vd ivv

Time l.Oms/di;v

Figure 3.15. General Analog Multiplexer Hlodulator Output

Periodic Data

Figure 3.16. General Analog 3ultiplexer Rodulator Output

laudom Data
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IV. MT

Both the 4-phase, -amplitude modulator and the general

analog multiplexer modulator were built and tested. The

4-phase, 4-amplitude modulator transmits the phase plane

constellation shown in Fig. 4.1. The caneral analog

multiplexer modulator transmits both the constellation In

Fig. 4.1 and that in Fig. 4.2. Both modulation schemes are

the same since the 450 rotation is vith respect to an

arbitrary reference. Each of the 16 symbols represents four

bits of data.

The objective af the test was to determine if the

modulators, constructed as simply as Chapter III suggests,

would perform well enough to warrant further investigation.

The results support the basic concept. Further

invqsti-gation with this flexible modulator concept is

warranted.

The following sections describe the experimental system,

the experimeutal procedure, and the experimental results.
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I
I Cosine

X
x
I
K

Sine

Fig. 4.1. Experimental Phase Plane Constellation

A. EXPERIME.TAL SYSTEM

Figure 4.3 shows the experimental system that tests the

modulators by sending data to -the modulators, adding a

variable level noise to the modulated signal, extracting an

estimate of the data from the signal plus noise, and

counting errors in the receiver output. kppendix A

describes the experimental system in detail.
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Fig. 4..2. Experimental Phase Plane Constellation

The data source is a 16-stage feedback shift register

which generates a pseudo-_-andom sequence 65535 bits long.

The data rate is 4 kHz. This data, with a random starting

point for each test run, is presented four bits at a time to

the modulator which transmits a carrier at an amplitude and

phase that represents the four-bit symbol. The symbol rate

through the transmission system is 1 kHz. The carr.'r

frequency is 30 kHz.
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An error detector compares bit by bit the data estimate

from the receiver with the transmitted data and records the

differences as errors.

B. EXPERIMIENTAL PROCEDURE

The objective of the experimental procedure was to

prcduce curves of the probability of error versus signal to

noise ratio over a probability of error range of about 10-'

to 10-s. The procedure for taking data was the following:

I. The carrier level at maximum amplitude was fixed at a

level well within the dynamic range of system

components and recorded. This level was constant for

all test runs.

2. The noise level was set to a value within the range of

interest and recorded.

3. Continuous random data was sent through the system.

4. The error detector counters were reset to zero and

started. The counters stopped after 100,000 data bits

had been examined. The number of errors in 100,000
bits was recorded.

5. Step i was repeited three times.

6. The errors in four runs were summed and the

probability of error was computed.

7. Steps 2 through 6 were repeated for various signal to

noise ratios sufficient to generate the desired

performance curves.

The experimental results are given in the next section.
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C. EXPERIENTIAL RESULTS

Data taken with the procedure outlined in the preceding

section is summarized in the curves displayed in Fig. 4.4

through Fig. 4.6. All three figures show the measured

probability of error of the composite system and the

detectcrs separately. Figure 4.4 is the set of curves for

the 4-phase, 4-aplitude modulator of Section III.C.I.

Figures 4.5 and 4.6 are the sets of curves for the general

analog multiplexer modulator transmitting the constellations

of Fig. 4.1 and Fig. 4.2 respectively.

The curves show lifferences, but they also show strong

similarities. The composite curves are within 2 dB at a

10-S error rate. The differences are the result of

alignment variations in the receiver where a few millivolts

change in a threshold or offse' adjustment made.* a

significant difference in performance. The magnitudes

expressed in the curves show that the receiver .s not

optimum. A conclusion one should draw from the cirves is

that the two classes of modulators are comparable. Another

conclusion is that the overall performance is such as to

warrant further studl.
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The analog multiplexer is a suitable device !or a

digital modulator at the carrier frequency and data rate

used in this research. It switches the carrier rapidly with

negligible distortion and generates only removable

transients.

The two classes of modulator built for this

investi-gation perform well. The outputs of the 4-phase,

4-amplitude modulator and the general analog multiplexer

modulator are comparable for a given modalatiJon scheme. The

general analog multi-plexer modulator, however, allows more

flexibility in the placement of phasors. There is no

inherent li4mit to the number of azbitrary phasors one can

generate. Both 3odulators are simple Ci-rcuits using

inexpensive components.

Some suggestions for further study follow:

1. Seek higher carr.,er frequencies aad faster syabol

rates.

2. Use the flexibitity of the general analog multiplexer

modulator to study optimum phasor placement in terms

of lowest post-detactiJon probability of error.

3. Gi.ven optimum phasar placement, determine the optimum

dlata-to-phasor :-od-Ing scheme.

48



'. Look at the eff ects of switching phase and amplitude

with independent data streams on independent clocks.

5. Look at the secu1rity and receiver addressing potential

of switching mod ulation schemes.

6. Determine if switching modulation schemes to optimize

the system dynamically improves the bit error

performance over a system with a fixed modula-tion

sc heme.
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THE EXPERIENTkL SYSTEM

A. OVERVIEW OF THE EXPERIMENTAL SYSTEM

The experimental system consists of a transmission

system, a test system, and a timing system. The

transmission system contains the modulator, channel, and

receiver (Fig. &.1). The test system has a data source and

an error detector. The timing system provides clocking for

both :he transuission system and the test system. The

following sections of this appendix describe each system.

~~~Transmission System ,

Modulator Channe i Receiver .

Sig. m.l. Ezpeizental System Block Diagram

50
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B. TRANSMISSION SYST!35 HARDWARE

k complete transmission system is used to t est the

operation of the modulator (Fig. A.2). The transmitter is

just the modulator which is discussed in detail in Chapter

III. The channel adds whit*e Gaussian noise to the signal,

bardlimits the sum, and provides level adjustment before the

receiver. The receiver has both amplitude and phase

detectors. Timing signals ire from the common timing

system. The following sections describe the channel and

receiver.

Noise

Timing Timing

From Data Source To Error Detector

Fig. 1.2. Transmission System Block Diagram



The transmission channel consists of a noise summer,

a bandpass filter, and a predetector level adjusting

amplifier (Fig. A.3).

Noisq

Modulator Detectors

Fig. L.3. Transmission Channel Block Diagram

a. Vose Summer

The noise summer proVides isolation of the

modulator and the noise generat-3: and provides the correct

voltage level into the bandpass filter (Fig. A.4) . The

modula-tad signal passes through a blocking capacitor to the

summer with an input gain control. The signal level ou-: of

the summer is fixed by the following procedure:

1. ground the noise Inp~ut.

2. set a-he mod ul ato r data input for a f ixed ou-zput

carrier signal of maxis3um amplitude.
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3. Adjust the carrie_ input to the modulator to 2 V(p-p).

4. Adjust the signal gain for a summer output of

300 V (p-p).

The noise goes through an isolating voltage follower to the

summer. The noise level may be set by adjusting the output

level of the random noise genarator.

From Modulator luF 20k 12k

-,O-
enera'.or" " ' T

-12 Ban71 assenera"- Radioter

li 9 . &.'. Noise Suamer Circuit Diagram

b. Bandpass ?ilter

The ideal bandpass filter would pass all of the

signal power and limit noise Dow%=: o that within the signal

passband. The bandwidth of the passband is a furcton of
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the signaling rate and the modulation scheme. This system

operates at a symbol rate of 1 kHz with both phase and

amplitude modulation at that frequency. The carrier

frequency is 30 kHz. A bandwidth of 3 kHz is a compromise

between low noise and low intersymbol interference.

The bandpass filter design is based on the

procelure of Helburn and Johnson [Ref. 3]. The Q of the

resulting filters is higher than that indicated in the

prccedure. Using a gain of 2 and a Q of 6 rather than a Q

of 10 as indicated by the ratio of bandwidth to center

frequency resulted in the circuit in Fig. A.5. The variable

resistors permit some adjustment of the center frequency.

They are adjusted for a maximua output with an unmodulated

30 kHz input.

The transfer function of the filter, generated

by sweeping the input frequency and recording the output on

a storage display sp.ctrum analyzer, is shown in Fig. 1.6.

The 3 dB points are 28.5 and 31.5 kHz.

The performance of th- filter is shown in

Fig. A.7 where the spectrum of the input noise is shown with

the spectrum of the filter output and in Fig. A.8 where the

spectrum of the amplitude and phase modulated input signal

is shown with the spectrum of the filte.r output.
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+12 +12
3333k

7 7

From 34 741

C=470PFTo Predetection
Ampi ,. f . er

Fig. A.S. Bandpass Filter Circuit Diagram

The signal out of the bandpass filter is shown

in Fig. A.10~. The input sigaal was the general analog

multiplexer modulator 4-phase, is-amplitude signal shown in

Fig9. A.9 whi-ch is simila: to Fig. 3.15.

C. PredetectIon Amplifier

The predetection amplifier (Fig. A.11) sets the

level of -te signal tnto the Aptectors. There are two

ad justments.

The gaia of the first stage controls the level

of the AC signal to the detectors. The level out of -he

barndpass fijtsar is about 1.5 V(p-p). The lesired level into
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rrequency JIkcz/di~v

Input

Power
2dB/di

Prequency lk~z/div

Output
Fig. 1.6. Bandpass Filter Transfer Function
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over
2dB /div

fre uenev 1kHz/div

Input

OWut u
Fig. A.7. Input and Output spectra Noise
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Power
10dB/div

Frequency 1kHz/div

Input

10dB/div

Qutpu-!
Fig. &.8. input and output Spectra M odulated Si.gnal
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Votage

Figure 1.9. General Analog Multiplexer Modulator output-
Periodic Data

Time 1.Q0s/ive

Fig. &.10. Eandpau3 Filter Signal Out
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12k 10k 100k

From +12 +12
3andpass 7s
Filter 2

741 741To
P0kI

-12 -12

T 30k 7

-12

Fig. k.11. Predetection Amplifier Circuit Diagram

the envelope detector is 2.5 7(p-p). The input to the phase

detector is not critical at this stage since it is further

amplified.

The DC idjust on the second stage biases the

signal above the diode Arop of the envelope deaector.

2. le_2exv-U

The receiver has detectors 'o extract data from the

amplitude and phasi informaticn of the input signal

(Fig. A. 12). The next paragraphs treat the two detectors.

a. Amplitude Detector

The amplitude detector is an envelope detector

followed by a lcw pass filter, a decision circuit, and a

decoding circuit (Fi. A.13). Each is described below.
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From Amp l-itude
Predetection Detector
Amplifier To Error

Detector

Phase
Detector

fig. &.12. Beceiver Block Diagram

SEnvelope LowDass H Decision Data

Detector F;! ter Circuit Decoder I

From To Error
Predetection Detector
Ampi fi er

Fig. A.13. Auplitude Detector Block Diagram

in envelope detector was selected for

siuplicity. It is recognized that other detector circuits

would reduce the probability of error for a given ratio of

signal power to noise power. The demodulitor is, however,

not a primary concern of this research.

A voltage follower isolates the envelope

de-ector from the input circuit and phase detector
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(Pig. A.14). The diode has a voltage drop of about 0.8 V

that must be overcome to get an output. If the input signal

voltage is symmetric about zero, the low level envelope step

will be reduced compared to the other steps (Fig. A. 15).

With a properly chosen threshold, this probably would not

cause a problem, but for ease in setting the thresholds, the

input signal is biased to be symmetric about the diode

voltage (Fig. A.18). This is done at the predetection

amplifier (Fig. k.11)

To Decision
+ 2 --ircuit

. 7 i.14152

From" -P2ljF T [ k " .35

?redetection
.A n i if ier

?igure A.t4. Envelope Detector and Low Pass Filter Circuit

Diagram

The RC time constant of the envelope detector is

about 0.3 as or three ti2es the symbol period.
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Voltage
400 mV/div,

Time l.0rs/div

pig. A.15. affect of Envelope Detector Diode Drop

The breakpoint of the low pass filter transfer

function is 2600 Hz.

The decision Ievices in the decision circuit are

coc.ara-tors (Fig. &. 16). The signal from the low pass

filter 2ust be amplified to pla:e 4- within -he usable range

cf the comparators. Two stages of amplifiers _etain a

posi.ive-going signal. The range control adjusts the signal

gain of the amplifier which determines the range of levels

presented to the co2oi.ators. The DC bias sets the absolute

value cf the levels. The comparators are connected !or a

TTL compatible output (Ref. 4]. This configuration requires
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input levels between a and 4 Y. The range and DC bias are

set to give the voltage levels indicated on the

representative waveform in Fig. it.17. Fi4-gare A.18 is a

photograph of the actual waveform at the input to the

comparators.

The thresholds are the midpoints bet-ween levels

which one would expect assuming Gaussian noise.

Eeasurem2ents of bit error rates versus threshold voltage

confirmed the mi dp oin t threshold within experimenltal

accuracy (Fig. A. 19) . Note the probability of error

vaz!Ati-on with cnly a 0. 1 V change inl threshold voltage.

The final threshold values used in the sxperiment are shown

in Fig. A.17.

The three comparator outpu~s from the iecisior

circuit carry the estimate of two data bits c-nccded

according to the truth table in Fig. A.20. Data bit A

follows threshold 2 exactly, so only data bit B needs to be

d'ecoded. That is lone using a 74151, one-of-eight data

selector, with inputs 1 and 7 high and all others groundad

as in ?i-g. A.20.
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From Envelope Detector

l0k 9 lk
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l0k 1 4

+12 10k 7
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3 ;741

4
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0 + 72

12 3 311

240k +12 l0k 1 4

12 240k 
L J 

2 4

2200k 3 741

2 4 '7

f-12 +5

'I k

6.,VVV-.- + 7 T3
3 311

l0k 
1
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Fig. A.16. kaplitud* D*clsian Circuit Diagram
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VZolts

3.6
Thresholds
13 3.0'1

2.4+

- T 1.81

1. 2

0

Time

Fiq. A.17. Amplitude Decision Circuit Input Levels

Voltage

?iq. A.18S. Amplitude Comparator input Signal
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Errors
Input Signal Levels

300 Low= 0.05V
High= l.15V

0.2 0.4 0.6 0.8 :h.-eshold
Voltage

Fig. 1.19. Bit Error Rate versuas Threshold Voltage

b. Phase Detector

The ohase detector is a two-channel coherent

mutipl~er followed by a lowpass fib-ter, a decisi-or ict

and a decoding CircU-t (Fig.. A.21). Since the cir=cuitry and

cperation of the in-phase and quadrature channels are the

same except for the :efererCe sinusoid, only the -in-phase

channel Is descnribed below.

X phasei coherent system is assumed inthis

exper ment. There no a-tept .o r&ecover a coherent
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rBit L

T1 7

14

Possible Inputs Data

T3 T2 Ti A B

0 0 0 0 0
0 0 1 1~

0 1 1 110

Figure A.20. Amplitude Data Decode= Truth Table and Circuit

Diagram

reference from the rezeived sienal. The reference sinuscids

are taken -directly from the same multi-phase source that

su:)pljes the transmitter.

The signal from the p~edetection amplifier goes

th::cugh a DC blocking capaci-tor and a voltage follcwer which

4solateq the phase 1-3tector from thq rest of the system

(F Ig. A. 22) . A signal conitio ner corrects for phase shift

4nrzoduce4 by th-, transmissio:n systsm and remcves the
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Cosine Data
Re ference Decoder

Sine
Reference To Error

Detector

- rom-

:'edetection

Fig. A.21. phase Detector Block DiagraM

amlitude vaziat ions. The phase shift compensator can t-,

adjusted by the focigprocedure:

1. Transmit a stnausoid, with phase reversal modtlatIon.

2. Compare the 4nauts -:o the zultic.ier using Lissejous

patterns.
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+ 2 +1+2
5. 1-, 415

1 4 .002 714 3
+

-12 -12

Predetection
Amplifier

I-12
=Phase Shift Offset Balance

Compensator

Capacitors in F Resistors in ka

Fig. 1.22. Signal Conditioner Circuit Diagram

3. Adjust the phase compensator to produce a display

corresponding to phase coherence.

A zero :rossing detector removes ampli-ude

information by producing a square output clipped at about

12.3 V for input to the multiplier. This signal retains the

phase information. The offset control adjusts the relative

luration of the positive and negative excursions o! the

resulting square wave. The balance control balances the

2ainimude of the positive and negative excursions.
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The basic glement of the phase detector is an

analog voltage multi-plier (Fig. A..23). The output of the

analog voltage multiplier is the instantaneous product of

the reference si.nusoid and signal square wave. This product

integrates over time to +V iLf the two are in phase, -7 41F

they are out of phase, and 0 if they are in quadrature. The

multiplier also includes an offset control to compensate for

all offsets in this branch of the system. The nominal

measured voltage at this summing input of the analog voltage

multiplier is 36 mV. This must be held to ±2 mY to maintain

satisfactory phase detector performance. The product from

the analog voltage multi6plier goes through a buffering

voltage follower to an amplifier. The amplifier includes a

gain control to present 'the correct voltage levels to the

comparators. A lowpass filter removes the high frequency

components.

The decision devices are comparators configarsd

for TTL compatible outputs as are those in the amplitude

decision circult (Fi*g. h.24a). rhs input signal to the phase

decision circuit is a three-level voltage with *V, -7, and 0

representing respecti vqly in-phase, out-of-phase, M. d

quad-ratuz4 inputs signals (Fig. A.25). The comparators v411
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Signal from -- ~%-
Zero-Crossing 12 .2lDetector +21

Lj 4 4
12-12 To Phase

1-00 Decision
Ref 61ffsetCircuit

Fig. k.23. Multiplier and Lovpass Filter Circuit Diagram

respond only to inputs between 0 and 4 V. The Incoming

signal is applied to a iiode and sent to one comparator and

it Is inverted, applied to a second diJode, and sen~t to the

other comparator. Soth comparators then see positive input

voltages. The gains of the amplifiers in the system are set

to make the input voltage range at the comparators 0 to

3.6 V. The threshold Is 1.8 V. The waveform at the

ccmparator input is in Fig. k.26.

The phasq data decoder has as inputs the outputs

cf four comparators estimating two da-a bi-ts with a straight

binary code according to the truth table in Fig. A.27. The
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Fig. k.26. Phase Detector Comparator Input

lecoding is by a 74&148 priority encoder. The 1i4148 is a

negative logic device, so all signals must be inrve:te4.

The transmission system reguires up to si-x sinusoids

of the same frequency but iifferent phase angles for

coherent operation. The phase shift circuirts of Stout and

Kaufman wi*th~ minor molification provile a corvenn-ent method

for gerneratinag the necessary phase shifts and controlling

the otput amplitudes ef the -aqded signals given a common

incut sinusoid (Pig. A.29) [Ref. 5].
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00 (.50 I 0 0

1800 ~ 90 (1301350i)C

1800 (+2250

2700 ((31501__ 1 1

Pigure .27. Pase Daa Anece TIt TaC anDic

Diagram

The input oscillator is a., Hewlett-Packard HP 204iC. The

chcsen operating frequercy is 33 IkHz.I

:he circuit- is constructqd with 747 (dual 741)

operational ampliters (Fig. A.29) . These amplifiers work

well at the frequency and amplitudes used. The variable

feedback resistors control the gain. The variable resistors

to ground aijust phase. There is some interacti-or. between

these controls, so peaking adIjustments arq necessary.
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900

Fig. &.28. Multi-Phase Source Block Diagram

Figure A.30 shows the outputs of an 8-phasse source

con~structed for thls resear--h with the Input sianal

superimpose.

C. TEST SYSTEM

The test system provides test data to the transmitt4r,

zecq.ves the estimate of the !ata from the receiver, and

:ecords errors (Pig. A.31)
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Fig. 1.30. 8-Phase Source output

ras~ SS s e1

Sz aur e ?e : ei r

Fig. A.31. Test System Block Diagram
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The data sourze -is a 16-stage pseudo-random sequence

generator wi-th feedback taps forox stages 16, 15, 13, and '4

(Pig. A.32) (Ref. 6]. This con~nection generates a maximal

length sequence of 65535 bi-ts. The data generator has

provision for getting cut of the forbidden state (all 0) by

taking the parallel load enable high momentar'iy. Rarely

was this necessary and then only on start-up. The parallel

load en~ible could havra been tied to the system CLE'AR, but

this was not done to randomize the starting point within the

data sequence on each test run.

The data source also has a serial tc four-bit

parallel converter since the trarsmission system handles

four bits ir parallel (7-iq. A.33). The seri4al data stream

is clocked into a four-bit shift register and latched every

,6cur-.h bit. T"he la-:ch output goes both to the modulator and

to the test system 1-1: las-er comparisor wi-th the received

es 42 :ae.

2. Oe:_

The ertor detector detects bit errors (?Pig. A.34&).

Wil~e symbol errr 2ay be more mieaningful in in operating

srste 2, bit error I'lentif icatior In this evaluation system

79



Serial Data Clock

10

2 +5 2 9, 2
7

7 -C

/4 74B

Pig. 1.32. Pseudo-Razidoa Seqnieace Generatcr Circuit Diagram

all:cvs onq to trace -:he source of he err=or. A- the en.i (-f

the curre-nt symbol peri-od, the hold. atc-h zeceivss i cooy of

th -arillel da t w vi.chi has bee t:~~e hrcuch -le
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Serial Data in +5

13 2 Bi

Fiq &33 Sril o arlll. onererCicut iara

sytm.Te up: achrcevs12 sta~ of Bthed

rErR An t Cxlsiecrk 7ae7morssag fthhf

Feig.tA.3. AS~ferl is Paalesoete asirchihto Dagram

Syate. IfThe ouaput:latc puleq-e siutaeoslyt:s ofh the ~

error tohe reev lth ecous andth same ---mnero. Ah

shift zis r~sbe to e the larrfor dter cirpcivet

Ck t aZ If -se t f t o: data :or usbimla-os y -4-- ing th e



From Serial-
To-?.arallel From Data
Converter Timing Decoders

Latch I-Latc'-h

Hold Shift u utSl
:Re glste; egse

s erial Data Clock Serial Data Clock

Data Count1 Pulse

Fig. A.314. Error Detector Block Diagra2

sxclais-or gate compare the proper s-taae of the shift

qS t Cr s. If, for example, the exclusivE-or gate gets 4--s

:fptfrom stage two, only -:wo bi-ts will be compared iur-ing

".h symbol period. Four b4 s will be seen by -hq
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exclusive-or gate, but since the serial input to the shift

registers are grounded, the last two bits will always be

low. Using this technique one can determine selectively the

performance of the implitude and phase modulation systems.

It is necessary only to insure the bits of intsrest are

loaded into the proper stages of the hold and output latches

and consider the reduced number of bits being compared.

3. Coun tle

The test system has two counters, a bit counter and

an error counter. The basic counter is a three decade

counter and display circuit (Fig. A.36). The .rror counter

is jus- a basic counter with the count input coming from the

error d-etector. The data bit counter has a basic three

decade counter preceded by a two decade divider for a

IC0,000 bit count capacity (Fig. A.37). The carry-out of

the high order stage is the STOP COUNT pulse. This makes

the system count 103,000 lata bits and the errors made in

those 100,000 bits and stop. The count noput for the bit

coun-.er comes directly from the system data count pulse

source. The system CLEAR clears both counters.
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Count Input +5

11 ;I_ r 3 16 +5
15 2

14 7 14 11
1 3iL 3 1 L.

5 2 12 13 .,0

3+5 7 0

9 +5

4160 + 7447 :Ail 7 2 + 5

JA 16
2 15 2

7 7 4 14
13 143

7
9 +5 -- 4L__j

7LL47

- J7
2

+5

MAN 7

R

Fig. &.36. Basic counts: CIrcuit Diagram
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Data Count ?ulse

Basic Counter

STOP COUNT

2L i5

Fi.37.Dt i one ici ~q
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D. TIM1ING SYSTEM

1. ZImI.C gequir me"t

The timing system provides synchronization between

the transmitter and receiver and clocks the test system.

Trhe symbol period must be clearly defined so -the received

symbol can be sampled near the end of the period. This

symbol peri-od defines the operating =ate of the entire

experimental system.

A symbol rate of 1 kHz was chosen as a reasonable,

illustrative rate that avoids the compli-cations introduced

by high speed timing. This rate corresponds to a data rate

of 14000 bits per second or the equivalent of 500 ASCII

characters with parity per second. The highest frequency

required is the master clock whi-ch has only to run a4-

256 kHz to give all the flexi-bility required.

The required ti-ming functions Include Itransmi tter

and receiver symbc. tiiimng, data source clocking, and ezror

detector timing. The ti2ing diagram (Fig. A.38) i"ustrates

these relaltionships. References to l-ie numbers in the

following discussi-on r-efer to li-nes of the timing ciaq:am.

Thei master clock operates at 256 times the symbol period.

The smallest lefi-nable 11interval i-s one tick (period) of the

master clock. Ticks 3 through 255 definve one symbol peri-od.
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1. Ideal Symbcl Timing [fi
(Two symbols)

2. Ideal Detector Out

3. Ideal Comparator Out

L&. ligut Serial Dat!. [ J J J1 1 1 1 1
5. Input Parallel Data

Latch Enable I_________________

6. Actual Symbol Timing ACD

7. Sample Detector- Out

8. Sample Comparator Out

9. Og'; u ct Enable I
10. Output: Latch Contents

11. Load Output Shift
Pegister (Tick 2)

12. Output Shift Register Il 1 F lF~ lF
Clock LU ULLU

1.3. Cortents of output
Shift Register L L TLI=

14. Count Timinq IT4izks
28, 92, 156, -2061_ _ _ _ _ _ __ _ _ _ _ _ _ _ _

Fig. k.38. System Timing Diagram



The ideal symbol (Lin . : 1 defines a time frame

within which all other timing functicns must be defined.

Given the ideal symbol, the detector output would resemble

Line 2 and the comparator output would resemble Line 3. All

ccmparators will reach their final state before the end of

the period and will remain high for some time into the

following symbol period. The actual waveforms are shifted

somewhat from the ideal to avo!i the edge effects at the

symbol boundries. The definitive timing standard is the

master clock.

The master clock defines 256 ticks per symbol which

may be divided or logically extracted to clock and time all

system functions. Serial data must be clocked and latched

to oresent a t-bit parallel word to the modulator at the

beginning of the symbol period. The data estimate from the

detector decoders must be sampled at the end of the symbol

period. The input and output data must be latched, loaded

into shift registers, and clocked out for comparison. The

individual bits must be counte and, simultaneously, the

errors must be ccun-ed. All handling and counting of data

must be timed to occur when the data are valid.
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V-_

The inverted 4 kHz timing output (Line 4) clocks the

serial data source and the input shift register. Since the

sh if t registers shift on the negative-going edge of the

clock, this sigzal is inverted to make the data valid at the

time the data latch sa moles It. This Input timing places a

new set of valid data in the input shift register 32 -ticks

before the end of the symbol period and leaves --t there for

the first 3? ticks of the folloving period.

The Input parallel data latch is enabled by tick 2

(Line 5). This timing marks the beginning of the actual

symbol period. It is not necessary to delay the symbol to

tick 2, but ti-ck 2 is used elsewhere and Is ccnvenient here.

With the symbol period defined by tick 2, the actual symbol

t,-m-ng -is as shown on Line 7. Representative detector and

comparator outputs are shown on Lines 7 and 8 respectively.

The output data must be sampled near the end of the

symbol period when the comparato)rs are most likely to 'be at

ths final val':e. The output latch i-s ena bled by tick 252

(L ;n - 9) . Tic k 252 also eran as t he inout hold latch to

pr-iserve the transmitted d a-ta for comparison wiith the

received data. The contents of the output data latch and

inprir :oli l~atch are valid from trick 252 of t he symbol
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period to tick 252 of the following period (Line 10). That

provides a stable sampling of the data for the comparison

shift registers to read.

The comparison shift registers load on tick 2 (Line

11) and shift at the same rate as the input serial data

source (Line 12) . They, however, use the uncomplemented

clock which moves the bits uniformly throughout the symbol

period (Line 13). This uniform timing makes counting

ccnvenient.

Both the bit counter and the error counter are

enabled approximately midway during each of the four bit

intervals within the symbol period. The timing pulses occur

at ticks 28, 92, 156, and 220 (Line 14). Each of these four

ticks iS counted as a da-a bit*. An error is recorded only

if the error detector output is high durina one of these

ticks.

2. -Z- Sstem _a _a re

The timing system has a divider and a pulse

generator to providea clocking for all sections of the

experimental system (Fig. A.39). The master clock is a

Wavetek .odel 142 HF VCG Gene:ator with a square pulse

cutput at 256 kHz. The divider proviles eight binary
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weighted outputs. The outputs from the combinational logic

cizcui'. are the timing pulses needed in both the

transmission and test systems.

vaster DV; de r 71ulse

Clock " enerat-or

Clocking -

Signals Oulses

Fig. 1.39. Timing System Block Diagram

a. Clock Di-v,-idr

The clock divide.- is a pai:- of 74161's cascaled

with outputs from all divide7t stages. some of the outzuts

are available complemerted to provide the sIgnals requireg-d

by bcth the combinational logic of the pulse generator and

the synchronIzation of the experimertal system. ?±gurs A.uO

is -he schemati4c diagram of the clock 1divider. -

b. Pulse Generator Combina:ional Logic

The combinational logi-c curcuit4- is built around

74151's, one-of-eigdt data selectors, which provide a

convenlient way -to gen4erate comlIcatid logi-c functions wiith
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,c oc 2 -----

M3

+ 16- 9kFz

-8 5 0 2_ 4kH:

7 13 1~~,16 744 6!0 2~

Fig. k. 40. Clock Diviler Ci_.cuit Diagram

a szall chip;: ccunt. These chips, with the use of the

rNIHIBIr in e ir clu ie i, can gen -ras ary fo>ur-bit l ogic

functic n. The cutouts :of these lata selecto~s aze combined

with AND gates to give the specif-Ic tick ou. ses :-?qairel.
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The truth tables for the data selectors arq in

Tab. II. The outputs of the selectors are sets of pulses

which can be combined to give the desired output pulses.

Figure A.41 is the schematic diagram of the

ccmbtnational logic that generates the timing pulses. All

inputs come from the time: divider except the system CLEAR

and the STOP COUNT signals. The system CLEAR is a m.anually

activated clear signal used to reset the counters before

takina data. The STOP COUNT signal is from the carry out of

the last stage of the data bit counter. This arrangement

counts 100,000 data bits and se's the flip flop to inhibit

the data count pulse output.



TABLE Ii

Data Selector truth Tables

Selez tor 1 Selecto: 2

32 1 64 128IOut 2 4 8 161oui
---------------- -

0 0 0 0 1 1 0 a 0 0
00 0 1 0 3001 0

0 0 1 1 I 3010 0

00 1 0 0011 0

0 1 010 0

01 0 1 0 0 131 0

01 1 1 110 0

0 1 1 1 0 0 1 1 1 1

0 x 0 1 x x 1 0

Sei-: t o- 3 Selec-.o: 4

1 32 6a 123lOut 16 2 4 So1ut

00 0 0 0 0 03 0 3I I
0 0 1 000111 1
0 0 310 031010
301 1 0 0 1 11 i

I
0 1 3 3 0 303
0 1 3 1 0 0 1 1 0

0 1 1 30 311010

3 1 1 1 I 1 1 1 1 1 3J

1 ;( ¢ z1 3 1 X X 3

NOTE: Colimn headir. s a :e -a -zi.,:' w z- " ,.

.puts frcm - z ck " -.
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64
Tick Iw

4 94

2.
+5 7408

8 
n7'

7 7 "7

8

U 6
J

1 Data Count Pulse A

3. Ticks 28, 92,

2 156, 220

741 7408

1/2 ick 2
L7474

COUNT 6

CLEAR - k= +5

8 9 128
4 10 1 64 1.0
2 32 11

J 2
13 U

+

+

"774151 7 '7741SJ 7

fig. A.41. Pulse Generator Combinational Logic
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EPROM PROGRIAMING

The multiplexers of the general analog multiplexer

modulator require more control lines in general than the

number of data bits represented by each symbol. Some logic

4s necessary between the data inputs and the multiplexer

controls.

The modulator logic and the receiver data decoder logic

are related. The choice of an encoding scheme is arbitrary*

but once made, the logic at both ends is determined. While

the logic can be realized other ways, a memory is

convenient. The scheme chosen for this research encodes the

first two bits of the input symbol in the amplitude

information and the last two bits in the phase information.

The input data bits a-e a part of the address for a

programmable read only memory (EPRON). The address for each

phasor is the same as the Aecoded symbol each phasor

represents (Fig. B.1). Each amplitude circle is binary

numbered from low to high. That binary number is the first

two bits. The four phase angles are binary numbered and

represented in the last two bits. That completely

det rmines the data part of the EPROM address.
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Bits (&BCD)

Amplitude carries AB. 1101-D

Phase carries CD.

Binary - Hexadecimal 1001-9

I 0101-5

I 0001-1

1101-2 0110=6 1 0100-14 1100SC-- aX .... - ....- -- - - ... fl ... - -.... -... -..-- 4

1010=A 00102 O000O 1000-8 Cosine

0011-3

1 0111-7

1011-B

1111-F

Sine

Fig. B.1. Phase Plane Address Codes

The same address pattern, rotated 450, is used for the

rotated phase plane constellation. knoher bit in the ZPRON

address selects between the two constellations. This

feature is for experimental convenience here,, but i.t

illust:raes the flexibility one has with :he general analoq

multiplexer modulator.

Given the address for each phasorp the NPRON data at

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

plus INHIBIT which must be controlled. For this

two-sultiplexer modulator, an eight-bit word is needed at

each address. arbitrarily the first four bits control the

cosine multiplexer and the last four bits control the sine

multiplexer. The fi'rst bit of each group is the INHIBIT

signal. The other thre match the binary code of the switch

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

full data word of any possible phasor is made by

concatenating the cosine and sine parts as illustrated in

Fig. B.3.

The program for the realization of the general analog

multiplexer modulator with the constellation on the

quadrature axes is in Tab. i1. The program that rotates

the constellation by 450 is in Tab. IV. Figures B.4 and B.5

diagram the hexadecimal address and data codes for the two

constellations.
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Binary -Hexadecimal

"a 0000-0

0001al

-i- 0010m2

I
--- 0011m3

00000 0010=2 1 0101=5 0111=7""a" 0061-1 00t1 3 ; ; -;;;"""
1 a 01 i6 Cosine

0100.14

1IIxI1IiU=8,8 --- 0101=5

--- 0110=6

0111=7

; sine

Fig. B.2. multiplexer Control Codes
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I

Binary
x00000000 1XXoOooo x 01110000

x x K 01100001

x x

00001K1! - 011111XX

Cosine

x x

x I x 01100110

x 00000111 x x

tSite
rig. 5.3. Phase Plane Data Codes

I _ _ -



TABLE Z I

PRON Program - Case 0

EPROM Address SPROR Output Data
Doc got - Binary Bi~nary 3el

0 0 0 0 00 000000000 0 1a01000 8
01 001 000000000 1 10000011 83
02 002 0000000010 00111000 38
03 003 0 000 00001 1 1000 0100 8 4
04 00 4 c 0 00 000100 0 10110 00 5 8

05 005 0000 00010 1 10000010 8 2

06 006 0000000110 0 0101000 28
07 0 7 0000 000111 10000101 8 S
08 008 0000001000 ol0 000 68

09 009 0 0i0 001001 1000 000 1 8 1
10 00 A 0000 0010 10 00011000 18

11 008 00 000 10 11 1 000 0110 86
12 0 00 C 0 000 001 t 0i0 0 1 1 11 0 0 0 7 8
13 0 00 0 0000001101 1 0 00000 80
1 , 0 0 2 a00 a1 0 01 11 0 0 0 00 1 0 00 0 a

1 5 0 0F 0000 001111 10000111 87

i
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TABLE IV

EPROM Proqran - Case I

EPROM Address f PRoff out pu Data

Dec Rex Binary Binary Rex

o0 000 0000 00000 0 01000011 3
o1 01j0000000001 00110011 33

02 0 02 0 000 000010 00110100 3 4

0 03 003 0000 00001 1 01000 100 I

04 004 0000 000100 01010010 52

05 005 0000000101 00100010 22

06 006 0000000110 00100101 25

0 7 00 7 0000 000111 01010101 5 5

08 008 0000001000 01100001 61

09009 0000 00 100 1 0001 0001 1 1

190 O0 0000 001010 000 10110 1 6

1 1 OO 1 0 00 0 0 0 01 1 0 0 1 0 0110 6 6

12 0 O C 0000 001100 01110000 7 0

13 C- 0 D 0000 001101 00000000 0 0

1 4 oo0 0000 001110 0000 0111 0 7

15 oF I 0000 001111 01110111 7 7
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kddress/ZPROI Data

Hexadecisal D 80

9 x 81

5 82

1 83

E/08 &/18 6/282J38 / 0/48 ,/58 8/68 C4 78
318 Cosine

31: 84
71 35

B 86

P!37

Si-ne

Fig. .4. Phase Plane Codes - Case 0
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Address/EPRO.4 Data Hexadecimal

D X 00 C X 70

9 X 11 8 X 61

5 X 22 4 X 52

1 X 33 0 X LQ3

Cosine

2 X 34 3 X 44

6 1 25 7 X 55

A 1 16 B X 66

3 X 07 1 X 77

SSine
Fig. B.S. Phase Plane Codes - Case 1
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