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ABSTRACT

For tramnsmitting digital information over bandpass chan-
nels, MNd-ary Phase Shift Keying (PSK) schemes are used to
conserve bandwidth at the expense of signal power. A block
of k bits is used to change the phase of the carrier. These
k bits represent M possible phase shifts since M = 2K,
Common forms of M~ary PSK use equally spaced phase angles.
For exanrle, if ¥=8 and k=3, 8-ary PSK uses eight phase
angles spaced 45 degrees apart.

This thesis considers a hybrid form of P2SK when M=8 and
k=3. Each of eight blocks of data with three bits per Lblock
are represented by different phase shifts of the carrier.
The phase angles are chosen to give an equal distance
between states (symbcls) when frojected onto the sine axis
and the cosine axis of a phasor diagranm. Thus, when the
three bits are recovered, using two coherent phase detec-
tors, the separation of the Jdecision regions (voltage
levels) are egual. This scheme was evaluated by building a
transmitter and a receiver to implement this 8-ary PSK tech-
nique. This method was found to improve the noise perform-
ance over conventional 8-ary ESK schemes by approximately
0.4 dB.
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I. INTRODUCTION

A. BACKGROUND

Today, there is an increasing demand for high-speed
digital communications systems. This demand comes at a time
of decreasing available radio frequency (RF) spectrum.
Therefore the develorment of bandwidth efficient, low prob-
ability of error, digital modulation schemes becones
increasingly important.

M-ary digital modulation schemes provide a means of
conserving bandwidth at the expense of increased power
regquirements. Thus, M-ary digital modulation schemes can be
used to ackieve higher data rates in a given bandwidth. In
an M-ary modulation system, ope of M possible symbols is
transmitted during a signaling interval. Each symbol repre-
sents a klock of k data bits where M = 2K . Each symbkol in
the M-ary modulation scheme is identifiable by 1its phase,
amplitude, or frequency, or a combination of these three.
At the receiver, the symbol is identified and decoded into a
biock of k data bits.

B. PHASE SHIFT KEYING

The subject of this report is 8-ary Phase Shift Keying
(?SK) . This is defined as a carrier of fixed frequency,
fixed amplitude, and eight different phase anjles. Figure
1.1 is a phasor diagram for conventional PSK. Note that the
phasors are spaced by 45 degrees. During recovery of
conventional PSK, in-phase (cosine) and quadrature (sine)

phase detectors are used with appropriate threshold detec-

tors and loyic. The output of each phase detector is the
cosine or the sine of the phase angle of the received

signal. b
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This output 1is a voltage that can be processed to recover
the rits originally sent by the transaitter. Figure 1.1

shows these voltage values assuming the circlie has a radius

of one. Note that the voltages, which determine the deci-
sion regions, are not separated egually. If a system is
Fuilt where these decision regions (voltages) are spaced

equally, it is reasonable to expect better noise perform-
ance. This report examines a communications system built

using a new modulation scheme which accomplishes this.

C. A HEW BODULATION TECHNIQUE

The comnunications system built to incorporate this rew
modulation technique consists of a transmitter and a
receiver. The transmitter selects one of eight shifted
carriers corresponding to eight dirferent symbols and trans-
mits it to the receiver.

In the receiver, in-phase and guadrature phase detectors
are used with appropriate threshold detectors and logic to
recover the eight systols.

Decision theory states for minimum error [Ref. 4], deci-
sion regiomns should be spaced egually. Since a decision is
made tased on a certain voltage level (and not on phase), it
is reasonable to select phase angles which provide egual
separation of voltage levels <cut of the phase Jdetectors.
For example, in Fig. 1.1, although the phases are spaced
equally, the decision regions (voltages) are not.

The solution to accomplishing this «can be found using
simple algebra. Figure 1.2 is a phasor diagrim of the g8-ary
PSK used in this discussion. Ncte that the decision regions
are equally separated. The reason, then, for the selection
of this method under study is fcr improved noise performance

over conventional technigues.
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the least significant bit and the @ilddle bit irn EtrancL #1
and eqguation 3.4 1is used to reccver the most sijnificant tit

in Lranch #2.

{cos (ot)) (cos (t+2))=1/2(cos (zst+e) tcose) (egqr 3.1)
(sin(»t)) (cos(ot+3))=1/2(sin (zJt+2) tsin(~-&)) (egn 2.2)
1/2 cos (<) (egqn 2.3)
1/2 sin(-5) (edrn 3.4)
Figures 3.3, 3.4, 2.5, and 3.6 show photographs of the

output of the pnase detectors of branches #1 and #2, resgpec-
tively.

A decision 1is based on the polarity of the voltages,
namely, logical one for a positive voltage and logical zero
for a negative voltage. The gain factor of the amplifier is
controliled by a potentiometer in the Ifeedback 1ioop. This
allows the output vcltage level of the phase detector for
rhase angles 71.6 , 108.4 , -71.6 , -108.4 (low value) to be
less tnan one. This is desirable because in th2 circuit for
the recovery cf the niddle bit the AVM is usel as a squarer.
Thus, the low magnitude voltage 1is made relatively smaller
arnl tne high magnitude voltage 1is made relatively larjer. A
Gecisior 1s btased on the difference in magnitude of the
sguares of the voltages corresronding to four phase angiles
ar.d the other four phase angles 18.4 , 161.6 , -18.4 , and
-1o1.€ . The photcgraphs of the output of the sguarer
anplifier are shown in Figures 3.7 and 3.8 and the detailed
circuitry of the phase detector is shown in Figure 3.9. The
photcograrhs of the output of the sguarer show a negative
voltage for two of the cases. This 1s acheived by blasing
the AVM and the procedure for this 1s explained 1in Section
IIT. C.
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Block Diagram of Branch #2 for Recovery

of MSB
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Block Diagram of Branch #1 for Recovery of LSB & MB




[t it

S A e e e aent e/ “MAe /e S i A A S S il etk St ngdi S S el SRR AL At R BN o, B Y e T e W TR TN

III. RECEIVER

The receiver consists of twc branches. The first tranch
(Figure 3.1) 1is wused to recover the 1least significant tit
(LsB) and the middle bit (MB). The second pbranch (Figure
3.2) 1is wused to recover the most significant bit (MSB).
From the figures it can be seen that the least and most
significant bits are recovered in exactly the same way. The
only difference is the choice c¢i the cosine or sine refer-
ence sigral. The logical one cr zero is determined by the
polarity of the output of the analog voltage wmultigplier
(AVM) . The middle bit is determined by the magnitude of the
output of the AVM of rranch #1. The AVH is used to form the

square of those voltage values cn the cosine axis of Figure

1.2. This squaring maps #0.949 values 1into one voltage
level and #0.316 values into another voltage level. These
two levels represent the middle bit. Further, squaring

increases the separation of the two levels and improves the

noise performance of the middle bit recovery process.

A. PHASE DETECTOR

The phase detector 1is composed of an AVY, low pass filter
(LPF), and an amplifier. The basic element used to detect
the phase is the AVHM. The one selected for this circuit is
the AD 334. The output of the AVHY is the product of the
modulated carrier and the reference sinusoid. This output
is scaled (reduced) Ly a factor of ten. This factor of tern
is compensated for by the amplifier of this stage. The
results cf the product operatiors are yiven in egquations 3.1
and 3.2. The double frequency terms are removed by the low
pass fiiter. The resulting wusable outputs are jiven 1in

equations 3.3 and 3.4. Equation 3.3 is used to recover

P - PR 0, W U WY TP SRR PN TNE Ul TR Vo W W PP ¢ ol deeed i LI
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Gray Coding. Figure 1.2 of the previous chapter is a phasor
diagram showing each fphasor with 1its three bit code. ahen
an error occurs in transmissiorn, the chosen syabol is most
likely adjacent to the correct symbol (on phasor diagranm).
Since a symbol has three bits, then if a Gray code is used,
at most one bit will be in error and two bDbits will be
correct. In other words, the frobability of a bit error is
equal to the probability of a symbol error. The other
significant feature of the coding scheme is that the least
significant bit (LSB) 1is a logical one in the positive half
of the cosine axis and a 1logical zero in the negative half.
The most significant bit (MSB) is a logical ore in the fposi-
tive half of the sine axis and is a logical zero 1in the
negative half. Furthermore, the @middle bit (MB) is a
logical one for the phasors whose absolute value on the
cosine axis 1s largest and a logical zero for the smaller
absolute value. These facts will aid in the recovery of

each bit and is discussed further in Chapter III.
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Figure 2.6 Photographs of Transmitter Output (Negative Phase)
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A
N =
A1l prhase ad justments are made using the Hewlett-Packard igq
Gain Phase Meter Model 35752 [Ref. 1). In addition to these L

eight phase shifters, two more were used to provide refer- .
T
ence sources of 0.0 degrees (cosine) and 90.0 degrees (sine) .
to the receiver for coherent phase detection. =1f
.
—l
B. MULTIPLEXER .'i
- .
Q The eight phase shifted carriers are applied to a 4051 "
X nultiplexer. The desired carrier is selected by the three o
] data rits fed to the nmultiplexer by three D-type flip flops. -,J
A shift register is used to set the flip flops. Two clocks L ;

are required to generate the data for the multiplexer. The

4 data clock which reflects the data rate and the symbol clock
ﬁ‘ (data clock divided by three) which clocks the data into the

flip flogps. Thus, the output of the multiplexer is one of

the shifted carriers as selected Dby three bits of data.

Figure 2.4 shows the detailed diagram of the amultiplexer

stage. Also included in the figure is an inverter and a
summer. The two inputs to the summer are the inverted
signal and fkandlimited white Gaussian noise (WGN).

The white Gaussian noise 1is generated by an ELGENCO
Random Noise Generator. The ncise signal is passed through

IR 0 R
. T,
. e .

a biquad ktandpass filter (Q=11), centered at the carrier
fregquency, before reaching the summer. The output from the

summer is signal plus noise and 1is ready to be demodulated.
This summing action is done tc simulate the intermediate Q
frequency (IF) 1in the receiver. Figures 2.5 and 2.6 are
photographs of the eigat output signals generated by the

transmitter.

C. GRAY CODE L

The symbols (blocks) are coded so that between adjacent

states the symbols differ by only one bit. This is called

B . . R . L. . . . N . . . .
e -~ PSP Py Lo I IOTNOTE) PSRRI P PR TSP U N SN P U S I R
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II. IRANSMITTER

The transmitter is composed of eight phase shifters amnd
a multiplexer. A block diagram of the transmitter is shown
in Figure 2.1. Also included in the figure are the blocks
for digital data generation, noise generation, and a sunmer
(adder) to add the signal and the noise. The pultiplexer is
the key element of the transmitter. A given three bit
symabol is used to address the rmultiplexer, which selects a
particular one of the eight [ossible input sinusoids gener-
ated by the the eight phase shifters. Noise is then added
to the phase modulated carrier to simulate a typical
chanrnel.

A. DPHASE SBIFTERS

The transmitter requires eight phase shifters to produce
eight sinusoids of the same frequency and amplitude, but
different phase angles. Each phase shifter consists of two
741 op-anmps. The first op-emf controls the amplitude and
the second shifts the phase of the cosine carrier. Figures
2.2 and 2.3 show the generaticn of positive and negative
phase shifts, respectively. The input for this stage is the
carrier, dJenerated by an oscillator operated at the paraue-
ters listed below.

Carrier FPrequency (f) 70 kHz

Amplitude

2.0 volts p-p

Phase Angle = 0.0

The amount of phase change and amplitude are adjusted by the

two fotentiometers.
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D. SUMMARY OF RESULIS

In comparing this new @nodulation technique (Figure 1.2)
with conventional 8-ary 25K (Figure 1.1), the new method
improves the noise performance by approximately 0.4 dB.
This suprorts the basic premise of this study, that the
phase angles of 8-ary PSK should be chosen so that the sepa-

ration of the decision regions (voltage levels) are egual.

E. CONTENTS

The following chapters of this report consider the
transmitter and the receiver built to study this method and
the results and conclusions of this investigation. Chapter
II describes the transmitter and includes circuit diagrams
of each stage and fhotographs of the transmitted signal.
The receiver is discussed in chapter III. Circuit diagrams
of the phase detectors, matched filters, and decision 1logic
are included along with photographs of the output of
selected stages in the receiver «circuitry. Chapter IV
contains the detailed results of this report and recommenda-
tions for further study.
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fn After carrier Jetection, the signal is processed into a
S usable voltage for the logic circuitry. Processing includes
z‘! noise performance imprrovement using an integrate and dump

circuit and decision «citfcuitry using a sample and hold
- device and a comparator.
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Figure 3.4 Photographs of Output of Branch #1 Phase Detector
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Photographs of Outpaut of Branch #2 Phase Detector

Figure 3.5
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Photographs of Output of Branch $#2
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B. INTEGRATZ AND DUNMP

The 1integrate and dump ciccuitry is widely used to
improve noise performance of receivers used in digital data
systenms. The circuitry integrates the demodulated signal
over a symbol 1interval. At the end of the interval, the
integratcr output is sampled just prior to "dumping" or
returning to zero. This reduces the effect of the noise and
presents a peak value which can be used as the input to a
sample and hold circuit. The two components used 1in the
integrate and dump circuitry are the mulitiplexer 4051 and a
741 op-ampz. The circuit is shown in Figure 3.10. The inte-
grate and dump circuitry inteygyrates the incoming signal and
then returns to zero voltage (dumps) when the feedback
circuit is shorted by the multiplexer. The clock sigrnal
which triggers the multiplexer is timed so that the dump
occurs just before a new three bit block of data is trans-
mitted. A timing diagram is shewn in Figure 3.11. A photo-
graph of the output cf the integrate and dump circuitry is
included in Figure 3.12. In Figure 3.12 the upper wavefornm
on the photograph is the dump =signal and the lower wavefornm
indicates the output of a complete integrate and dump cycle.
The output of the integrate and dump circuitry is a positive
or a negative voltage which is translated into a logical one

or zero in the next stage.

C. DECISION CIRCUITRY

The decision circuitry is composed of a sample and hoid
device (LF 398), a ccmparator (IM 311), and two buffers (741
op-amps) . Figure 3.13 shows the decision circuitry. The
ciock for the the =sample and hold device is designed to
sample just before the dump portion of the previous circuit.
Therefore, the desired value (the output of the integrate
ar.d dump circuit) is saapled just before its peak value and

is held for the comparator. The comparator is used to
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Figure 3.12 Photograph of Integrate and Dump

decide the polarity, a logical cne (+5 volts) for a positive
voltage and a logical zero (0 vclts) for a negative voltage.
This same procedure is accomplished in the recovery of the
middle bit by offsetting the input to the AVM that is used
as a squarer. The low magnitude value then becomes negative
and the high magnitude value remains positive. The poten-
tiometer between pins 8 and 14 of the squarer AVM is used
to adjust the offset. The two buffers are used to reduce
loadinc effects from adjacent circuitry. Recovery is now
complete, and the signal is suitable for error detection by
the bit error ratio (BER) detector.

D. BIT ERROR RATIO DETECTOR

The circuit is «configured to allow bit error counts to
be taken for each bit. Figure 3.14 is a 1logic diagram of

this circuit. The exclusive OR gate detects the error
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betweern transmitted and received voltage levels on a bit oy

rit rasis. The AND gate 1s designel to reduce tihie edge
effects during transition. The strope 1is timed to trijjer »

at tie midpoint of the overlap of the transmit and receive
pulses. A timing diagram 1s shown in Figure 3.15. Three
counters (Hewlitt Packard Model 53023) are used to count the
€errors. This method provides information on error rate for »
each individual bit within a synkbol. The total error count
is the sum of all three counters. The circuit is now ready
for testing and the results are contained in the next

chapter. »
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Figure 3.15 Timing Diagram cf Bit Error Ratio Det
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IV. RESOLTS AND CONCLOUSIONS

The results of the testing c¢f this communications systen
are compared with experimental result:s of 8-ary PSK. The
signal to noise ratio (S¥R) in dB versus the probakility of

error curves are shown in Figure 4.1.

A. THEORY

The stardard values for §8-ary PSK are given ir many
communications textbcoks and are <called the '"waterfall
curves" (SNR vs. Probability c¢f Error). These waterfall

curves can be used tc compare different <communications
systenms. Tae analysis of finding the probability of error
for 8-ary PSK uses the phasor diagram in Figure 1.1. A
decision region is established around each phase arngjle (&)
as shown in Figure 4.2. Thus a decision error 1is made if

the noise causes the phase to fail outside of the range
O- 1m/8 K S<KS+ T/E

This is the method adopted by mcst textbooks [Ref. 3]. This
analysis assumes tkhat the receiver consists of eight phase
detectors and that the decision logic selects the [hase
detector with the largest outfrut. Probability of error
curves which are based on this analysis then cannot be
compared with receivers that use two phase detectors such as
the one tested in this report.' Further, the decision loygic
ir this receiver decodes all three bits simultaneously and a
decision matrix is not necessary to recover the data Lits.
These differences -111 affect the probability of error anal-

ysis which is a topic for further study.
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B. STANDARD 8-ARY PSK

To compare the results or trhls stuly with standarl S-ary

‘ : '®!
R SR TS RN

P5K the trarsaitter was adjusted to transait tie phises as
shown in trhe fphasor diagraa 1in Tigire 1.1, The phasor
diagram shows elght phases equally spaced. The [¢€ JelVer was

not changed except to optimlize the thresaold levels

resulting from the phase chanyges. The data for this systen o

T

is shown in Figure 4.1 for comparison with the new moduia-

tion technigue.

vIroTw
P

(] C. RESULTS L3

The results of the new modulation technigue are also

shown in Figure 4.1. This technigue shows an improvement of

.
L'_AA,L

k' approximately 0.4 dB over convertional PSK. ;
. D. CCNCIUSIOKS E
The results of the testing of this comaunications systen v
) support the <Concept stated in the introduction. Decision L4 1
regions should be spaced equally, and tecause decisions are
based cn voltage (not phase), this new modulation technigque ‘
¢ gives a measurable improvement in noise performance. T
¢ *
- ]
p AR,
- P
‘ —
¢ ’.
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