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ABSTRACT

After examining the effects of channel non-linearities
on the power spettrum density of several bandlimited PSK°

signals, a modified BPSK ulation technique using pre-

modulation filtering is describe The 'modified BPSK .
modulator achieves a smooth phase transition from 0° to
180° by going through an‘intermediate value of 90°. The
resultant PSK signal has a very low AM componeét, particu-
larly suitable for data transmission through non-linear
channels. _ |

The design and imélementation of the modified BPSK ;
system is presented. Experimental tg%ts performed in a
channel having a high dégree of AM non-linearity. (AM/AM con-

-~

" version) have shown that the modified BPSK signal, whenrpassed
through a hardlimiter, has a spectrum with greatlylreducga-
spectral sidelobes compared +to the coﬁvenﬁional‘BPSK signal.
The measured probability of error (Pe) performance Qf
the modified BPSK system ih an additive white Gaussian noise -
environment inéicates that,for the same P, in a linear
channel, the modified BPSK system requires about 0.6 dB more
-Eb/No than the conventional BPSK system. ,
The modified BPSK signal has spectral lines at the
carrier frequency plus multiples of the signalling frequency;

which in some cases might be useful for timing recovery in

the demodulation proéess.
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CHAPTER ONE

INTRODUCTION

The growing demand for communipations, particularly
between widely separated areas, has resulted in an ever
increasing proliféraﬁion of communication circuits. This
growth has been most dramatic in the area of digital
transmissioﬁ sysﬁems. |

- In modern digital,communication systems, however, one
of the problems is that of determining the most effective
way of using the available transmission power and channel
bandwidtﬁ for 2 given data rate and an acceptable system
performance, e.g., certain prescribed error probability or
‘error rate.

To solve the above problem, attention has been directed
towards modulation technigues, a fundamental process‘in
communications.

One of the modulation techniques which efficiently
employs bandwidth and power is Phase-Shift Keying (PSK)
modulation. As a result it has been extensively used in
digital communication systems. .

The power spectrarof PSK signals, however, paverside-
lobes (see Pigﬁre 1.1} that may interfere with other com-
munication systems. To suppress the sidelobes and hence reduce

the out-of-band interference to the specified level imposed




- -
—
'
(dB) fc= Carrier Frequency
04 Ts= Symbol Rate

Figure 1.1 The Power Spectrum Density of a PSK ‘Signal

PP



by’ regulatory égencies such aS-DOC,.FéC, etc:, a certaiﬁ

amount of filtering is necessary at the 'PSK transmitter.
Piltering of PSK signals,hcﬁever, produces great

amounts of énvelope fluctuations (1, 2, 3, 4]. In particular

the envelope of the flltered PSK signal goes through zero

during 180 §hase transitions. - When such a filtered 51gnal

is passed through nonlinear devices, usually employed in

e ‘\radlo cornmunicaticon svstems, ‘such as limiters, up converters,

Travelllng-Wave*Tube (TWT) amplifiers, etc., operating for
economic reasons close to saturation, nonlinear distortion
arises. The undesirable consequences of such distortions
are” 1ncreased bit error rate and spectrum spreading of the
signal. The latter effect is known to be a critical p01n¥
in PSK transmitter design, because it is likely to produce
harmful interference and hence iﬁpairménts into the neigh- (:z;\"‘
boufing channels. >

A typical example where such considerations are appro-
priate is in satellite communication channels, where the
Travelling Wave Tube Aﬁplifiers, TWTA, are used in both the
satellite transponder and tﬂe ground station transmitter.
Figure 1.2 shows a block diagram of a simplified satelllte
communlcatlon channel A carrier phase-modulated by the

lnput digital data streams, which_consists of rectangular

pulses, is assumed to access the appropriate satellite

[EPPY
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transponder. Modem transmit filter F1 provides the desired
waveform shaping before amplification by the earth station

High Power Amplifier, HPA (usually a TWTA). At the satel-
lite transpondér, filter F2 rejects adjacent channels and
ocut-of-band noise. Amplification is provided by the satellite
TWTA,and filter F3 reduces the energy falling into the adjacent
channels. Modem receive filter F4 provides additional waveform
shaping and reduces the noise and interference at the input of

the coherent PSK demodulator.

The most common source of nonlinearity in such a channel

. is the TWTA. This device is typically.modelled by two memo-

rvless characteristics: a function that defines
output amplitude (or power) as a funcf@on of input amplitude,
and a function that defines output phase shift as a function
of input envelope level. These two #unctions are commonly |
referred to as the nonlinear AM/2M and AM/PM conversion cha-
racteristics of the TWTA, respectively. The zero memory
assumptidn is valid since the satellite transponders are
usually narrow compared £o the TWTA bandwidth. Tvpical
AM/BM and AM/PM-charactéristics of a TWTA is shown in Figurg 1.3.
The impairmentsloriginating from the interaction of the
spurious envelope fluctuations of filtered PSK signal with the
'TWTA nonlinearities can be divided into two classes: dynamic

‘phase errors, which reduce the immunity to noise and ultimately

require more transmit power, and spectrum spreading which
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causes interferehce oo pther.commhnioation channels. 'More?
ovVer; since the feference carrier end tioing (clock) signals
in a coherent PSK demodulator are derived from the received
PSK modulated signal spectrum, the recovered carrier and
clock are subjected to phase jitter due to spectrum dis-
tortion, in addition to the phase.jitter associated with the
thermal noise. °

As a precaution against phase errors, the ground station
TWTA 1s operated below-saturation in a zone of less pronounced

nonlinearity, with the obvious penalty that a TWTA designed

for a larger power has to be used, with consequent technoleo-

.gical and cost problems. The same precaution can be +taken

t .
only +to .a limited extent at the satellite TWTA, due to primary

power limitations;.and the only possibility left for optimi-
zaéion is control of filter shaping in such a way as to
minimize phase errors.

Post-TWTA filtering is effective in controlling
spectrum spreading and is used at the satellite where the
RF power involved is moderate. At ground stations, by
contrast high power filtering may become impractical and in
some cases ,where the transmit frequency agility is of particular
interest, it is totally dismissed. <Therefore, one way of
controlling spectrum spreading,and hence the interference to
other systems, is again to use TWTA's w1th higher saturation

powers and to back off the operation poxnt in order to achieve

b
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-sufficieﬁt iiﬁééfity.v

Because of the above considerations, reduction of the
spurious envelope fluctuations8f filtered {(bandlimited)

PSK signal can result in a more economical design for ground‘~
transmitters, and can allow ﬁérg efficient use of the satel-
lite power. -

A first objective in achieving a small envelope fluc-
tuations of filtered PSK signals is to avoid the envelope
nulls corresponding to the instantanecus 180°.phase transitions
of ﬁheldonventional PSK signals. Hence modified PSK signals,
exhibiting smooth phase transitions and therefofe constant
envelope,ére called for.

In-this thesis a general met@od for generation of constant
envelope bandlimited PSK signals, using premodq}aﬁion filtering,
is introduced. In particular, a new Bin;ry PSK (BPSK) modu-
lation scheme, which 5ereafter is called the MBPSK (Modified BPSK)
modulation scheme, is designed, analyze?, and implemented.

The experimental tests performed have showﬁ that the
MBPSK signal,having a very low envelope fluctuations when
passed throughié channel,with a high degree of AM/AM non-
'llnearlty (hard~limiter-channel), has a greatly reduced spectral
spreading compared +o the conventlonal BPSK signal.

There are of course other modified PSK. schemes such as Offset
Quaternary PSK, O-QPSK [2], L-PSK [5], etc., that are better than

the MBPSK system in terms of bandwidth efficiency and have :v



very low envelope fluctuations after filteripgr However,
the simplicity and the accompanying cos£‘§?£ec;ivéﬁess of
the MBPSK system 1in some cases might justify the bandwidth in-
 efficiency, and hence become the over-riding reason for its
application in data communication systems. |

In Chapter Two, some of the basic principles of PSK
modulation systems are reviewed. As the emphasis in this
thesis will be on the genération of constant envelope band-
limited PSK signals for transmission over nonlinear channels,.'
it is essential to review the cdhventional PSK systems,which
are usually prone to nonlinear distortion and spectral

spreading.

In Chapter Three, an intuitive analyvsis of the effects

of channel nonlinearities on the power ectrum density of |

bandli@ited PSK signals is presented A new approach to the
generation of a constant envelope bandlimited BPSK signal is
introducea in Cﬁapter Four. The hardware implementation of
the new BPSK (modified BPSK) system is “presented in Chapter
Five. Measuremeht techniques and the results obtained are’
.also prgsented; Finally, in Chapter Six, future research

points and possible extension of this work are suggested.



CHAPTER TWO

PHASE-SHIFT KEYING (PSK) MODULATION

LY

T
2.1 Introduction & S

L

Phase~Shift Keving (PSK) is a digital phase modulation -

tesﬁnique in which the information of the digital signal is
transmitted in the phase of the modulateé carrier. - This
technique combines some attractive features of Amplitude
Modulation (aM) and\Frequency Modulation (FM). It requires
less peak power thar\ AM and may in some applications‘have,a
~ reduced bandwidth és-compared to FM; hence ;t has been
extensively used in digital communication systems.

In this chapter, some of the important properties of
Binary fSK {BPSK) and Quaternéry PSK (QPSK) systems will be
described; As the emphasis in this thesis will be on the
generation of constant envelope bandlimited PSK signal for
transmission over nqnlinear channels, it is essential to
review these éystems,which are usually prone to nonlinear
distortion and spectral spreading:

~After a brief and general.discussion on the represen-
tation, generatian, and detection of a‘PSK signal, BPSK and
QPSK systems, their functional diagram, reguired bandwidth,
and performance in an ideal channel will be reviewed. The
problems of bandlimitation of PSK signals are also briefly

discussed. No attempt is made to discuss the operation of



carrier recovery and bit timing (clock) recovery circuits,

since these are beyond the scope of this thesis.

~

2.2 General Representation, Generation, and Detection
of PSK Signals

s A functional block diagram of a very general PSK system
is shown iﬂ Figure 2.1 The basic PSK modulator may, withoet
loss of generality, be assumed to have two inputs; a binary
sequence of digital information and an RF carrier. Each
input is processed; the data by a coder which produces a
discrete message sequence in which each nmessage is a member
of a M—ary alphabet} and one message is sent every T seconds,
which is the svmbol\perlod (M is usually a power of two
since most dlgltaa/éystems start as binary systems, but a
PSK system is not generally limited to these alphabet sizes);
the carrier by the regquired phase shift networks. The pro-
~cessed signals are then combined in £fhe modulator such that

the information is contained in the phase of the RF carrier

in accordance with the chosen encoding algorithm. The PSK

modulator generates a signal given by: )
+ea ] ¢k jmct .
m(t) = Re I Ae e w(t—kTs) (2.1)
k==co :

where w(t) is a T_ second rectangular pulse, {¢k} is the
sequences of the phases which contain the digital information
and takes on discrete values over the interval (0, 2771, W

and A are the frequency and the amplitude of the carrier
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PSK Demodulator Block diagram

Figure 2.1 Fanctional Block Diagram of a PSK Modem

-

-



13

respectively.
m(t) represents a form of constant envelope signal which
is a aesifable propexrty of PSX systems; The essentially
) 11near structure of PSK s;gnals as shown in (2.1), Slmpllfles
the analysis of spectral properties and response behaviour to
- ol
linear systems. :
Bandlimiting of the transmitted PSK signal may be accom-
P iﬁ:i:ab? low4pass'filtering of the data before modulation,
or by hdpass filteriﬂ§ afterwards. When passed through a
filter of“the form H(jw), the PSK signal takes the form:
- -4? j¢k Jw %
m'(t) = Re I 24 e <
k=—e

p(t-kTs) (2.2}
where p(t) is the complex function of time which represents
the amplitude and phase response of the network H{(jw). To
analyze the bandlimited PSKX signal, m'(t}, only the properties
of the signal p(t) need to be considered [1].

This method of PSK signal representation is f£requently
used for.satellite links, since it is the most efficient and
easiest to analyze.

The basic coherent PSK demodulator is preceded by'a
receive bandpass filter which passes the signal and rejects
the -out~of-band noise and interference. The bandlimited PSK
sigral is then multiplied by a locally regenerated carrier

reference. This carrier reference is generated by nonlinear oper-’

ation of the carrier recovery circuit on the incoming bandlimited
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PSK signal, which removes the phase and frequency variation.
effects of the modulation. The bandlimited baseband signals
produced by the coheren;?aémodulation are then regenerated
and décoded. The timing signéi for the regenerator and':}

decoder is provided by the clock recovery circuit, which

extracts a local clock from the bandlimited baseband signal.

2.3 BPSK Svstem | T

If the sequences of phase {¢k} in (2.1) take only two

values, i.e., ¢ = 0° or\lBOo, a BPSK signal is obtained,

that is:
.
m(t) =-AV(t)Coswctﬁ . (2.3)
where
+eo :
V(t)=;£_makw(t-kTs), and a, = Cos¢k =+ 1

"~ The baseband (modulating) signal V(t), in (2.3) can be viewed
as the output of the coder in Fig. 2.1, which in th%s case
will be 2 random polar Non Return-to-Zero (NRZ) signal.

The resulting BPSK signal in (2.3) has the form of a
sequence of plus-minus rectangular pulses of a continuously
generated sinusoidal carrier as shown in Figure 2.2. Such a
signal can be geﬂerated.by a balanced modulator (mixer), as

well as by direct phase modulation of a carrier [6].

r
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m(t)

Figure 2.2 A BPSK Signal
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The block’ diagram of a coherent BPSK syéiem is shown
in Figure 2.3, which is the simplest form of Figure 1.1.
In Figure 2.4 the time domain representation of the signals
at various points of this system (modem) is illustrated.
The power spectral density of a randomly modulated

BPSK signal is given by [7].

E

AZTS sinm(£-£ )12
c £, = (2.4)

’ _ _ e
Spif) = = TEE_) P

which is shown in Figure 2.5. From (2.4) and Figure!Z.S, it
can be seen that the BPSK signal has its highest power spectrum
density around the carrief frequency and theoretically has an
infinite bandwidth. In most applications, it is reguired to
bandlimit the BPSK signal spectrum, and thus minimize the
out-of-band interference which is a frequent cause of impair-
ment into adjacent radio channels. Based on the equivalent
Performance of linearly modulated svstems ( of which PSK
i; one } with that of baseband systems, it can be shown [8]
that  -the minimum required bandwidth for distortionless transmi-
ssion of a BPSK signal is equal to the bit rate of the baseband -
modulating signal. For example, if it is required to transmit
at the data rate of 40 kq&, then the minimum theoretical trans-
mission bandwidth necessary ﬁgr a BPSK system is 40 kHz.

The probability—of—erroé\iiifoﬁmance, ?e’ of a coherenﬁ
BPSK system in.an ideal channel™is giﬁen by [9]:

) -Eb‘ :
Pe = 1/2 erfc/ﬁ— (2.5)

o]

i
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*2«,'1\ (Binary Information Input, Unipolar NR2)

o o] T 2T kyy 4T 5T 6T T

+1v1l B (Randomiszed and Polar NRZ Input)
JRRA

C (Unmodulated Carrier)
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. D {Modulated Carrier) /____7’\189 ase transition point
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G (Modulat dand Bandlimited Carrier)

T T Tl
P A Wi

H (Recovered Carrier}

O
B R EURRER AR

TK (Demodulated Baseband Signal) N o~
N N —/ N

R T

WM {Regene rated Base band Signal)
k-4

=

i N (Derandcmized and Unipolar NRZ Cutput Data)

Figure 2.4 Time Domain Representation of the BPSK Modem Signals
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(ds_) Symbol Rate-é--f
r T s

(For BPSK the’Symbol
Rate is egual to Bit
Rate)

Theoretical Minimum Nvquist
Bandwidth

S PO

Figure 2.5 The Power Spectrum Density of a BPSK Signal
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where the complemgntary error function erfe(x) is given by:

erfe(x) =1 - erf(x) = S e dx (2.6)

The ideal channel is taken fo be a Nygquist channel or a
linear all-pass channel, corrWpted only by Addltlve White

Gau551an Noise (AWGN) with a constant (one-sided) power

E

spectral densitv of N, W/Hz. The ratio ﬁé,
: o

(Eb)-to—noise density (No) is of particular interest. It is used

energy per bit

as the figure of merit at a specified P in digital com-~
mﬁnication systems,

-rt.can be shown that optimum receivers for binary signals
in such channels call for matched filters with perfect phase
reference available at the receiver [9]. For such coherent
receivers, which base.their bit decisions on observation of the
signal over Ts seconds, there exists a class of signals, of NG
which BPSK is one, which turns ocut to be optimum.in the sense _
of requiring the miﬁimum amount of Eb/N0 fof a spgcified Po -

. % ‘
THY "hmféiséé of signals is called "antipodal”, i.e.,

r

the two signals denoting the two possible information Symbols Sag

have exactly the same shape but opposite polarity.

2.4 QPSK System ¢

-

The optimum'Eb/N performance available with BPSX led to
@ search for a PSK modulation scheme with a hlgher bandwidth

efficiency than BPSK, but the same Eb/NO performance. Such a

N,
-
g

¥ SO
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modulation scheme, increasing the bandwidth eﬁficiency.of
BPSK system by two,is known as QPSK.
If the sequence of phases {¢k} in (2.1) takes four

values, i.e., ¢k = + 45° or + 1350, a QPSK signal is obtained,

that is
m(t) = Ai(t)Coswct + Ag(t)Sinw_t ' (2.7)
where
o0 .
. _ : _ _ L. V2
i(t) = kE-makw(t kTs), a = Cos¢k = = 5= (2.8)
and )
oo
= e _ V2
g(t) f ki_mbkw(t kTS), bk = Sln¢k = :—5- (2.9)

The two terms in (2.7) represent two BPSK signals which can be

detected independentlv due to the orthogonality of Coswct,amiShwEt?‘

therefore,the Pe performance.or Eb/NO performance of a QPSK
will be essentially the same as for BPSK systems. While the
spectral shape of the QPSK signal is identical to the spectral
shape of the individual BPSK signals, the bandwidth efficiency
of QPSK will be twice of that of the BPSK system.

- The block diagram of a coherent QPSK system is shown in
Figure 2.6. The serial input data stream to the modulator
arrives at the rate of l/Ts bps and is converted into two

streams ,i(t) and g(t),with the rate of 1/2Ts; thus the
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spectrum of the parallel sﬁreamé is reducéd to oﬁe—half

of the serial input data. The two parallel data streams

then modulate the inphase and quadrature components’ of the

carrier. After linear addition of thé'corresponding inphase

anéd quadrature modulated carr;ers,tﬁe QPSK signal is obtdined.
“The demodulatoé'shown in Figure 2.6 (b) pé}forms the

inverse functions to those of the modulator.

2.5 Bandlimitation in PSK Svstems

In explaining the P, pérformance of the BPSK and QPSK
systems-in the previous sections, ideal conditions of infinite
bandwidth channel corrupted only by AWGN was considered. In
practical communication sysﬁems,‘however, the available band-
width is ih many cases severely restricted and the channels
are often surrounded by wvarious types of interferences (in
addition to AWGN). . ‘

To effectively utilize the spectrum and also to avoid
interference into adjacent channels,Astringent filtering at
the transmitter is regquired. ~To reduce both noise and inter-
ference (from other systems) at the receiver, a certain amount
of filtering is essential.

The introduction of filters between transmitter and
receiver, however ,causes waveform distortion and bit spreading.
The ﬁaveform distortion is seen aé fluctuations in the enve-

L]

lope of the modulated éarrier, while bit spreading refers to
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a data pulse not being confined to the signaliing interval
gr Dut lasting longer to interfere w;éh adjacent bits
causing intersymbol interference (ISI).

The envelope flucthationé\ﬁnduced in the modulated
signal become very important when th; signal is further

.

passed through a nonlinear elefent such as a ; which can
cause spectral spreading and additional distortion.—‘g

‘In many situatidﬁs where the AWGN is small, the ISI,which
is determined by the composite transmitter, channel;and )
receiver filter characteristics, could be a predominant cause
of Pe performance degradation of digital.systems (1o, 11,
12, 137.

In linear channels, however, the ISI is minimized if
a class of Nyquiét pulse shaping filter characteristics
called "raised cosine" is used as the overall system fil-
tering characteristics [7, é].

While Nyquist's criteria hold in the linear channel,
they are no longer applicable in the nonlinear case. ‘Nyguist
éhaping is meant to reduce ISI at the_sampliqg'instants.
However, at all other times, the signal waveform ampiitude
is dependent upon pulse péttern and its oscillations., A
saturating TWT amplifier output is dependent upon the data

sequence and therefore the assumption of the message comprising

- a sequence of identical overlapping pulses,as required by a

receiver (matched filter detector) for minimizing the ISI,
4 .

-
P —



is no longer valid.

The selection of filters-in the nonlinear channels
will then be based UROR optimum performance in consideration
of channel constraints such as adjacent channel interference,
deéree of aistortion introduced by the nonlinearities, noise,
"and the practicalities and economics.of the filter structure.

This is usually done by computer simulation as no analytical

optimization is possigle.

PR U TS



CHAPTER THREE

EFFECTS OF CHANNEL NONLINEARITIES CN THE POWER
SPECTRUM DENSITY OF BANDLIMITED PSK SIGNALS

3.1 Introduction

Elements such as up-converters, limiters, and high
éower RF amplifiers when operated in a nonlinear mode close
to saturation to achieve a higher power efficiency, constitute
a potential source of signal distortion in digital radio
éystems. These nonlinear elements can usually be modeled
'2as band-pass nonlinearities [14], that is,by defining their
"input-output characteristics in terms of AM/AM and AM/PM
conversions. The nonlinear distortion in the outpu£ signal
depends on the envelope fluctuations of the input signal.

Nonlinear distortion in a PSK siéha;.a:ises, for éxample,
if an IF modulator, followed by a filter and by nonlinear
elements like an I?/RF coﬁver;er or an RF amplifier is used.

The undesirable consequences of such distortion in PBSK
signals are Pe performance degradation and spectral spreading.
The latter effect is known to be a crifical factor in PSK trans-
mitter design, because it is likely to produce harmful inter-
ference in adjacent radio channels.

The presence of spectral spréad}ng phenomena may there-.
fore require additional R? filtering after the last nonlinear
element, and feasibility probiems may ariée i1f the RFdﬁilter

bandwidth to -center frequency ratio is’ rather small and/or




frequency agility is required.
Considerable research efforts [2, 5, 15] have been

undertaken to overcome these problems., in the following

fields:

1) Linear and quasi—iineqr RF devices
2) Digital modulation technigues with low énvelope
fluctuations,and therefore with low sensitivity to

nonlinear distortion.

<

Considering the second topic, it has been shown that

if the phése transiéions_in a QPSK signal occué in a con-
trolled manner, the envelope fluctuations due to filtering
are greatly reduced, and hence the effects of noniinear dis-
tortion are reduced.

| In this ch;ptér, the spec?fal spreading of BPSK, QPSK,
and controlled phase transition QPSK, i.e., off5e£ QPSK
‘(O—QPSK) modulation techniques due to channel nonlinearities
will be at first analyzed by evaluating the envelope fluc-
tuations that such signais exhibit aftgr being filtered.

In particular, it will be shown that if the smooth phase

transition of a PSK signal is achieved by filtering, then the

spectral spreading of such‘signal (at the output of a nonlinear

device) will be drastically reduced.
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3.2 Envéloge Fluctuation of Filtered PSK Signals

The phase-state vector diagrams of PSK modulation are
shown in Figure 3.1. The conventional BPSK modulator produces

o]

0° and 180° phases.

In.order to change from one of these states to the other,
the phase vector traverses the.straight solid line from 1 to
2, pasSing through zero amplitude along the way. The phase
transiéion is instantaneous and occurs as‘the phase vector

passes through zero amplitude.

A QPSK modulator can have any one of the four phase sta-

<

’

tes at increments of 90°. Phase transitions 6f 900, 180
and 270b are allowed in standard QPSK. A phase transition
from staée 1l to 3 can bé accompiished by reducing the amplitude
of the 0° vector and by increasing the 50° vector to full am-
plitude. If these two operéﬁions are performed simultaneously,
the phase vector will traverse the dotted line from state 1
to 3. This phase vector does not pass through zero amplitude,
and indeed suffers a maximum drop in amplitude of only 3 4B,
during the transition. During a 180° phase shift, however,
the phase vector does.pass through zero amplitude, just as
in BPSK meodulation. -

In QPSX modulation, if one of_the binaryv data stream
delayed with respect to £he other by an amount equal to Ts/z
(TS being the symbol duration), the instantaneous phase

transitions can then occur only in 90° increments. This form

f




29

- BPSK

Figure 3.1 Phase Vector Diagrams of PSK Modulators

QPSK, O-QPSK

:::::::
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of QPSK,which is called offset QPSK or OfQPS§ﬂmodulation
[2, 16], avoids the zero vector amplitudéyproblem of the
standard QPSK modulation. The block diagram of an 0-QPSK
modulator is shown in Figure 3.2.

In an infinite bandﬁidth environment (no filtering),
the above-mentiocned PSX signals have a‘“time invariant constant
envelope, i.e., the instantaneous Phase transitions, and hence
the phase vector amplitude variations do not affect the enve-
lope of the modulated signals.

Fiitering of such signals, however, causes spurious enve-
lope fluctuations and intersymbol interference [19, 20].~

"BPSK or QPSK signais with 180° phase reversals, after
filtering ,exhibit maximum envelope fluctuations from zero
to maximum steady stgte value, as shown in Figﬁre 3.3.[11.
This is because bandlimiting of a digital waveform results
15 rounding and widening of each individual pulse. Thus,
adjacent BPSK or QPSK symbols are smeared into each other,
'causing intersymbol interference. As an example, in conven-
tional QPSK when both blnary components of the QPSX change
state such as to yield the 180° phase shift, the two conse-
cutive symbols can be thought of as haviﬁg identical phases |

i
but opposite polarities for thelr magnitudes ( As in BPSK

modulation). Hence the smearing of two such pulses into each
other (because of filtering) results in destructive interference.

At any point at which symbols of opposite polarity overlap, the
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envelope-of the signal will be given by the“aifference in
magnitude of the two contributions. Consééuently, the:
signal envelope will be reduced in thé transition region
between the two symbol slots. About midway between the
centers of the symbols, thg magnitudes- of the two contribu;
tions are equal and cancel because of their opposite pola-
rities. Thus the envelope goes to zero at this point. Since
the phase of the composite signal rgsuiting from the two
components of opposite'polarity is equal to that of the larger ;
component, there will be an instantanecus phase transition of |
180° at the point at which the envelope vanishes.

The bandlimited 0O-QPSK signal on the Qther hand does not
have.any envelope zeros. Since the O-QPSK modulator allows
only one binary modulation component to change state at any ;
transition point, an instantaneous polarity change is avoided.
For phase shifts of = 900, the intersymboi interference created
by bandlimiting is not destructive but is vectorially additive.
That is, the envelope of the signal at.the-region of 90° tran-
sition is egual to the sum of the RMS values of the magnitudes
of each contribution.

Consider the 0-QPSK modulator of Figure 3.2. The output

signal can be represented as:

my (£) = x(t)Cocht + y(t’),sinmct (3.1)

where
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p(t) = g(t)*f(t)
£(t)

is the envelope of the in-phase
modulated signal .

P

is the envelope of the quadrature
modulated signal

is the bandlimited symbol shape

is the impulse response of the

modulator's equivalent low-pass filter
characteristics for each channel

g(t)
shape

3 and By

is the recﬁmnnﬂar baseband symbol

-

are sequences of random mumbers ;
. having values of + 10r - 1 with equal "
probabillity

Using trigonometrv, (3.1) can be written in the form of:

Mo (t) = s(t)Cos(g t + ¢(t))
. where
s(t) = /xz(t) + yz(t)
andé ¢(t) = tan-'l y(€)

In (3.2), s(t)’representing
limited O-QPSK signal, may droop

90° phase transition.

(3.2)

(3.3)

{3.4)

1

the envelope of the band-

slightly in the region of

Indeed the minimum value of the envelope

for reasonable filtering can be shown to be no less than 0.707 of

its steady state value [18].

¢(t) in (3.2) represents the phase of bandlimited 0-QPSK

at any time t.

With the envelopes x(t) and v(t) smeared into
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1
- .

each other by filtering, ¢ (t) will shift fairly smoothly
from one state to the other in 500 ;ncrements. In Figure
3.4 the phase transition and also the eﬁvelope fluctuations
Qf bandlimited QPSK and 0-QPSK signals are shown.
The nature of phase&transitions and associated envelope
fluctuations of such bandlimifed PSK signals play
tant role on their spectral behaviour, when transmitted through

a nenlinear channel.

3.3 Effects of Channel Nonlinearities on the Spectral
Behaviour of Bandlimited BPSK, QPSK, and O-QPSK

Signals

In this séction, the spectral behaviour of these
bandlimited PSK signals; when passed through an ideal hard-
limiter, will fifét be investigated. (an ideal hardlimiter is a
nonlinear device having the characteristic shown in- 2
Figure 3.5. Such a device removes the envelope fluqtuations
of £:s input signal without affecting the phase [9], and has
been uéed as aﬁ extreme model of the AM/AM characteristics of a
saturated TWT [21, 22, 23].) Then the effect of a more realistic

AM/AM characteristic of a TWT amplifier, often encountered in

satellite channels,will be considered.

3.3.1 Effects of Hardlimiter on Spectral Spreading

The instantaneous 180° phase transitions of bandlimited

BPSK and QPSK signals produce high frequencies that are
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Figure 3.5 The Input-Output Characteristic of an Ideal
Hardlimiter.
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outside of the desired transmission band. Because of enve-
“lope zeros (at the 180° phase transition points), however,
there is very little power associated with the high frequency
content, as would be expé}ed for such filtei‘éd signals.
Hardlimiting of sudh signais, however, removes the envelope
zeros and restores a constant envelope, and thus the ins-
tantaneous 180° phase transition results in a large amount
of out-of-band spectrum. In fact, the restoration of a flat
envelope by hardlimiting vields. a rectangular waveform with
an instantaneoué 180° phase shift, which is identical to the ;
waveform prior to filtering. éonsequently, the hardlimiting
of such bandlimited signals with instantaneous 180° phase ’
transitions completely removes the effect of filtering, as
shown in Figure 3.6. | |

Note that in PSX modulation the instantaneous freguency ;

of the modulated signal is proportional to its rate of change

of phase, i.e.,

_ 1 .dé(t) '
£ = 3T At . (3.5)

Out~oftband interference can be suppressed by either avoiding
instantaneous phase transitions énd their associated high
frequencies, or by causing the envelope to vanish in regions of
large phase slopes. This latter technique,of a vanishing |

envelope, was shown to take place for bandlimited QPSK (as
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]

well as BPSK) signals. The effect of this form of bandlimiting
cbvicusly disappears if the signal is passed through a hardlimiter.

In O-QPSK modulation, due to smooth phase transition of
bandlimited 51gnal the slope d¢/dt of the phase will be small
at all points, and the trans;tlon region w1ll not produce
high frequenczes. - “

L If ehe bandlimited 0-QPSK signal is passed through a
hardlimiter the small envelope fluctuation is removed, -but
the smooth ﬁiase transitions which reflect the effect of
filtering are preserved. In other words, the ‘C-QPSK 51gnal

in (3.2),6 after hardlimiting can be represented as: .

-

my(€) = Cos(u_t + &(t)) . ' _ (3.6)

Using trigonometry, (3.6) can be written in the following
fdrm:

—

ma(t) x'(t)Cosmct + y'(t)sinwct (3.7)

where

x(t)’

x'(t) = S (%)

and ' (6) = £

Compariﬁg (3.7) with (3.1), and also considering s(t) in (3.3),
‘which has almost a constant value (very low and smooth flic-
tuation), it is evident that x'(t) and y'(t), which reflect

the effect of filtering after hardlimiting, have almost the

same shape as those of x(t) and y(t) respectively. The small.

modification of x(t) and v(t) due to harélimiting corresponds

gt =

PR P T POl
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to a very low épectral spreading. A graphical example of

this modification is shown in Figure 3.7.

3.3.2 Effects of TWT Nohlinearities

Consider the block diagram of Figure 3.8, where a PSK
signal is fed to 2 band-pass filter followed by a nonlinear

TWT amplifier. Such a scheme may refer to a satellite trans-

ponder, earth station, or other system configuration [24].

Manylauthors have used this simplified model and eva-

luated the spectral behaviour of filtered PSK signals at the -

output of the TWTP, by means of computer simulations [20, 25,
26, 27, 28]. | | '

- As éﬁ exémple,the ré;ults obtained in [26] for the power
spectrum density of BPSK, QPSK, and OFQPSK signals at the
output of‘a tjpical TWT (see Figure 1.3) are shown in Figures
3.9, 3.10, and 3.11. |

In this simulation,the data input rates of 60 Mbs for
QPSK and O-QPSK and 30 ﬁqénfor BPSK are used, and in all
r‘nodulation cases a 36 MHz bénd—pass filter with a square root
raised cosine characteristic is employed.

Since the spectrum is approximately symmetiic_ébout'the.

-

carrier frequency, only half of the spread PSK spectrum is

displayed. - Included with each figure are the integrated powers

over the wanted and adjacent RF channels. ’ )

>

X

T O
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Figure 3.7 Reflection of the Effect of Filtering on the
O-QPSK Baseband Signals Amplitude, before and after Bardlimiting
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These'graphs demonstrate the variation in the TWT outﬁut
spectrum with inpu£ back-off and modulation type. As can be
seenjthe spectral spreading of. the 0-QPSK s;gﬁal is much less
than those of BPSK and QPSK signals. This is merely because
of the lower envelope fluctuations of the 0-QPSK signal at
the input of the TWT.

Furthermore, Figure 3.12 compares the spectum of the
60 Mgé QPSK signal at the TWT outpht, when the AM/AM and
AM/PM conversion of TWT are applied simultaneously and indi-
vidually. From this figure, it can be geen_that the spectral
spreading is caused primarily by AM/AM conversion, while
AM[?M conversion accounts for|most of the in-band distortion
and corresponding degradation in. Pe performance of the
system [25]. Another case which has been considered in
Figure 3.12 is the hardlimiter with no AM/PM conversion (a
limiter prior to the satellite TWT has been proposed to ?rovide
.gain contrel and reduce AM/PM degradation in PSK TDMA system).
As would be expected, it results in a substantial increase in

spectral spreading.




CHAPTER FOUR

GENERATION OF A CONSTANT ENVELOPE
BANDLIMITED BPSX SIGNAL

4.1 Introduction

In Chapter Three, it was shown that the spectrél sprea-
g{ing of a bandlimited O-QPSK signal due toc channel non-
“linearity is much-less than those of bandlimited BPSK and

QPSK signals. This is because the‘O-QPSK signal, by avoidiﬁy‘

the instantaneous 180o

phase ﬁransitions of QP%K sigﬁal after
bapdlimiting, achieves smooth phase transition‘and hence low
enyelope fluctuations.

, In this’ chapter it will be shown that the same benefit
gained iﬁ the O-QPSK modulation can be obtained for BPSK
modulation, if instantaneous 180° ?hase transitions are avoided.
A modified BPSK modulation technique using premodulation fil-
tering is infroduced, and its spectral characteristics are
analysed. The modified BPSK (MBPSK) modulator achieves a
smooth phase transitibn-ﬁrom 0° to 180° by goiqg through an
intermediate value of 90°. The resultant PSK signal has a
very low AM component, and hence is less sensitive to channel

nonlinearities.

4.2 Modified BPSK (MBPSK) Modulation

T - As in the case of O-QPSK/modulation,\smdoth phase tran-

sitions can be achieved in BPSK modulation with premodulation
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/

filtering if the phase vector is designed so as to rotate
with a constant amplitude through the 90° phése state to
180°, This implies that a source of 90° shifted component
is necessary to achiéve the desired phase transition path.
The transition path which is shown by the dotted line in

Figure 4.1, can be expressed by the following eguation [29]:

xz(t) + yz(t)_= a2 = constant {(4.1)

where x(t) is the amplitude of the filtered input data to the
modulater, y(t) is the amplitude of the auxiliary_QOo phase
vector component{which is hereafter célled'ﬂmaphaaasmoothing
signal, and A is the peak amplitude of ix(t)|.

From (4.1), the phase smoothing signal v(t) can be obtéined

in terms of x(t), that is:

v (£ 2% - 32 (¢) (4.2)
When x(t) in (4.2) takes the peak value,.i.e., x(t) = = a4,
then y(t) = 0. In other words, when we are in the zero and

180° phase states, we do not need the.90° phase component.
During data transitions (which correspond é% ;80O prhase
reversals), as x(t) becomes zero, y(t) beéomes A, créating
a phase vector rotation passing through 90°.
The block éiagram of this modifiedrBPSK modulator is
\

shown in Figure 4.2. The output c¢can bé”written as:

-



-
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Figure 4.1 The Phase Transition Path of an Ideal Modified
BPSK Modulator.
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- S
z(t).= x(t)Cosmct'+'y(t)sinwct (4.3)
or z(t) ='b(t)Cos(mct+¢(t)} - (4.4)
where - . cv
b(e) =/ x%(t) + vo(t) =/ x2(t) + A2 < 2(4)  (4.5)

= A = Constant

~1oy(e) oo -1 /a2 (g

=05 (4.6)

and ¢ (t)

1}
s
W
]

Fd
ot

1
t
o
s ]

—
hL ——

Frop (4.5) and (4.6) it is evident tﬁat z(t) having.a constant
envelope now preserves the full effect of premodulation £il-
tering in its phase function ¢(t). This signal can be trans-
mittéé through a highly nonlinear channel with a minimum
spectral spreading.

An exampié of phase transition of such a MBPSK signal
is Shown in Figure 4.3. For comparison, the phase transition
of a conventional bandlimited BPSK signal is given in the same
‘figure. Note from Figure 4.3 that the phase transitions of

MBPSK signal are now smooth and resemble the filtered data

input.

4.3 Realization of an MBPSK Modulator

Referring to FPigure 4.2, the realization accuracy of
a MBPSK modulator depends on how successfully equation (4.2)
which is a nonlinear function of x{t), can be implemented with

minimum circuit complexity.

T e e —— e £ 2 i e
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Figure 4.3 a) Bandlimited Digital Data ‘
b) Phase Transition of the Conventional BPSK Signal
c) Phase Transition of the Modified BPSK Signal
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One of the easiest methods is the simplification of
(4.2) to a simple realizasle form. Indeed,if the ideal
phase transition path of MBPSK signal,which is shown by &
dotte@ arc in Figure 4.1, is approximated‘to.chord (solid

lines), then (4.2) can be simplified to the following form

[30]:

-~

v(t) = A - [x(t)] (4.7

Now (4.7) can be implemented by a very simple circuit. The

design and analysis of this circuit will bé discussed in the

next chapter.
The block diagram of this MBPSK modulator is shown in

Figure 4.4. The MBPSK signal now can be represented as:
z{t) = x(t) Cosu_t + [A-|x(t) []Sinwct (4.8)

which can be written in the form of

z(t) =.b(t)Cos(wct+ ()7 (4.9)
/
where ya
b(t) = /AZ + 2%2(t) - 23] x (t) | (4.10)
and .
$(t) = tan! M}j—é;ﬂ | (4.11)

The resultant MBPSK signal now exhibits some envelope fluc-
tuations, as shown in (4.10). However, the minimum value of

b(t) is not less than 0.707 of its peak value.

e T T T S
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The predicted waveforms at different points of £his
MBPSK modulator are shown in Figure 4.5. Line a of Figure
4.5 shows the polar input data to the'modulator (block'diaw -
gram of Figure 4.4). Line b is the input signal after
filtering; i.e., the x(t) signal. Line ¢ shows the y(t)
signal created by acircuit which performs A-|{x(t)|. Line a
shpws(thé in~§hasé cﬁannel RF amplitude, which ha§ the 180°
rhase transitions shown in Xine e. -Line f gives the-
quadrature channel RF signal which has the 90° rhase shoﬁ;
in line g. The algebraic sum of lines 4 énd £ is shown in
line h, which is the output of the RF combiner. Note that a ’
smail envelope variation remains, which results from the chord
approximatioﬁ;of the desired arc. Note also that the phase
transitigﬁs;shbwn in line i are now smooth, and résemble the

filtered data.

4.4 Spectral Characteristics of the MBPSK Signal

L The“derivation §f the péwef spectrum density of the modu-
;gted signal z(t) is fairly complex, as evidenced by the
'cérrelation between the signals x(t) and y(t). 1In orderﬁto
have some.insigﬁt into the éhaﬁe of the spectrum, the power
spectra of the baseband signais.x(t) and y(t) ére first cal-
culated. From tﬁese speétra, the_power spectrum of the output

signal z.(t) can be estimated.

= FCTT . ST
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3 The Power Spectral Density of the Baseband Signal x(t)

Assume that the input signal (see Figure 4.4) is random

and is described by

oo (2n-'-l)TS (2n+l)'I‘s
s(t) = I ang(t—nTs) 5 <t< 2 (4.12)
: n=—ow .

where . -
+1 with prob. 1/2 T
a = { : - o

n -1 with prob. 1/2

and g(t) is a rectangular pulse of duration‘Ts. . , !

The power spectrum of this signal is given by [7] :

2
—TEE - (4.13)
mt fS ‘K/\__.\

where Ss(f) is the power spectrum of S(t}, G(£f) is the Fourier

- : ASinmE/£
_ 2,2 _ 2 s
s (£) = 2£_16(H) 7] = = |

transform of "g(t), and fs = % is the signaling £freguency. The
S

power of x(t) is related to Ss(f) by

] _ , 2 . B
S, (£) = [B(£)|“s_(f) (4.14)
o . ASinmwf/f
. _ 2 2 s, 2
s (f) = §; |H(£) | [——5575;——| . (4.15)

where H(f) is the transfer function of the premodulation low-

o

pass filter.

As (4.15) manifests, S, (£) has spectral nulls at the

signaling frequency and its integral multiples.

-




58

-

B) The Power Spectral Density of the Baseband Signal y(t)

Referring to Figure 4.4, the baseband signal for the

Q-channel is given by

1

y(t) = a - ]x.(;:)l - Ixe) ] < AL © (4.16)

Considering (4.12), the signal x(t) cén be expressed as

i
b}
1

\ +e
x(t) = I anr(t—nTs) (4.17)
n=-—« .
where i
. - - .;
r{t) = g(t)*h(t) for 0 <t < - (4.18)

h{t} is the impulse :espgnse‘of the premodulation low-pass

filter, r(t) is the response of this filter to a rectangular
pulsg‘shape g(t), and the symbol * denotes convolution. To :
simpﬁify the calculgéion, it is assumed that the premodulation i

filter rounds off the edges of the pulse shape g(t) to a sine

shape, i.e.,

. Tt
- < Al
Axfln 2aTs for 0 t < a‘I‘s

r(t) =43 ° for aT, < £ < (1-a)T, (4.19)

w(TS-trf\

- ) A Sln.—%ﬁ;—for (1-a) TS < t < TS

(0 < a2 < 1/2)

Then using (4.16), (4.17)'and (4.18), y(t) can be represented

- by -, . ' ’
Py .
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+ S _
y{t) = ¢ yn(t) : (4.20)
n=-w

- Where for the interval (2n—1)Ts/2 < t < (2n+l)Ts/2

-

p(t—nTs) = A-—-[r(t—nTs)| with prob. g

Yn(t) = (4.21)
0 with prob. l-g
and
r . _ -
R 0 for TS/Z < t < aTS
- . Tt
A{l1+Sin EET;)for -aTs <t <0
p(t) = { (4.22)
. Tt ;
A(l-Sin EETEJfor 0 < t < aTS

U for aT_ < t < T$/2

An example of the signal y(t) is shown in Figure 4.6.

The power spectrum of vy (t) can be written as £7]

Sy(8) = 2£,q(1-q) [2(8) |* + ¢?£2 (2(0)125 ()
. | (4.23)
+2q°22 1 |p(mey) |26 (£me )
m=1

where P(f£) is the Fourier tranégsrm of pft) and is given by

- ~4=CO . ) 0 ) .
P(£) = / p(t)e 32" = 7 A(1ssin Tt ) emi2mEeg,
>
ﬂfs
aT . A S
+ f Sa(1l-sin i..“i)e j2mft,, _ 2a
0 aT
s Tt 5 N
v (—3) ¢ - (27 £)

e ke e St et etk i AR

PR NP S -
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. [“—'Taﬁ - 2] (4.24)

Substituting (4.24) into (4.23) gives the power spectrum of

the signal y(t) at point ¢ in Figure 4.4.

y (/* 164 2anf

s Sin

' L A 2 fs
S (£) = {2£ q(1=q) [ CE 7 | 7aE - 2
(—=3z)" - (2mf) £
a R S

+{q®(2aa B2 + s &2 | Lt
‘ m=1 1+ (4am)

2

ISinZawm

2 .
o = 2 { G(ET@fS)} §4.25)

The first bracket in (4.25! indicates the continuous part of -

the spectrum, while the second bracket gives the discrete
part, which consists of spectral lines at zero and integral
multiples- of the signalling frequengy. A plot of (4.25) is

given in Figure 4.7.

C) The Power Spectrg of the MBPSK Signal

The MBPSK signal was given by:

z(t) = x(¥) Coswact + y(t)-Sin2wfct

(I-channel RF Q-channel R¥
signal ) ( signal )

The power spectra of the signal z(t) can be expressed by

R e k ca TSP RN R Y =)
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-y Cross power spectra
Sz(f) = S (f+f ) + S (f+f ) + of I and Q channels (4.26)

The first term in (4.26) denotes the useful energy which
contains the information, and the last two terms indicate
the energy required (much less than S,(f+f ) because of the
low power contribution of the Q-channel) for smoothing the
180° phase transitions of the I- —-channel RF signal.

The overa}l shape of-the output power spectra S (t) is
much the same as the shape of S (f+f )y which is modlfled by
S (f+f )} and the cross power spectra of the I and @ channels.
One drawback of this modification is that the resultant power
spectra Sz(f), ;n addition +o having a continuous part, alsco
‘contains discrete spectral lines at fc and fc + mfs(m igk’ 2,
I I

The spectral line at the carrier frequency f. is due to
the DC component of the y(t) signal.. As indicated in (4.18),
the y(t) signal can have only positive values

during any transition of the x{t) signal; hence, it has a

positive DC average component. The DC component can be removed

by letting the y({t) signal alternate between positive and
negative values during the transitions of the x(t) signal from

positive to negative,and vice-versa, i.e.,

et i
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e

A x(e) 3 in the transition region when A
x(t) changes from positive to .
negative polarity”

y(t) =.J 0 If there is no transitio (4.27)
J in x(t) )

-[A-|x(t) |1  in the transition region when
. x{t) changes from negative to
" positive polarity

In this éase, the DC component of the signal v(t) would be -
zero, and therefore no discrete line would appear at the zero
frequency in Sy(f), as well as at the carrier frequency fc in
S,(£). However, in this case, as indicated in (4.27), the
y(t) signal is a three-level signal, and therefore its power
spectum has a null at the'zero frequency that will slightly
change the shape of the compbsite power spectum Sz(f).

The spectral lines.at fc + mfs(m =1, 2, ...).in Sz(f),
after polérity alternation of the y(t) signal, are still
present. Thé out-of-band spectral lineé_cduld be suppressed
simply by passing the signal Z(t) tﬁrough an appropriate
band-pass filter. The spike at fc + fS might be useful in
linear prdce;sing of £he received signal at the receiver, to

extract timing signals [31].




CHAPTER FIVE

AN EXPERIMENTAL MODIFIED BPSK SYSTEM

5.1 Introduction

This chapter presents the design—;;é evaluation of an
experimental MBPSK/BPSK system. Following the circuit
descriptionlof the experimental system, the measurement
techniques used are briefly described. The evaluation starts
with the spectral characteristics o% the experimental-modu-l
lator. Then the measured power spectral densities of conven-
tiopal BPSK and MBPSK signals, after being passed through a
nonlinear element (hardlimiter), are presented and éompared.

The probability of error performance of the MBPSK system
in an additive White-Gaussian Noise environment is measured.
Performance i§ first evaluated in a linear channel, and then
where the channel is nonlinear (hgrdlimited channel). In

both cases the measured results will be compared with those

of conventional BPSK svstems.

5.2 The MBPSK/BPSK Modulator

The block diagram of an experimental MBPSK modulator,
which is designed to transmit 40 Kb/s of binary data,‘using

a 920 kXHz RF carrier frequency, is shown in Figure 5.1.

The input unipolar NRZ to polar NRZ converter (UP/P CONV),

which alsoc act as a buffer amplifier, was realized by using an

S -‘JQMMM
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operational amplifier with a variable negative voltage input. :
The circuit diagram is shown in Figure 5.2.

The signal from the UP/P CONV. is fed to a low-pass
filter which pr éides spectrum shaping (reduction) by slowing
down the q;fa(gzansitions. A three-pole Butterworth passive
log7pass filted having a corner frequency (3 4B point) of
32&kHz w§§ﬁaésfgﬁ%d. The circuit di?gram of the low-pass
filter followéd by a buffer amplifier (B.A.), along with its
frequency response, is shown in Figure 5.3. ‘

The output of the low-pass filter buffer, x(t), is

‘directed élong two paths; one for'the modul;tionkﬁ'thejn-phase
RF carrier, and thé other to provide the auxiliary signal vy (t)
fof the modulation of the.quadrature RF carrier.

The auxiliary signal y(t) = A - Ix(t) | is easily generated
by means of the circuit diagram of Figure 5.4. In this circuit,
transistors Tl and T2 1(which are selected to be as closely
matched as possible) form a so-called current mirror. That
is, the coilector current of transistor T, is equal to the
_base current of transistor Tl , which in turn is proportional
go the filtered data input voliage, x(t). When the filtered
data input signal is at a maximﬁﬁ positive aﬁblitude, that is .
+A volts, the collector voltage of transistor T. will be

2
approximately zero volts. The output veoltage, y(t), therefore

is approximately zero (transistor T3 acts as an emitter fol-
lower). When the filtered data input signal is zero volts, T

the collector current in transistor TQ will be zero’, hence
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Figure 5.2 Input Buffer and Unipolar to Polar NRZ Converter
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ltS collector voltage will ‘be approxlmately +A volts. When

the amplltude of x(t) signal goes from zero to +A volts, the
i

ocutput voltage y(t) at the emitter of transistor T, will vary

linearly with the input voltage x(t), but inverted in sense and

referenced to the +A volts source. For,négative input vol-

tages the'tranSistor Ty and T, will be in the cut-off mode and

tran51stor 'I‘4 will control the output voltage y(t). When

the 1nput signal amplitude is at -A volts, transistor T4

will be in saturation mode, causing transistor'T3 to go to the

cut~off mode,which corresponds to zero output voltage. When

the amplitude of the input signai is zero volts, transiStbrs

Ty, T, and T, will all be inthe ¢ut-off mode and the output

voltage will be at its maximum value of +A volts.

L al

As an RF generator, an ordinary sine wave generator

(EP 3312 A) was used. The quadrature h&brid circuit used

P
is shown in Figure 5.5.

N

The outputs of the guadrature hkydrid

are taken at the points marked V, and V

1 ¢ The phasess of these

two signélé differ by 90°
The outputs are applied to two double-balanced'mixe%s (Mini
Circuits SRa-1) via buffers which also act as current dr;vers.
- Thé two modulated oﬁtputs are added gsing a 2—way-0°
power combf;;r {Mini Circuits MCL PsC2-1), resulting in a
modified BPSK (MBPSK) ;ignal. ' - - -
The complete circuit diagram énd also the measured wave-
forms aE the different points of the MBPSK modulator are given
in Figure 5.6 and Figure 5.7 respectively.
2 3 ' | & . . s

S

(at the carrier frequency of 920 kHz).

Note that the mode -

.\
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Filtered Binary input signal,
x(t)

Quadrature channel input signal
A -Ix(t)l

Modulated Binary channel
N

V.

Modulated Quad. chamnel

Modified BPSK signal

N

!

. / )

-Pigure 5.7 Measured Waweforms at Dififerent Points of the

Modlfled BPSK Modulator |

-
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select switch S in Figure 5.6, is provided to allow the

change from MBPSK to conventional BPSK modulation. ©

5.3 The Demodulator

The MBPSK signal can be demodulated with a conventional
BPSK demodulator. The block diagram df éhe experimental
BPSK demodulatér ig shown in Figure 5.8.

Theiééceived signal is applied to a bandpass filter
preceded by an RF amplifier. An active bandpass filter having
a 3 dB bandwidth of 80 kHz (BT=2, where B is the bandwidth and
T is the bit duration) was designed. The BT=2 introduced only
-negligible intersymbol interference and it was chosen because
the main purpose of the demodulator design was to coﬁpare the
Pe per'formance of the MBPSK system with that of a conventional BPSK
'syétEm under ideal ponditions of an only—AWGN environment.

. The circuit diagram of the bandpass filter along with its
‘frequency response-is shown in Figure 5.9.

The output of "the bandpass filter is fed to a double
balanced mixer (WJ-MiC) via a buffer acting alsc as a current‘
driver. The other input of the mixer is fed with a coherent
. carrier signal. For'£ést purposes in the laboratory the
cérrier was taken ("hardwired") from the in—ﬁhase carrier of
the modulé;or. This avoids the trouble of carrier recovery

and synchronization.
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Figure 5.8 Block Diagram of the Experimental BPSK Demodulator
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The output of the mixer is then passed througﬁ a low-
pass filter preceded by an amplifier. A fourth-order
Butterworth active low-pass filter having a 3 dB bandwidth
of 40 kHz (twice the required ﬁinimum Nyquist bandwidth)\
is used to recover the raw data. Eg;s bandwidth was chosen

to ensure freedom from the excessive intersymbél—inﬁerference,
with a ;impie unegualized filter. The circuit diagram and
also the frequency characteristic of this. filter are shown

in Figure 5.10. At the output of this filter a bandlimited
approximétion of the original (transmitted) data is obtained.
To clean the bandlimited data ;nd reconstitute‘thé distortion-

free binary data, the signal is then passed through a thres-~

hold comparator which is sampled at the data rate. Since no

sampling clock recovery circuitry was used in the demodulator,

the sampling clock (with an adjustable delay) was taken from

‘the modulator, that is a hard wire clocking approach was

" used. The circuit diagram of the threshold comparator and

the complete circuit diagram of the demodulator are given in

Figure 5.11 and Figure 5.12 respectively.

5.4 Measurement and Test Results

This section describes the measurement techniques used
-~
in evaluating the MBPSK system. The test set-ups are dés~ .

cribed and the measured results are presented and discussed.
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5.4.1 Spectral Characteristics

4

To evaluate the spectral characteristic,which is one

-

of the most important features of the MBPSK modulator, a

laboratory set-up as shown in Figure” 5.13 was arranged. The

HP 3310 A function generator, set at 40 kHz, was'used to clock-

the Hewlett Packard HP 3760 A pseudo—random blnarv sequence
(PRBS) generator. The latter provides a 40 kb/s NRZ data

input to the modulator. Another HP 3310 a functlon generator

-provides the 920 .kHz sinusoidal RF input signal to the modu-

- ——

lator. To measure the power spectral densrty, a Hewlett-
Packard spectrum analyzer with a HP 141 T dlsplay unit and’

a HP 8553 B RF-sectlon plug-ln unit were used..An x—y plotter

was used to record the spectra. i

_—

Figure 5.14 shows\the measured‘poﬁer spectralof the x(t)

and v (t) signals. 'The shapes of the computed and measured
pPower. spectra of the y(t) signal, as shown in Flgures 4 7 and
© 5. l4(a)r,reSpect1vely, are .in a good agreement. The relative
'helghts of the measured spectral lines are 30 dB lower than
those of . the computed ones. This is because the- spectrum
analyzer was set to a .1 kHz IF. bandw1dth thus the displaved
contlnuous spectral power was 10 log 1000 = 30 dB hlgher than
. the computed (1 Hz bandwidth) contlnuous densrty‘ .
. Flgure 5 15 represents the measured bandlimited spectra-

—~—

. of the MBPSK signal (Comp051te Signal S (£)),with that of

- ) J
the\conventlonal BPSK also,shown for,cpmparlson.‘
o

- -
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0
) ' Bit Rate=40kb/s
. s -10
-20
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Figure 5.14 The Measured Power Spectruh of :

a) The Y(t) Signal
b) The X(t) Signal
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Bit Rate 540kb/s'

Figure-5.15 1)

2)

—— g0 —> f [kHz] a

The Measured Power Speétrum of the Conventional
BPSK Signal

The Measured Power Spectrum of the Modified
BPSK Signal, Sz(f) ' '



Afterwards tpe z2(t) signal (MBPSK signai) was passed
tﬁrou%p a nonlinear element; An MClOBS-threshol§ comparas
tor acting as a h;rdlimitkr was used;és a noﬂlinear
eleﬁent. The oﬁéput spectrum of the hardlimiter is shown in

Figure 5.16. For comparison, the output spectra of the hard-

limiter due to unfiltered and filtered conventimnal BPSK

signals are also indicated. As can be Seen, th@'hardlimiter

femoves the effect of filtering on a BPSK signal, but it has
a2 minimal effect on the MBPSK signal.. Figure 5.17 is the

same as Figure 5.16, but with a different frequency scale.(

-

5.4.2 Probability of Error, P;, Performance

For déta t¥ansmission svstems oné of the most important -
criteria of pefformance is the probability of error Re. The
detailed laboratory set-up for the measurement is depicted
in Figure 5.18. The set—ﬁp up to the modulator output is

exactly the same as is described in the previoué section . The

‘linear. channel was simulatéd by an attenuator in the smgnal

path and a linear adder which adds noise. . To simulate a
nonllnear channel, a hardllmlter was added in the signal path
before the attenuator. e resmstlve adder has the resistors
chosen such éhat the inpii and output tgrminals have- 50 ohms‘
impedance. The white noise was generated by a General Radio‘
GR'1383 instrument which has a 20 Hz to 20 MHz banéwidth. '

The composite_signgl (MBPSK or Bésk signal plus noise) was

b b e bt SR
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Figure 5.16

The Measured Qutput Power Spectra of a Hardlimiter
having one of the following Inputs:

1) Unfiltered Conventional BPSK Signal
2) Filtered " : " "
3) Modified BPSK Signal
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Figure 5.17 The Measured Output Power Spectra of a Hardllmlter
having one of the followzng Inputs- @
l) An Unfiltered Conventional BPGK Slgnal
2) A Filtered "
3) A Modified BPSK Sianal
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then applied to tﬁe demodulator input. \The coherent carrier
to.the demodulator was hardwired from the in-phase carrier
of the ;odulator, and also the bit timing signal (clock)
with an adjustable delay was hardﬁired from the-PRBS generator
to the threshold éomparatbr (regenerator). The regenerated
data at the~output of the éemodulatOﬁ?jséme of which are in
error because of the corruption by noise etc.) are fed into
the error detector, HP3761A, 'where they are compared bit by
bit with a copy of the original transmitted data. The
number of disagreements gives an indication of the bit error
rate or probability of error. Throughout the measurements
no path was disconnected, in order to maintain stable impedance
characteristics. |

A true rms voltmeter, EP3403C, was used at the output of
the demodulator'band—pass filter (or the demodulator mixer
input) to measure the modulated carrier (or simply, carrier)
signal: and the noise rms voltage. To measufe the Eérrier
signal, the noise path was attenua%ed by at least 60 4B.
To measure the noise, the carrier was also attenuated by at
least 60 dB. -

The probability of error is affected by the sampling

instant in the regenerator. To experimentally optimize the

Pe’ the clock delay was adjusted so as to sample at the

. . .
centre of the eve diagram observed at the input of the
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-~
-

regenerator, and hence obtain thé best Pe po#sible.
In the following, the measured Pe performances of_the
- experimental BPSK and MBPSK systems are given versus energy
per bit to noise density ratio (Eb/No). iThe Eb/NO enables
~a system comparison which is independent of the system band-
width.
‘Ehe’ES/NO is related to the carrier power-to-noise power

. ratio, C/N by:

_C_BR - |
Eb/No =N B (in dB) (5.1)

where BR is the system symbol rate (in this case, bit rate)
and NB is the noise bandwidth of the demodulator band-pass

—\\\ filter. y - )

NB can be calculated by [32]:

Foo :
NB = TG(%_)TZ ;o6 {2ag (5.2)
c —co

where CG(£) is the frequency characteristic of the band-pass

filter, centered at fc‘Hz. For the experimental system the

calculated noise bandwidth of the demodulator band-pass filter

was 87.07 kHz, and therefore:

_c_ 40 _c;
N, - N~ 10109 gyo7 =+ 3.4 [@B]

? .-
In Figure 5.19 the performance of the experimental MBPSK
iy,

L4

" and the conventional BPSK systems over a linear channel and

e s ~
~— -
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L

in the presence of white Gaussian noise are shown together
with the theoretical perforﬁance.of the conventional BPSK

¢ system. The experimental curve for the conventional BPSK
system (which is used as a reference for comparing the
performance of the experimental MBPSK svstem) lS seen to
differ f/,“Jthe theoretical one by about 3.4 dB. Thls is mainly
due to the use of a post-demodulaticn low-pass filter with
3 dB bandwidth of 40,kHz which is twice the theoretical
minimum bandwidth (minimum bandwidth for 40 kb/s data is
20 kHz).

The performance ef the experimental MBPSK system is
about . 0 € dB off (degraded) from that of the experlmental BPSK
system This is because, for transmlttlng the same information, -
MBPSK modulator refuires additional power for transmitting the
auxiliary y(t) signal (which does not carry any infermation),
as compared to the'eonventional EPSK system.

In a more réalistic MB%SK system, where +the coherent
carrier mest be recovered from the received MBPSX signal,
however, slightly more degradatien should be expected, since
in such a case the transmission of the auxiliary signal y(t)
would presumably_enhance the phase noise in the carrier
recovery loop at the demodulator [33].

Figure 5.20 presentsthe?é performance\of'the experi-
mental MBPSK and BPSK systems over a hafdlimited channel,
and in the presence of White Gaussian Noise. For comparison,

the performance over a linear channel are also indicated.

B Sh e o g 1 om e
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The performance of the hardlimited-BPSK system is seen
. to be degraded by about 0.5 dB as\gompared to the linear...
case.‘ This degradation.coﬁld be due 'to the hardware
limitation and hence non-ideal characteristics of the
—_ hardlimiter used. If the hardlimiter exhibits some AM/PM
nonlinearity, it could cause the eye diagréﬁ of the -
_ _demodulated data to be non-symetrical about the cenﬁer
of the eve and hence degrade the Pe_performance.

" The performance of the hérdlimited MBPSK system, on
the-othér ﬁand, is almost the éamé as in the iinear case
(about 0.15 dB degraded as compared to the MBéSK perfor-
mance in a linear channel). This is because the possible
AM/PM nonlﬁnearity of ha;élimiter in this case has a
ﬁinimal effect on the MBPSK signal (the MQPSK signairhaé a

: ) - »
constant envelope).

K



CHAPTER STIX

Y i il i APk x a

CONCLUSIONAND SUGGESTIONS FOR FUTURE RESEARCH

‘“6.1 Conclusion

Phase-Shift-Keving is the most popular modulation

technique, w1delv emploved ln dlgltal satellite communlcatlon S f

svstems. An 1ntroductlon of some practlcal constraxnts,such

as power, bandw:.dth etc,enabled us to demonstrate th'e spectral
spreadlng problem as:oéxeted withtransmission of a.bandllmlted

PSK signal through channels exhlbltlng“a\nonllnear characte—

‘ristic of AM/AM conversion. s

. Y
The spectral spréading which caules interference into

adjacent channels, is prlmarlly due to the envelope fluctua-

tion of a, bandlimited PSK signal at the input of the non-

linearity.
i As a main objective,and presenting the mutual reletioh-

ship between the phase transition and envelope fluctuation of 3
a bandlimited PSK signal, a novel BPSK modulator, called’

modified BPSX or MBPSK modulator, was 1ntroduced. The MBPSK

modulator, avo;dlng the instantaneous 180° phase transitions

of the conventional BPSK modulator, was shown to produce a

>

virtually constant envelo?e’bandlimited BPSK signal, and&

that the channel nonlinearity (AM/aM conversion) has mirimal
£

/, . effect on the sﬁectral spreading of thie signal.

G

<)
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the conventlonal BPSK szgnal and hence it could be a good

An expression for the power spectrum denSLty of the
MBPSK smgnal was derived, and it was found that MBPSK

modulator lntroduces spectral‘lines at fc ang + mfS

(m=1, 2, ...). The spectral lines at fc +.rf_ might be
useful in linear_processing of the received sighal at the
receiver, to extract timing signals. . )

An eiperimental.MBPSK'system was implemented and the

test results were presented. T\

'o .
The test resulﬁgrshow that the MBESK 51gnal when passed
through a hardllmlter,has a spectrum splatter much lower than
candidate for applications when the channel is nonllnear. ‘ N

Finally, the*’ P performance of the experimental MBPSK

syvstem in "a random Gau551an noise env1ronment was evaluated,.

and compared with that of conventlonal BPSK svstem. Even

though for the same P + the. MBPSK system requires about 0.6 dB

more Eb/N than BPSK system, however, its drastlcally reduced
4

spectral spreading in a nonllnear channel is far superlor

-

than the conventional BPSK system. %

-

6.2 Suggestions for Future Research

X

. @ne of the possible extensions of this work could be

the application of the same modification scheme (as applied

Lo BPSK) to QPSK modulator for generating e'constant envelope
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3

bandlimited QPSK signal. The suggested block diagram of

such a modified QPSK modulator could be as given in Figure

6.1. The output signal can be written as:

(

2(£) = x(t)Cosut * [1-|y(t) [1Sinu_t (6.1)

+ y(t)Sinwct_+,[l—[x(t)[]Coswct

l+x(t) -

or z(t% = b}t)Cos(mct + d(t)) - ‘(6,2)
where ST ) .
be) = [2(x*(8) + y2(0)+1)-2 (|x(t) [+]y()1)1%(6.3)
~and '
_ -l I+y(t) - |v(t)] ,
= tan IXTE) ] (6.4)

¢ (t)

From (6.3), the envelope qf the modified QPSK signal, b(t),

*can be shown +o be virtually constant, that is, the minimum
value of b(%) is not less than 0.707 of its peak valué.

.,"‘k’"- . Y . -
‘However, more investigations on the spectral behaviour,

demodulation brocess, and BER performance of such a mdaiﬁied
QPSK signal are necessary before making aﬂy judgement about

its advantage or disadvantage as compared to an O~QPSK‘signal.

‘o
[o2]
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