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ABSTRACT

A new c¢lass of power and bandwidth efficient transmission

techniques for digital radio communications systems is presented.

~
v

,At first, a new class of Intersymboi—Interference\and Jitter-
Free (IJF) baseband signals having fast spectral roll-cff and low-
out-of-band energf emission is introduced. The generation and de-
tec¢tion of IJF baseband signals are discussed. Their spectral pro-
perties and error probability performanceAare analytically and

experimentally investigated.

These IJF baseband signals are then combined with quadrature-am-
plitude modulation schemes. The resulting medulation techniques
are called IJF-Quadrature-Phase-Shift-Keying (IJF-QPSK) and IJF-
Offset OPSK. The‘power spectral density function of hardfimited
IJF-QPSK and IJF-Offset- QPSK éignals is derived. 'Spéctral pro-
perties and error probability performance of IJF-QPSK and IJF-
Offset QPSK schemes in other nonlinear channels with adjacent~
channel and co—channel interference are studied .using compﬁter
simulation and experimental methods.

7

The carrier recovery (CR) and symbol timing recovery (STR)

aspects and impiementationofeasibility of IJF;QPSK and 1IJF-0Off-

set OPSK modems are also investigated.



Experimental, simulation and theorétical(results are in
agreement. The results indicate that éhe IJQ%Offsgt QPSK mod-
ulation techhique provide less spectrum spreading and' better per-
formance than QPSK, Offset QPSK and MSK in_nFrrow—band nonlinear
channels. Potential applications of IJF-Offset QPSK schemes in

digital radio communications systems are discussed.

- 1i -



RESUME

Une nouvelle classe de techniques de WMMALOH A,'appu'quan,t aux
communications numéniques par sysidme hertzien ost prisentée. Ces techniques
se carnactinisent pcifl. une bonne efficacité spectrale a,én/_si- que de bonnes
pesformance en terme de probabllité d'emnewr.

Tout d'abonrd, une nouvelle classe de gdignaux en bando_ de base caracténisée
par £'absence d'interfinence entre symholes et de gigue -(en anglais appelés
"Intensymbol- Tnterfenence and litter-Free [IJF)")- est intrnoduite. " Du point de
vue spectral, ces sdgnaux prssentent une forte décrodissance asympiotique ainsdi
vqu'une {aible enengie rayonnée en dehons de fa bande utile. La génénation el
fa ditection de ces signaux sont Etudides. Leur propri e4és spectrales et
jpesfohmances en terme de probabilité d'erreun sont obtanuuﬁd La fois analyti-
quement et expérimentalement. . | | |

Ensuite, ces ségnaux en bande de base servent @ definin de nouvelles tech~
niques de moduf.at:.on avece deux ponteuses en quadrature appe,é’_eu 1JF-Quadnature
Phase Shift Keying (1JF-QPSK) -et 1JF-0fgset QPSK.

L' expression analytique de fa densitl spectrale de puissance des sig-
naux 1IF-0PSK et TIF-0§Bet QPSK est obtenue aprds passage de ceux-ci dans un
Limitewn dur. Les propii@tis spectrnales et perfommances en terme de pro-
babilité d'enreun sont e’,tuciiéu exparimentalement et par simulation sur
ondinateur, pour d'autnes fypes de canaux nonefinéa,ULeA sujets aux Lmﬁg}z-
fenences des aaﬁadx adjacents ou en pofarisation croisée.

. Les nécupénations de ponteuse ef de friqlence nythme sont egalement

_examinges, almsd que La faisabilité des modems IJF-GPSK et TJF-0ffsef-QPSK.

- iii - -)
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Les nesuliats Ihéo}i,équel, experimentaux’ et de Aimu;Eaféo’n sont en bon '
accond. Ces wssubtats montrent que £a modulation 9JF-055M,¢‘QPSK donne

Rieu & un Etalement de spectre plus daible ot meifleunes perfonmances

que Les modulations QPSK, Of4set-QPSK et MSK poun des canaux non-Lingaires &

bande étroite. * Les applications pommeﬂla_fs aux communications numériques

A
\

AN

par systéie hentzien sont ginalement discutées.
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. ’ .. CHAPTER ONE: .
INTRODUCTION

-

The.neegﬁgeg/ﬁower and bandwidth efficient modu}atfon schemes
has led to ;he extensive use of phase-shift keying (PSK) in digit-
al transmission systems. Since power~spectra'of'PSK signals ex-
hibit gidelobes that may interfere with adjacent chanAels, a cer-
tain amount of.filtering is necessarv.at the transmitter. However,
this filtering may result in a great amount of.ggyelope fluctua-
tion in the signal, which leads to a considérable out-of-band
spectral regeneration due to the AM/AM and AM/PM nonlinear effects -

of the transmit high  power amplifiers (HPA).

Ag a precaution against spectral regeneration, -the transmit HPA
may have to opérate belcow saturation in an approximately linear
region. This incurs the penalty that an HPA designed for 4greater
power output would have to be used, witﬁ the consequent technolo-
gical and economic¢ problems. Post-HPA filtering, to contrecl
spectral regrowth, may be impractical ét.high radio frequency-to-
bit rate ratios due to the high selectivity requirements (e.g.

6 GHz to 64 kb/s). It also may not be used when there.is a fre-
gquency agility reéwirement, which is of particular interest in a
number of ;pplications. One of the solutions to this problem is
the use of combined pulse shaping/modulétion sehemes to provide

transmitted RF signals having low spectral regrowth in nonlinear
»



channels.
In this thesis we introduce and 1nvestigage a new class ;E{N\\\\;*ﬂ*a
power and bandwidth efficient transmission techniques for digital

unications systems.

1.1y -THESES OUTLINE

Following this introductory chapter, in Chapter 2, a litera-
ture survey of digital quadratﬁre phase modulation techniques is
presented in historical érogressién from the widely known Quadra-
ture-Phase-Shift-Keying (QPSK), Offset-QPSK (OQPSK), and Minimum-
Shift Kéying (MSK), to recently developed digital modulation
schemes. This surQey shows that new discoveries using combined
pulse shaping/modulation teéhniques could lead to imp;0vements in

power and bandwidth efficiencies of communications systems.,

in Chapter 3, we introduce a new class of Intérsymbél—InEEr—
ference and Jitter Free (IJF) baseband signals having fast spectral
roll-off and low ocut-of-band energy emission. Its spectfal pfo—
perties and error probability (Pe) pa;%ormance in én additive
white gaussian-noise (AWGN) environment ére'analytically examined.

This new class of power and bandwidth efficient IJF baseband
signals is combined with quadrature phase modulation schemes. The
resulting modulation techniques are called IJF-QPSK and IJF-0ffset

QPSK.




~J 7
3 -3 - .

4 .
The spectral properéies of IJF-QPSK and %JF—Offset QPSK sig-

nals in linear and nonlinear channels are studied in Chapter 4.

We derive the power spectfal density (PSD) function of harndlimited
IJF-QPSK and IJF-Offset QPSK signals usin .a 16-state Markov chain
model. The effects of thé time offset between inphase and guadra-
tu¥e baseband components on, the spectral regrowth are presented. w
Spectral properf:ies of IJF-QPSK and IJF-Offset QPSK sirgnals in
other nonlinear‘channels are also investigated and compared to

those of QPSK, OQPSK-and MSK signals.

Chapter 5 presentg'the studies of Pe performance of IJF-
QPSK and IJF-Offset QPSK modems (modulator/demodulator) in‘linear
and nonlihear channels. Effects of co-channel and adjacent-
channel interference on the Pe perfdrmance of IJF-QPSK and IJF-
Offset QPSK modems.are investigated. .The perfo;ménce of these
modems in illustrative Single—Channel—Pe;—Carrier (SCPC),.Time—
Division-Multiple-Access (TDMA) and On-Board regenerative systems
is evaluated and Eomparéd to thaf of QPSK, Offset~QPSK and MSK

modems .

Synchronization aspects of IJFP-QPSK and IJF-0QPSK demodula-
tors are presented in Chapter 6. Pattern-noise in carrier and
symbol timing recovery .loops is analytically studied. Effects
of st@tic phase and timing error in recovergd carrier and symbol

timing signals are also investigated. -



y———,

&
In Chapter 7, some modified schemes are introduced to further
improve the spectral properties of IJF~quadrature modulated sig-

nals. Spectral properties and Pe performance of these modified

scheme are presented.

Chapter 8 contains final conclusions and suggestions for

-

future regearch.

Appendix includes the listings and descriptions of simulation routines,

1.2 RESEARCH CONTRIBUTIONS

The major contributions of our research include the introduc-
tion of a new class of powér and bandwidth efficient transmission
techniques for digital radio communications systems. Some specific

contributions are summarized bhelow:

* Introduction of a new class of Intersymbol-Interference and
Jitter Free (IJF) basehand signals which have low out-of-

Fand eneragv and fast spectral roll-off.

* Investigation of the error probability performance of
IJF baseband signals in an AWGN environment with trans-
versal, decision-feedback and raised-cosine-type"

receivers.

* Introduction of new non-c¢onstant—-envelope Quadrature

modulation schemes, named IJF—QPéK and IJF-Offset QPSK,



which use these IJF baseband signals.

Investigation of the spectral pfoperties of IJF-OPSK and

IJF-0NPSK signals in hardlimited and other nonlinear channels.

Investigation of the error prcbability performance of
IJF-QPSK and IJF-Offset QPSK modems in a complex inter-

ference environment.

Investigation of the carrier and symbol timing recovery
aspects of IJF-QPSK and IJF-Offset QPSK democdulators, and

introduction of a fast symbol timing recovery (STR} scheme.

Investigation of the implementation feasibility, and
potential applications of IJF-QPSK and IJF-0ffset QPSK

modems in digital radio communications systems.



CHAPTER TWO!

A LITERATURE REVIEW OF
DIGITAL QUADRATURE PHASE MODULATION TECHNIQUES

SUMMARY :
The aim of this chapfen Ls to review majon contributicens
that have been published in the éieﬂd 0§ power and bandwidih

efficient modulation fechniques related to our research topdic.

This Litenatfune review L4 presented in historndical proghes-
sion from the widely hnown QPSK, 044se£-0PSK and MSK modulatdion
Achemeé;-zo the recently developed digital modulation Achemes.
This histonical review gives us some insight into undenstanding
the evolution of powei and bandwidth efficient modubation schemes
applied to nonlinean chan#aﬂé, and, 6untﬁékmone, the motivation,
nesults, inadequacies, and incomplefencss of the earlien work,
With this ovenview, we are able Lo fjustify the needs and objec-
tives of oun {nvesiigation of a new class of powen and band-
width efficient thansmission techniques fon digital nadic com-

muntcatficons systems.



2.1 QPSK, OFFSET-QPSK, AND MSK MODULATION SCHEMES

Quatrature-Phase-Shift-Keying (QPSK), Offset-QPSK, and
Minimum-Shift-Keying (MSK) modulation techniques are among the
most widely used techniques in digital radio communications

systems, and particularly. in digital satellite systems.

The spectral properties and erfor probability performance
of these modulation schemes, in both linear and nonlinear chan-
nels, have been investigated in considerable depth by many
aﬁthors [1-23]. The most important properties of these modula-
tion schemes are summarized in thé following paragraphs, with
the ehphaéis on parameters which yield the difference in spec-
tral spreading caused by nonlinear amplificatidn of the QPSK,
OQPSK and MSK signals. With the comprehension of the effects
of these parameters on the spectral spreading, we are able to
u;derstand the motivation in searching for other power and band-
width efficient modulation technigues, as applied to nonlinear

channels.

QPSK is frecuently used because of its bandwidth efficiency,
low Eb/No requirement for good error probability performance,
and relatively simple hardware design. Since the power spectrum
of a QPSK signal exhibits sidelobes‘that may interfere with ad-
jacent channels, a certain amount of filtering is necessary at
the transmitter. However, this filtering leads to a great amount

of signal envelope fluctuation and hence a considerable spectral
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spreading due to the AM/AM and AM/PM nonlinear effects of the
trqnsmit high-power amplifiér {HPA) . B
>
Offset~-QPSK (OQPSK), also known as Staggered-QPSR_(SQPSK),

was shown to retain relativél; low spectral sidelobes after
undergoing nonlinear amgﬁjicatkm'kZL Thé main differénce between
conventional and offset—QPEK~échehes,is in thé.alignﬁent of
the in-phase and quadrature paéegand COmbOnentg of tﬁe modulated
signals. This difference in time alignment in the baseband com-
pcnents does not.change the power spectral.génsi£y‘of the modu-

lated signal and hence inlinear channel both QPSK aﬁd'OQPSK
spectra have the same shape. Hpﬁéver, ghe two modulated siénals
respond differentiy when they undérgo bandlimiting and then non-
linear amplificétion. Because _of the coincident};lignment of
the two baseband components in QPSK modulation, an instantaneous
phase transition of 180° can take place, hencg”the bandlimited
QPSK signal exhibits 100% envelope fluctuationl InLOffset—QPSK,
the two baseband signals cannot change their states simultaneous-
ly. One of the baseband signals has data transitions in the
middle of the symbol interval of the other baseband signal,
eliminating the possibility of instantaneocus phasé transitions
of 180°. Thus, the bandlimited 0Offset-QPSK %ignal has a much
smaller eﬁvelope fluctuation than the QPSK signal. Consequent-
ly, the absence of fast phase transitions (180°) and hence of
the high frequency content means that nonlinear amplification

will not fully regenerate the high frequency components original-

ly removed by the bandlimiting filter.
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‘spectral advantages possessed by Offset-0QPSK stem mainly
from the fact that Offset-QPSK avoids the large phase transi-
tions of 180° associated with the QPSK format. This suggests
that further suppression of spectral spreading in bandlimited-
nonlinear applications can be obtained, if the Offset—QPSk
.signal format can be modified to avoid step phase transitions
altogether. This can be thought of as an obvious motivation
for designing constant-envelope modulation schemes with con-
tinuous phase. Minimum—SHift—Keying (MSK) introduced by Doelz

and Heald [4], is one such scheme.

Minimum-Shift-Keying (MSK) is considered as a form of Off-
set-QPSK in which the éymbol pulse shape is a half-cycle sinu-
soid rather than the usual rectangular form ([5]. It can also
be viewed as a special case of continuous-phase-frequency-shift
'keying (CPFSK) [6,%] wifh the fréquency deviétion ratio equal
to 0.5. In this view, it is also known as Fast-FSK (FFSK} be-
cause it can transmit faster pulse trains than any other ordin-
ary FSK orx binary Psﬁ (BPSK) of equal bandwidth and signal-to-
noise ?atio [8]. Owing to its constant envelope and continuous
phaselnature an unfiltered MSK signal, when nonlinearly ampli-
fied, suffers no significant spectral spreading in the band-
width of interest, and provides faster spectral roll-off and
lower high-order spectral si@elobes than the filtered OQPSK -
signal.. However, its spectral main-lobe is 50% wider than that

of unfiltered QPSK, and Offset-QPSK signals [5]. Therefore,
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N
it causes some difficulties to determine whether or not the MSK

scheme provides better power and bandwidth efficiencies than
the QPSK and Offset-QPSK schemes. Attempting to answer this
question, many authors [3,5,10-23] have investigated the spectral
spreading and error probability performance of QPSK, Offset—-QPSK
and MSK.systems in various nonlinear channel models including
adjacent—cﬁannel interference effects. Most of.these investi-
gations have been performed with the aid of compufer simulations.
The comparative results are ﬁsually expressed in terms of Eb/No
requirements for given error probability performance and "channel
spacings. These results also depend on the parameters used in
the simulation models, such as the transmit and receive channel
filters, and nonlinear devices. In general, it has been demon-
strated that MSK provides better performance for wide channel-
spacings and worse performance for narrow channel-spacings, re-
lative toc QPSK and OQPSK.
. o

So far it has been shown that the baseband pulse shape,
phase transition and envelope fluctuation of a modulated signal
are the most important parameters which affect the spectral
properties of the modulated, filtered and amplified signals.
For this reason, efforfs have peen expended to search for dif-
ferent pulse shapes, phase transition and envelope fluctuation
characteristics which yield power and bandwidth efficient modu-
lation techniques. Based on envelope fluctuation, these mocdula-
tion techniques are classified in two categories: constant-enve-

lope and non-constant-envelope modulation technigues.

-
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2.2 CONSTANT-ENVELOPE MODULATION TECHNIQUES

In recent years, several authors have studied and intro-
duced techniques to generate an entire class of constant-enve-
lope MSK~type modulated carriers whose spectral properties are
more desirable in somes applications than those of MSK or QOffset-
QPSK. These studies are classified in two main categories:
one considefs MSK as a special case of Offsét—QPSK,(section
2.2.li and the other as a special form' of Continuous Phase

Freguency Shift Keying (CPFSK) (Section 2.2.2).

2.2.1 Constant Envelope Quadrature Amplitﬁde

Modulation Schemes

From the view of a special case of 0Offset-QPSK, the MSR—Q
type modulated carrier can be decomposed into two antipodal
pulse streams, 'modulating respectively the in-phase and quadra-
ture carrier components as illustrated in Fig. 2.1l. The modula-

ted carrier is given by

y(£) = x (t) COSth+xQ(t—TS/2)sinmc£ (2.1)
where
4w
XI(t) = ni_inP(t—nTS)
+
xQ(t) = 3 bmp(t—m’I‘s)

m= =
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modulated signal
v(t)

S/P: Senial-to-Parallfel Conventen
Tb: bit intenvat, Tb=TA/2
Té: symbol intenval
Pulse
Shaper
{a_}
n
o p(t)
Data S/P
‘Pulse
Shaper
(bm}
—anm—ef p (L)
Fig. 2.1: BLOCK DIAGRAM OF A QUADRATURE

AMPLITUDE MODULATOR
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are the in-phase and gquadrature pulse streams respectively,

&

a /b =% 1 with probability of 1/2

p(t) 1is a single-interval pulse, i.e.

p(t) = 0 for |t|>TS/2, and

Ts is the symbol interval

The constant-envelope property of the modulated carrier is

retained if p(t) satisfies the following constraints [28]
p{t) = p(-t) (2.2a)
p2(t) + p (T /2-¢) = 1 (2. 2b)

for Oilt|iTS/4

For the well-known MSK modulated carrier, the pulse p(t)

is
{cos %E, lt]<T_/2
{ S S
p{t) = {
{
{0, |t|>TS/2
The power épectrum of the MSK-type modulated carrier has
the same shape as that of the pulse p{t) [24-25]. Thus the

spectral properties of the MSK-type modulated signal can be
improved by using bandwidth-efficient pulse shapes p(t). With
this purpose in mind, a number of authors [26-31], to name only

some of the contributors, have proposed different pulse shapes,
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p{t), to improve the spectral properties of the modulated signal
“y(t) in retaining its envelope constanoy (i.e. satisfying -

Eqs. 2.2a and b). .

Aamoroso [26) proposed a class of pulse shapes represented

by

nt 41k

cos [T; - Usin _f;]’ ltl<T_/2

{
{

plt) = E (2.3)
{ _

0, lt,>T /2

where U is constant in the range (0,1/2). Note that for U=0

the MSK signal‘is obtained.

The resulting modulation techniques is called Sinusoidal
Frequency-Shift-Keying (SFSK) by-the fact that the modulator
can be synthesized by applying a keyed sinewave to a linear in-
tegrator followed by a linear freqguency modulator (i.e. CPFSK

modulator structure as shown in Fig. 2.2).

Following ip the same path, Simon [27] derived a set of
conditions on the input pulge shapes, and derived the general
power spectral density of these pulse shapes. ' Rabzel and
Pasupathy [28] and Bazin [29] presented classes of pulse shapes
having sharp spectral rol%fSTE by applying the properties of pulse
with many continuous derivatives, i.e. searching for pulse shapes

p{t) which
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(i) satisfy Egs. (2.2a and b), i.e., the constant-envelope
conditions
and (ii) have N continuous derivatives.
| ‘ R
It is noted this aéproﬁch is bésed on the following well;known
theorem [52]1: "If p{(t) has N continuous derivatives, then its

- (N+2)
Fourier tr¥nsform P(f) decays assymptotically as | £]

and its power spectrum [P(f')|2 as |f|—2(N+2)u_

q

Boutin et af [30] and Deshpande and Wittke [31] presented
classes of pulse shapes which attain a low out-of-band power
fraction, using prolate spheroidal wave functions, i.e. search-

ing for pulse shapes p(t) which

(i) satisfy Egs. (2.2a and b)
E
and (ii} have maximum in—band—té\ﬁotal energy ratio «r= B
. 7 T
where the in-band energy is é%g&
+B
E,6 = J |P(f)izdf
B r
-B

the total energy 1is

+TS/2
E. = |p(t)

|2
T
-Ts/2

dt

P(f) is the Fourier transform of p{(t) and [-B, +B]

is a chosen bandwidth.

The results of the studies mentioned above [26-31], indicate

that the spectra of the obtained constant-envelope
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MSK-type signals have lower side-lobes but wider main-lobes than
that of QPSK {or OffseﬁiQPSK) signals: thelséectral side-lobes
 of these constant—en;elope ﬁodulated signals are further reduced
relative to those of the 'MSK signél, but their spectfal main-
lobes are still similar to that of the MSK signal (i.e., in the
range of 1.5 X the symbol rate): Hence they are not attractivé
in narrow channel—épaqing systems (i;e. systems in which the
difference of théfcenter frequencieé of adjacent channels is

smaller than the bit rate freguency).

2.2.2 CPFSK Modulation Schemes

&
Figure 2.2 shows the block diagram of a binary Continuous-
Phase-Frequency-Shift -Keying. (CPFSK) modulator. . The binary

CPFSK signal can be expressed as [32,33].
y(t) = cos(uw_t + ¥ (t}) ' (2.4)

The phase 1 (t) ‘is

p(t) = ) 2ﬂhici J g(x—lTb)dx

ji=—e

<)

-0

where ¢y is the ith bit,

e

+1 with equal probability of lkZ.

C.
1

hi is the modulation index during the ith hit interval
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veo: Voﬂiagé Contholled O0scillaton

d

Data Frequency
_.toamsmnon —’tg (t) Modulated
(e ENCODER Carrier
i
(Modulation index)
’ Fig. 2.2: BLOCK DIAGRAM OF A CPFSK MODULATOR
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. cL . _ 1
Tb is the bit interval i.e. Tb = 2T , anad

g(t) 1is the'baseband pulse shape. {\\

The amplituae of g(t) is chosen so that the maximum phase
change over the ith bit interval is cihin radians. To ob-
tain a CPFSK modulated carrier, thg.phase p{t) should be a
continuous function of time t, which imblies that the base-

band pulse shape g(t) should not contain any impulses.

Efforts have been recently expended to search for various
baseband pulse shapes g{t), modulation index hi' and cor-
relation between symbols [32-43) to improve the system perfor-

mance. CPFSK systems can be classified in the following manner:

(a) Full-Response CPFSK Systems

Full-Response CPFSK systems are those with 'the baseband
pulses g{t) limited within one bit interval Tb'

(1) Linear-Phase, Constant-h: In this case the base-

band pulse shape g(t) is a single-interval rectangular pulse

defined agu/~\\—//

{
gl(t) = E
{
{
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\
'The well-known MSK scheme can be considered as a special
case of the linear-phase full-response CPFSK scheme with the

modulation index h=0.5,

{ii) Linear Phase,’Multi—h: The error probability
performance or spectral properties of the above systems-can be ®
further improved by considering schemes with different mpdula—
tion index hi for each symbol interval. In [34-35] schemes
with a set of c;clic values of the modulatioq index hi’ used
in the modulator were considered.

(iii) Smooth Baseband Pulse Shape g(t): Ancther

K

methodlof improving the power spectra of the linear phase
system is to use continuous baseband pulse shabes g(t), or
better still pulse shapes with one or more continuous deriva-
tives. Only constant-h schemes have been considered with

: - .

smooth pulses. SFSK modulatiép scheme [26] is an example of

this type with g(t) having one continuous derivative.

- <
Spectral properties of Full-Response CPFSK signals can bhe

summarized as follows. As the baseband pulse g¢g(t) is smoother
(i.e. has a higher  number of continuous derivatives) the power
spectrum of the Full-Response CPFSK signal rolls off faster and

its mainlobe becomes wider. A higher average ' modulation index,

h, gives wider spectral mainlobe. The spectral main-lobes of these
Full-Response CPFSK signals are still wider than that of QPSK (or
Offset~QPSK) signal. For this ieason, the\Full~Response CPFSK

\~
signals are not attractive in systems which fgguire a narrow

~

«
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adjacent channel spacing.

Bounds on the error probdbility performahce.of Full-Response
CPFSK s&stems in linear channels have been computed in these
studies G%igg ﬁheir Fuclidean distance properties [32,36]. It
has been shown that these systems with h=0.5 have the same
error performance as MSK and QPSK. However, the performance‘of

these systems in a nonlinear multi-channel environment has not

been documented in the readily available literature.

(b) Partial-Response CPFSK Systems

Partial-Response CPFSK systems are those with the baseband
pulses g(t) wider than one bit.interval Tb' Only constant-h
schemes have been considered for partial-response CPFSK systems'
(33,39,41-43,91]. |

<P

(i) Linear Phase: Partiél—Response CPFSK systems with

linear phase were considered in [41-42]). For these systems the

baseband pulses g(t) are piecewise constant, providing piece-
wise linear phase trajectories.

(ii) Smooth Pulses: Partial-Response CPFSK schemes

based on smooth multiple-interval baseband pulses g{t) have
been considered in [39,41-43]. The Tamed-Frequency Modulation

N
(TFM) , introduced by deJager and Dekker [39],
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can be considered as a case of Partial-Response CPFSK with a
smoothed pglse.shape g(t).
m .

In principle, the power spectrum-of thé TFM signal is
improved by correlating the phase shifts so that the bhase shift
over a bit interval is a function of one or more previous bits
and the present bit. In other words the ¥WFM scheme makes use of
the correlative level coding technigues [51] in the phase shifts
of the modulated signal. Rhodes [43] extended this technique
to a scheme called Frequency—Shift—Offset-Quadrature’kFSOO) nodu-
}ationi Mulwijk [41] generalized further this correlative en-
coded FM technique to a class of Correlative Phase Shift Keying

(CORPSX) modulation techniques.

-

N\
With smeoth, multiple-interval baseband pulses, g(t),

Partial-Response CPFSK modulation schemes provide power spectra
haviﬁg both narroq\main—lobes and fast roll-off. For g(t)
_occupying more than 4-bit intervals, the spectral main-lobes

of the corresponding CPFSK signals are compatible with that of
QPSK and their spectral roll-off is steeper. However, to ob-
tain the best error probability performance signal detectors must
be coherent. Reference signals (i.e. carrier and clock) must
then be generated in the receiver. For éPFSK modulation tech-
niques, the extraction of these reference signals is rather com-
pliéated in most cases. Furthermore, phase variations are small

due to multi-level correlation, demanding careful carrier and

clock synchronization. In summary, the cost of the spectral

L Am
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improvement of CPFSK schemes increases the system complexity
and synchronization problems.

o

2.3 - NON-CONSTANT ENVELOPE PSK-TYPE MODULATION TECHNIQUES

A constaht—envelope modqlated cafrier would no£ undergo
major spectral spreading effects caused by nonlinear amplifica-
tion. For this reason, efforts have been expended in the search
for constant-envelope bandwidth-efficient modulation techniques
as presented in Section 2.2. Alternately, non-constant envelope
bandwidth-efficient modul&tion techniques can be attractive in

nonlinear channel applications if -they can provide low spectral

spreading caused by nonlinear amplification.

Prabhu [46] proposed bandwidth-efficient PSK~type méﬁulation
schemes with overlapping baseband pulses. The modulator block
diagram fcr‘this type of modulation is similar to that shown in
Fig. 2.1 but the baseband pulée p{t} is now wider than one
symbol interval. For equiprobable binary data the power spec-
trum of the moduiated signal has the same shape as that of the
overlapping basebandlpulsé p(t) [24-25]. Hence the spectral
advantages are qbtained by the fact that overlapping baseband

pulses have a better bandwidth efficiency than non-overlapping

pulses of the same form [45].

As an extension of Prabhu's work, Austin and CQ?ng [47]

studied furthermore the spectrél>properties and error probability
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performance of the Quadrature Overlapped Raised-Cosine (QORC)

and Staggered QORC (SQORC) schemeg in linear and nonlinear

single-channel environment.

The block diagram of the SQORC

modulator is similar to that shown in Fig. 2.1 with the double

interval raised-cosine pulse

where TS

The results of

{ % (1+cos %E), |tliTS ¢
? : |
{ \ ~
{o, |tl>T
s

is the symbol interval.

(better) spectral spreading,

plifier

(HPA) than OQPSK and

Amoroso [48] presented’a

interval pulses p{t) which

schemes.

p(t)

It is expressed as

{sin(nt/TS) n

B

{ .
{0, otherwise

[47] show

that the SQORC scheme has lower

\

due to a saturated high-power am-

MSK schemes. &

class of "quasi-bandlimited" dogble—

.

can be used in PSK-type modulation

T _<t<T
§— —'s8

These pulses approach band limitation with increasing n because

the truncated energy outside

[*Ts, +TS] ig a rapidly decreasing
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function of n. _This can be seen by noting that the unlimited

sin nt/TS

pulse Tt—/T—s_

with -—w<t<+w is strictly bandlimited [24].

@

”»

Amoroso also proposed a method of generating a constant-
envelope modulated carrier by introducing an ideal hardlimiter
after the modulator [48). This ideal hardlimiter removes the
carrier envelope fluctuations but also introduces impairments

due to siggdi distortions.

In the studies mentioned above [46-48]1, it has been shown
that pulse-overlapping PSK-type signals providé low spectral
spreading caused by nonlinear amplification. They have spectral
main-lobes compatible to that of QPSK and fastef spect;al roll-

off.
2.4 SUMMARY

So far, major contributions in the field of digital modula-
tion technigues, most pertinent to our research topic, have been
feviewed . Baseband pulse shapes, phase transitions and envelope
fluctuations are among the major parameters which affects the

power spectra of modulated signals in nonlinear channels.
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Based on the fact that a constant-envelope modulatéd signal un-
dergoes no significant spectral regeneration caused by nonlinear
amplification, many authors have proposed different baseband
pulse shapes, and smooth phase transitions to improve the spect-
ral properties of constant-envelope modulated signals. The re-
sults of these studies show that significant spectral improvements
are only obtained when baseband pulses éccupy more than 4 bit
intervals. The cost of the spectral improvement of these con- ,
stant-envelope modulation schemes increases the syétem complexity
and synchronization problems. On the other hand, some authors
have also studied non-constant-envelope modulation schemes which
yield less spectral regeneration than QPSK, OQPSK and MSK in

nonlinqeg‘channels.

In these studies the spectral properties and/or error pro-
bability performance in a single-channel environment were inves-
tigated. However, the error probability performance in a com-
plex interference (e.g. adjacent-channel, co-channel interfer-
ence) environment, synchronization aspects and hardware feasi-
bility of proposed modilation schemes have not beeﬁ studied in

detail.

k]
In the following chapters, we introduce and study the pro-
perties of a new class of power and bandwidth efficient trans-
mission techniques for digital radio communications systems.

Our studies include the spectral properties, error probability



- 26 -

perfermance in a complex interference environment, carrier and
symbol timing recovery aspects, hardware feasibility, and poten-

tial applications of the proposed class of digital transmission

techniques.

W
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CHAPTER THREE

A CLASS OF POWER AND BANDWIDTH EFFICIENT
INTERSYMBOL-INTERFERENCE AND JITTER-FREE (1JF)
BASEBAND SIGNALS

SUMMARY :

In this chapter, a new cbass of power and bandwidth efficient Tniersym-
bol-Tnterference and Jittern-Free (1JF) baseband signals is introduced an&
studied. These signats can be genenated by a generalized Nonlinean Switch-
ing Filten [NLSF) . .

The powen Apectn;h density (PSD) funcition of baseband signals generated
by a genenalized NLSF is derived using a 4-siate Markov chain model. 1% A
shown that this PSD function can be expressed in tewms of the Founlen trans-
gonm 0§ a double-interval even pufse when the baseband signals satisfy the
Tntensymbol-Intenfenence and Jitter Free {1JF) conditions. These results
stimulate the seanch of pulse shapes which yield 1JF baseband signals having
steep spectral noll-off and Low out-of-band enengy emission. A new class of

such signals and theirn spectral properties are descnibed in this chapfer.

The erron probability (PQ] perfornmance of 1JF baseband signals in an
additive white gaussian noise [AWGN) envinonment {8 analytically evaluated.
Linean transversal, decision-geedback, and raised-cosdine-type recelvens are

{nvestigated.
-

Experiments are also penformed to ver (fy the analytical nesulls.
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3.1 PROPERTIES OF ISI AND JITTER-FREE (IJF) SIGNALS

3.1.1. Spectral Analysis of Generalized NLSF Signals Using a

Markcv Chain Model

The Non-Linear-Switching-Filter (NLSF) shown in Fig. 3.la was
introduced by Feher [54] to generate a bandwidth efficient base-
band signal. Hardware {mplementation of this NLSF was reported

in [49,50,54,71,89].

As an extension of the NLSF concept, consider a generafized

NLSF shown in Fig. 3.1b.
The input to the generalized NLSF is a Non—-Return-to-Zero
(NRZ) signal

4o
x(t) = ] xng(t—nTS) ) (3.1)

=—a0

where TS is the symbol interval,

.{ 1 for lt-nTs|<Ts/2
g(t-nT ) = {
{ 0 elsewhere
and
X, = +A or -A with probability of 1/2

The generalized NLSF output signal is represented by
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S1,S2,53,84: Analog switches to select SINE, COSINE, DC+,
and DC~ respectively

NRZ 5 | |oGic

ATA IN
: swe (O)—2

+ FILTERED
Dc+(:> 3k SIGNAL

o011 10001 0I0O1L!Q

O nliinin -
NRZ EREEE! DATA IN )

= I 1] ’ I [ ] I I
FILTERED /f\\_J[ \ "/\U[\Uﬂ\ SIGNAL OUT

Fig. 3.la: BLOCK DIAGRAM OF A NONLINEAR SWITCHING
FILTER -
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t "= t-nT
. n s

Sl(tn 1
2 1
s. (t
2'n \ OUTPUT SIGNAL
i :
3 )
—o0 |
s3(tn) i
P! -
s, (t,) \ x < SWITCH
: n-1 n | POSITION
A A 1
SWITCH A |-A 2 .
POSITION
CONTROL -A A 3
LOGIC :
A |-a 4

INPUT SIGNAL
{NRZ)

Fig. 3.1b: BLOCK DIAGRAM OF A GENERALIZED
NONLINEAR SWITCHING FILTER

P
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+oo _ _ _
y(t) = ] y,(t) ' (3.2a) -
n= <o
N
where
3 : O\ % sl(t—?is) = se(t—nTS), 1f. xn_l=xn=+A
Esz(t—nTS) = -se(t-nTs), if X, 15X -A {3.2b)
y (£) = - = - i =— =
n :£53(t nTs) so(t nTS), if .xn—l_ A, X +A
{54(t;nTs) = Aso(t-nTs), if xn_l=+A, xn=—A
and K

f
~o

se(t) and so(t) are single-interval pulses of duration

T_, i.e.
- s (t) = |
5 (t) s, (1) 0 for |t,>TS/2

.Figuré 3.2 shows an illustrative measured eye diagram and
the corresponding power spectrum of a waveform processed by a
NLSF.
& Every Ts seconds, the NLSF outputs an elementary signal
¥nf£) from the‘set of 4 basic signals {sl(t—nTS), sz(t—nTs),
" SB(t_nTs)' 54(t—nTs)}, determined by £he previous elementary
- signal yn_l(t) and present input X, Therefore, the NLSF can
be statfstically representéd by a 4-stqte»Markdv chain as sho@n
in Fig. 3.3. The encoded signal vy(t) is characterized by the

-
set of stationary probabilities:

{pi, i=1,2,3,4} ¥
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‘1‘.,'\7 N

AREEEEENE
A YOO OO OO OO Y OO
llIr-l;llrn
NN

ﬂﬂ..‘lﬁﬁ..

II‘IIVIIL'
O

1!....5...

(a) Measured eye diagram (bit rate: 32‘kb/s)

-NRZ signal

NLSF signal

(b) Measured power spectrum (b.‘l.t rate: 32 kb/s} _
Vertical: 10 4B/ giv '
Horizontal: 10 kHz/Qdiv
(starting at 0 Hz) ‘

Fig. 3.2 : WAVEFORM PROCESSED BY A NLSF
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X _=+A, =1/2

L ¥p=TAs Ppo=l/2

4-STATE MARKOV CHAIN REPRESENTATION
OF THE NLSF PROCESSING
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and the set of transition probabilities

{pik’ i, k=1,2,3,4}
where the states are the basic signals s,, i=1,2,3,4 and the

stationaLyf;;a\¢xansiﬁion probabilities are defined as

p; = P{yn(t) si(t—nTs)}

Il

Py = Ply () = s (£-nT)) ly _y (t) = si(t—(n—nfrs),}

for i, k=l'2t3'4_

s

Based on Eqg. (3.2b) and Fig. 3.3, pi's and Py, "s are derived
A . .

as

p; = 1/4 for 1i=1,2,3,4 ' (3.3a)

D o= = L (3.3b)
P = 2

From this statistical description, the power spectrai den-

sity (PSD) of the encoded signal y(t) 1is given by [55]
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-

M.

4 4 . 4
1 n 2 n 1 2
‘ =— 1 | I p.s,(zm!%8(f-7-) + &= | p.ls. (£)]
Tsz ne-w-j=1 1 * Tg \TS Ty 401 01
4 4
+amRel J ] pyS (D)5 (£)8;,] - (3.4)
‘ T 1 iy TiTiUTTPRTICik .

s i=1 K=l
where ' ) . ORI

Si(f) is the Fourier transform of si(t),

S*(f) is the complex conjugate of &, (f)
i : i
—j2ﬂnfTS

_ 5 {n)
S., = 21 pik e o -

N

Pk is the ikth entry of the n-step transition matrix Pn,
Pn_= PxPxPx ... xP )
o Vv / - .
n times i
and -
Re [...] 1is thevreai part of [...]
From Eq . (3.2b) it follows that
= — Q\
Sl(f)‘ Sz(f) Se(f) :
S3(f) = —54(f) = So(f)
and _
_ '1111—|
n _ (n}y, _ 1 1111 -
P = {pik } o= 7 1111 ‘ for n=2,3, .
’ 111 l.J
. . (n) .
t . r .
By substituting Se(f), So(f), p,'s and p ik § 1into Eq. (3.4),

and simplifying it, the PSD function of the NLSF signal vy(t)

. is obtained as

t
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-j2nfTS}]

(3.5)

v(E) = & [is (8 [%+[s, 0 |* + Rel(s, ()-8, () (s, (B)4s () e
s

for any given pair of se(t) and so(t).

3.1.2 ISI and Jitter Free (IJF) Signals

Equation (3.5) represents the general PSD function of a NLSF signal y(t)
for a given pair of/se(t) and so(t). let se(t) and éo(t) be even and odd

pulses respectively. Their Fourier transforms satisfy the following equations

S _(£f) = S*(f) : purely real
(ﬁ\v e e .
and
So(f) = —S;(f) : purely imaginary
In this case, Egq.(3,5) can be rewritten ‘as
12, 2 _ 2 —§2ufT
Y (£) —255[ Se(f) So(f)+Re{(Se(f) So(f)) e s} ]
=L (?(5)-5% (F)+ (8% (F)+5 (F)cos2nET_+ 525 _(£)S_(£)sin2ufT_)
2TS e o e o 5 J e o s
or

_1 . . 2 -
Y(£f) = T; ( S?(f) coswfT_ + 38, (£) sinwfT_ ] | (3.6)
By defining an even double-interval pulse s(t) of duration 2'I‘s as

1
sie) ={ 3 [s (|t]- T/2) - s_(t]- T /2}], lt]<T

A e

0, elsewhere (3.7
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or equivalently,

{ 1 _
s, (&) = { 5 [ 8(E-T/2) + s (t41_/2) | ,[t|<Ts
{ (3.8a)
{ 0, elsewhere
and
UL (se-m/2) - se+n/2) 1, |t]<T
s (£) =1{ 2 s s ' S
{ (3.8b)
{ 0, elsewhere
Fram Egs. (3.8a,b), it can be shown that
Se(f) = S(f) COS1rfTS -
and
So(f) = —jS(f)sinnfTs
where S(f) is the Fourier transform of s({t).
Equation (3.6) can be simplified as
vn =% (s (3.9)
5

In order to obtain an intersymbol-interference and jitter-free (IJF)}
signal, y(t), the even double-interval pulse s(t) has to satisfy the fol-

lowing IJF condition [25]

] (TS) =5 (—TS) . (3.10a)

or equivalently,

s, (T/2) | = s (T/2)] (3.10b)
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In fact, for a given pair of even and odd pulse shapes,
se(t) and so(t), the IJF signal y{t) can be also generated
by overlapping the double-interval pulse s(t) defined by Eq.

(3.7) .

The IJF signal encoder can be designed using a transversal
filter as shown in Fig. 3.4a. The encoder pulse response is

illustrated in Fig. 3.4b. The inbut NRZ rectangular pulse is

T

sampled into (2N+1) samples at intervals of d where d = 3?.

Each sample p(t-id) is multiplied by the weighting coefficient
bi, for i=-N, -(N-1), ... , -1, O, 41, ... , (N-1), N. The
weighted samples are then summed by an analog adder to form a
staircase pulse s'(t)

+N

s'(t) = b.p(t-id} (3.11)
i=-N

where

bi = s(id),

s(t) is defined by Egq. (3.7), and
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(2M+1) delay elements

. pu T s e RN S

A"
PULSE
SAMPLER
Y
b_n [ ‘b—(N—]_) e o o ‘bN—l . by
°* o o
!

LOWPASS s(t)
SMOOTHING

FILTER

s' (£)

(a) BLOCK DIAGRAM OF AN IJF ENCODER USING THE
’ TRANSVERSAL FILTER

4
b
(o]
s'(t)
b.=s(id)
L
fr/’//’S(t)
b,
i 1 '} i L
s ——=(t/d]

(b) AN EXAMPLE OF THE ENCODER PULSE_RESPONSE
hy N=5 and s(t) = %(l+cos T—t))
s

’

Fig. 3.4: PRACTICAL IMPLEMENTATICON OF AN IJF ENCODER
USING THE DOUBLE-INTERVAL PULSE OVERLAPPING

TECHNIQUE
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|
p | ]

L]

{(b) Signalling element: s(t) = % (l+cos%%2)
S

Fig. 3.5: MEASURED EYE DIAGRAMS OF ILLUSTRATIVE IJF SIGNALS
‘ GENERATED BY USING THE OVERLAPPING PULSE CONCEPT

Notes: Simple Binary Tramsversal Filters have been employed for
for the signal generation. Eye diagrams were measured
prich to and after a first-order "smoothing" filter.
This filter follows the transversal filter and is
included to remove higher order frequency components.
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- a a
¢ 2

p(t-id) = }
{

0, elsewhere

The staircase pulse s'(t) is finally smoothed by alow-
pass filtér. The filtered pulse ¥(t) is an approximation of
the double-interval impulse response s(t). As N increases,
®¥(t) approaches s{t)..

v

Illustrative measurement résults are presented in Fig. 3.5.
)

The pulse overlapping and NLSF processing techniques give
the same result. For low bit rate application? (e.g. less than
200 kb/s) the NLSF hardware is simpler, while for higher bit
rate applications implementation of transversal filters to gen-

erate oveflapped pulses is simpler.
3.2 PULSE SHAPES FOR BANDWIDTH-EFFICIENT IJF SIGNALS:

Equation (3.9) shows that the power spectral density (PSD)
of the baseband IJF signal has the same shape as the Fourier
transform of the double-interval pulse s(t). This secticn
éresents the seanch fon pulse shapes s(t) satisfying the TJF

conditions given by Egs. {3.10a and b) , ande resulting in

1) fast spectral noll-off (Section 3.2.1)

and
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2) Low out-of-band energy (Section 3.2.2)

-

3.2.1 A Sub-Class of IJF Signals Having Fast Spectral Roll-Off

Consider a double-interval even pulse s{(t) represented

-~

as the sum of (N+2) orthogonal even functions \\\
{ N+1 it .
i{: kéo akCOS(k ﬁ"“) ’ for |t|_<_Ts -
= - O s
s(t) = } : (3.12)
{ 0, elsewhere
where —

T is the symbol interval

It is well—knowp that if s{t} has N continuous deriva-

tives, then its Fourier transform S{f) decays assymptotically

- {N+ . -
as || (N+2)  ana its power spectrum IS(f)I2 as |£] 2 (N+2)
[56]. Since the orthogonal functions cos(k n“; ) have an
’ [ 2~
infinite number of continuous derivatives on (-=, 4=}, s(t)

also has an infinite number of derivatives for |t|<TS. For
continuity of N derivatives at the end-points, = 1T, the

necessaryv and sufficient condition is

s 41y =0, i=0,1,2, ... , N (3.13)
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where

(1)

(t) is the i™® derivative of s(t).

From Egs. (3.12) and (3.13), this condition can be expressed as

N+1 .
a, + Z akcos(k H—) = 0 (3.14a)

k=1 o)
N+1 i . .
! a (k)" sin(k —) =0, for i=1,3,5, ... {3.14Db)

k=1 o

and
N+1 ?

= 0, for 1i=2,4,6, ... {(3.14c)

y a ()Y cogh
k=1 k 5

Substituting the Fourier transform of s(t) defined by
Eg. {3.12) into Eg. (3.8), the PSD function of the IJF signal
is obtained as

sinznfTS N+1 a

X
Y(£) = = |a —er2 + 4n
s ° T O =1 k2—4n02(fTS)2

(ksin ™ cos27£T_ - 2n_(cos “E)er sin2afr_]|2(3.15)
: n S o) n 5 S "
o o-
where the coefficient ak's satisfy Eqgs. (3.14 a, b, c¢) for

k=0,1,2, ... , (N+1)

LY

‘We studied classes of IJF signals with no=2,3,4, ...
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and found that the spectral characteristics of IJF signals having
the same N and different no's are similar: For this reason

only one particular class of IJF signals with n0=2 is described.

The double-interval even pulse s(t) for n =2 1is

N+1

£
} a,cos(k 2
k=0 .k 2TS

Yoo ltlzrg

s(t) =

{
{
{
{
{ (3.16)
( :
{

0, elsewhere

From Egs. (3.l4a-c) and (3.15), the normalized power spec-

tral density function of y(t) is derived as

N+l
{ in2 2 T2 2
{18507 . o —E—5| . for odd N
Y { mX p=l p “4}{ w ‘
(x) _ (3.17) -
¥ (o) { ¥a 2
2 (2p-1)° -2
{ |cos2mx. 21 — 51“, for even N
{ - (2p-1) “-16x

where
_ l‘(
X fTs _ ‘ LB

Figure 3.6 shows a number of double-interval pulses, s(t),

AN

and eye diagrams of corresponding IJF signals. The power spec-
tra of these IJF signals are illustrated in Fig. 3i7. As N
increases, the spectral roll-off of the corresponding IJF sig-
nal is fa%}er for high frequencies but the main lobe becomes
wider. As a result, the choice of an iJF signal depends on the

trade-off between th i ide- 5 - &
ra o} een e main lobe occupancy and side-lobe {G&}H/ﬁ_}
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- ' (i)
N=0

(ii)
=1

2222
LI T L
WO

(iii) .
N=2
. m
. . “s
(2)- double-interval pulse s(t)
. [ 3
Fig.-3.6: SOME IJF SIGNALS HAVING
FAST SPECTRAL ROLL-OFF : .
\ .
, {iv) . B
N=3

(b) Eye diagrams
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off.

In most practical applications. a spectral density

of more than 40 dB below the highest spectral density (near 0

Hz) can often be neglected [89].

corresponding to N=0

and N=1

For this reason, IJF signals

are more attractive.

The double-interval pulses Eg(t), E%(t) corresponding to
=0 and N=1 are —
- Tt
}cos S |t|iTs
s
3 =1
3,00 = (3.18a)
) {0, elsewhere
and :
1 Tt
1:_ 7(1+COS -'I:) . |t|._<_Ts
5 (t) = (3.18b)
{ N
{ 0, elsewhere

As shown in Fig. 3.8a, the first null frequgncy of Eo(t)

is at 0.75/T_, while that of 3

asymptotic spectral roll-off of §_(t) 'is of the order of |f|

while that of 'El(t)

show spectral advantages over the NRZ

Note that §l(t)

pulse and used in the QORC modulation

is of the order

is also called

(t) is at l/Ts

6

of |£]7°. Both of. them

signal (Figs. 3.8a,b}.
b
overlapped raised-cosine

scheme [47].

However, the
-4

hY
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3.2.2. A Sub-Class of IJF Signals Having Low OQut-of-Band Energy

Consider the double-interval even pulse s(t) satisfying

the IJF conditions, Egs. (3.9a and b). The total energy Eo is
+T
I 2
E, = ) |s(t)| 4t (3.19)
=T
s
and its energy Eq in a given frequenéy band [-B, +B] is
+B
Ep = I (s(f)-s*(f)) af (3.20)

-B

where S(f) is the Fourier transform of s(t)
and S*(f) is the complex conjugate of S(f)
Since s(t) is.real—valued,

._-ir-TS
i

S*(f) = | s(t) el?"ftay
.—T N
S .

Hence Eg. (3.20) can be written as

+B +;'I.S . .
Ep = J JJ s(t)s(v)e’Jz“f(t‘v)dv dt df
-B -T_
JJTS -
=.” s(t)s(v) SLRZIBIE) 4y g¢ £3.21)
. =T . ’ :
s

Let =# be defihed as the inband to total energy ratio,
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m= B /E_ S (3.22a)

From Eg. (3.21) it can be written as
+T
S

« ﬂ s(t)s(v) Sin%zﬁé?"f) dv dt
_TS

=3
il

1
B
o]

s(t)s(v) Si?ifﬁft‘V) dv dt (3.22b)

]
——

where E is normalized to anity. Min'mizing the out-of-band
energy is equivalent to maximizing Eﬁg:;%—band energy fraction
n . The maximum value of 3 ,occurs when s(t) is one of the
eigenfunctions corresponding to the largest eigenvalue of the

integral equation [57]:

+T -
s .
rs(v) = H s (t) Sl?ii%;t vl gt (3.23)
-T
S
where 51n%EEé?—v) is the Kernel of the integral egquation, and

s(t) must satisfy Egs. (3.9a,b).

Eq. (3.23) can be solved with the aid of the prolate sphe~
roidal wave functions [58]. The solution, however, is fairly
complex. Alternatively, it can be solved using the following

sampled approach [59,60].

Let the double—interval pulse s({t) be represented by a
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sampled waveform:

M
z(t) = ] 2z &(t-md) (3.24)
m=-M

where

Z, = s (md) ,

d = TS/M

and §(t) is an impulse function.

Its Fourier transform 1is

.

+M

Z(£) = )

zméﬂz“mfd T _ (3.25)
m=-M

=zZPB

where z and p are (2Mtl) column vectors, i.e.
r

T
z = [Z—M'zj(M—l)"'"zo""zM—l’zM} )
, — -
T
BE = [P_M:P_(M_l)r---:PO:---rPM_erM]
and
B, = eijﬂfmd

Following the derivation given in [59,60], the inband

energy fraction 5 1is given by

z Rz »
(3.26)
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where R is a (2M+1)x(2M+1) matrix,

L)
R= [r; 1, i, k="M...,0,...,+M

and

The problem is to search for the eigenvector Z, correspon-
ding to the maximum eigenvalue ng of the equation

nz'z = z2'Rz - (3.27)

where 2z must satisfy the ISI- and jitter-free conditions (Egs.

(3. 30a and b)) , i.e.

z, = z_m,m=0,l,...,M—l
and

Zy = z_M=0

Egq. (3.27) is solved for the cases M=20 and c¢=.5, .55,
.60,...,1. The shapes of these double-interval pulses, s(t},

and eye diagrams of the corresponding IJF signals are illustra-

ted in Fig. 3.9.



+T
s

(a) double-interval pulse s{t)

.
(b) Eye diagrams
(1) e=1 (ii) c=.9 (iid) " c=.8
(vi) c=.5 (v} c=.6 {(iv) ne=.7

Fig. 3.9: IJF SIGNALS HAVING LOW QUT-COF-BAND ENERGY
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Figure 3.10a shows the power spectral densities of these
IJF signals. As c¢. increases, the spectral mainlobe of the IJF
signal becomes wider and its sidelobes get lower. Compared to
tﬁe NRZ signals, these IJF signals show significant spectral
advantages in terms of power spectrum (Fig. 3.10a) .and out-of-
band to inband energy ratio (Fig. 3.10b).

Figures 3.1l0a, b provide the necessary information to
select an IJF signal for a specific application. .F?rﬁ?pera—,
tional systems, an allowable opt—of—band—to—in—bani;gnérgK,ratio
is specified. A .number of IJF signals that meet. the requirement
can be selected from Fig. 3.10b. Then Fig. 3.10a can be used to
select an IJF signal based on the trade-off between the main-
lobe occupancy and sidelobe level. For example, in digital Sin-
gle~Channel-Per-Carrier (éCPC) satellite systems that satisfy
the INTELSAT specifications [62], the required out-of-band-to-
in-band energy ratio of the chosen signal must be lower than -26
dB for BTS=O.7 where [-B, +B] is the specified RF barndwidth
and l/TS is the symbol rate (i.e. power content at frequencies
greater than or equal to 22.5 kHz must be gr;ater than 26 dB
down from the in-band signal power for the 64 kb/s QPSK signal
[62, page 27]). Fig. 3.10b indicates that the IJF signals wifh
c=0.70, 0.75 meet this requirement. From Fig. 3.l10a, the IJF
signal for ¢=0.75 1is a suitable choice with the mainlobe oc-
cupancy of 0.87/T5 and highest sidelobe level of —%2 dB. Note
that the overlapped raised-cosine pulse (Fig. 3.8, case N=1)

used in QORC mcdulation scheme [47] does not meet with this out-
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of-band emission requirement.

hY

3.3 ERROR PROBABILITY (Pé) PERFORMANCE :

Figure 3.11 shows a model of an additive white gaussian
noise (AWGN) lirear baseband channel. The” signal r(t), at

ad

]
the input, of the receiver 1is
r{t) = y(t)+n(t) 1 (3.28)

where y(ti is the transmitted IJF signal, and n(t) is fhe
%WGN wiﬁh'a double-sided spéctfal density NO)Z. Due to the

overlapping pukes, .the optimum maximum likelihood receiver is
known t; be a set of matched ﬁ;&ﬁers, the number of which de-

pends exponentially on the lengfh of the message [25].

Though theoretically?meaningful, this approach has a very
limited practical interest due to the excessive complexity re-
quired. ' Anotheﬁ derivation has been given by Fo y [63], in
which the received signai is processed by a recurﬁi.e structure

using the Viterbi Algorithm. However, the implementatién of ~

such a receiver still remains complex and can only be justified -

when classical receivers such as linear or nonlinear transversal

* equilizers cannot be designed to achieve a satisfactory perfor-

mance.
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In this section, the error probability '(Pe) performance
FS

of the IOF baseband channels using
& -

(i) Linear transversal receivers,

N {ii) Decision-Feedback receivers,
1

and (iii) Raised—cosine—tyge receivers

4

e is analytically evaluated. The receiver structures are illus-

<

trated in Figs. 3.1l2a-c. ~

3.3.1. Linear Transversal Receiver

N
The coefficients of the different transversal filters can

be optimized under several criteria. The most commonly used are

-the midimum-mean-square-error (MMSE) and the minimum avérage

‘error probability under the constraint of no ISI. It has been

shown that the latter gives the same'results as the MMSE crite-
%ion, under the condition of a reasonably high signal to noise
ratio (SNR) [8]. Its performancé being,independent-of the SNR,
it is more convenient to use it when comparing diffé:gnt trans-

mission schemes. That is what we do in the sequel.

b

L3N

The matched filter impulse response is given by the expres-
sion of the 1JF doubfe-interval pulse shape at the transmitter,
i.e., §N(t)3 The impulse response at the output of the matched

filter is expressed as the autocorrelation function of - Eﬁ(t),

-

[\
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il Er——
TYPE FILTER ‘ DATA
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(c) RAISED-COSINE TYPE RECEIVER

Fig. 3.12™ RECEIVER STRUCTURES
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+oo :
ﬁN(t) = J S ()8 (t+r)dr o (3.29)

— 00
o

I

Three particular -cases of interest are given, for a class of
IJF signals having fast spectral rpli—off properties with g

N=0,1,2 shown by Eg. (3.16), i.e.

- + ‘

s,(t) = cos ;Ts , |ti§IS (;.30a)
z =1 nt ;

5 (8) 5 (l+cos Ts), . |t|5_Ts (3.30b)
_ 1 nt . . 3nt

Sz(t) = 11— (3 cos 'é?s- + CoOs m) ‘ |t"<“TS (3.30(::)

S}nce the&ba51c pulses are limited ?o L—TS, +TS], RN(t) is
finite over an interval [—2TS, +2Ts] and is zero elsewhere.

Their normalized expressions: are

o _ oo 1l mlt 1 . =it
Ro(t) = (1 2Ts)cos 2TS + = sin 2T, . ]t]f_ZTs (3.31a)

Ro(t) = L(2- Ly 1 L costltlys L ogin TlEE | jeicar
1 TS 2 TS 1 — s

3 2 Ts
(3.31b)
— :
R (t) = -J:-[—:!'—(Z— -|—|—) (9cos H_‘LI- + cos ;ll_EL)
5 =3 s ‘
9 mle 11 97 |t ’
+ 15 sin 5T + 55 sin 2TS], |t112TS (3.31c)

The infinite-length transversal filter is used to éliminate ISI
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£esidues in the matched:filféf impulse reésponse. The error
probability versus the energy per bit to Aoise spectral den-
siﬁy ratio (Eb/NO) is obtained by relating the:signal energf . Y
per bit to the amplitude of the impulse response’ at the . sam-
pling time and the noise spectral dénsity to its‘variance at
the output of the filter. It can be expféssed as [25]

g

N T {3.32)

where

2 ) ;uz - '
erfcfx) = — [ e du
{x) P A

/v

X

and F represents the performance comparison factor between the

IJF transmission technigues and the optimum binary transmission

. E : : .
scheme (i.e. Pe=% erfc ﬁE)- By normalizing the autocorrelation
A N .
function so that TR(o)=1l, the performance comparison factor, T
F, is given by . *
2
F = - (3.33)
L] (No 2) )
N A

where o° is the noise variance at the output of the infinite-

length transversal filter.

P -
The sampled and normalized autocorrelation function is QL-“S :

expressed in z— domain as

¥
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R(z)

oz ©~ + 1 + pz

(3.34)
1

R(z) = (p-qz) (p-qz )

where

o = R{£T)) < 1/2,

p and g satisfy the followind properties

3

p°+q° =1
pq = -p

A
tpl> lal

T™ie z-transform of the linear transversal filter impulse response

approximates the inverse of R(z},

/

I | 1

_ 1
T(2) = 557 T poqr T oI (3.35)

The first term

Pz represents an infinite length anticausal

. transversal filter which can be made realizable by assuming an
E

appropriate truncation and delay. This filter is often refer-
enced as a pre-whitening filter [63] since the noise samples at
its output are independent and have a variance N0/2.
%
5 .
R 1 : e el
The seceond term — represents ,a_semi-infinite-length

- : p-qz :
transversal ‘filter, '

A
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1 -1 uf (g)m z (3.36)
L Pl P l )

The noise variance 02 at the output of this transversal filter

can be bbtained as [25] £
N ® R ’
2e2 1 k@M 2 (3.37)
m=0 P P P -9

From Egs. (3.33, 3.37) the performance comparison factor can be

expressed in (dB) as ) ' f
p 8

TF ' ' !
F (aB) = -10 log10 (p2_q2) = fikgloﬂrﬂpz) (3.38)

This factor représents the necessary increése of the Eb/NO

to get the same error probability as with optimum binary trans-

mission techniques. -

In the derivation of Eq. (3.38) an infinite length trans-
versal filter ﬂas assumed. It is'of interest to consider the
performance expected from a realizable filter, i.e., to co?sider,
the effect of the truncation of this infinite transversal fil-
ter. Compared with the infinité iength case, the'performaﬁce

with a finite-length transversal filter is influenced by the

following:

9

(1) Dependence of the noise variance on theflength

of the t;;n versgl filter

> . . 1Y ‘
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(ii) vVariation of the amplitude Sf the cverall
impulse response

(iii) Residual ISI

Fig. 3.13 illustrates the numerical results obtained for the
three IJF signals represented by Egs. 3.30a-c. It is interest-
ing to note that even a low number of taps (typically 5) leads

to small performance degradations.

3.3.2. Decision-Feedback Egualizer

\\ A more attractive structure is given by the decision feed-
back equalizer (DFE). This equalizer incorporates a feedforward
< r

| and a feedback path, such as shown in éig.if.le.

\

A

s It is known that this receiver always gives better theore-
tical performance than the linear receiver, neéglecting the error
proéagation effect [70]. This is mainly explained by the absence
of noise enhancement in the feedback part of the receiver. The
degradation due to the error propagation effect dependslon the
number pf feedback taps and con their amplitude.. Since we are ’\«\

" looking for the, optimum DFE under the constraint of no ISI, the
feéd—forward part is the whitening filter previously discussed

‘and the feedback part reduces to only one tap. So the error ’lp

propagation "has a slight effecp on the global peifbrmance.‘

The feeaback ﬁap eliminates the ISI component from the past symbol represenUg}
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. [dB] “.
3 T T T I ’
v performance degra&ation relatiye to b
the optimum performance Pe =3 erfc | N—)
0
N represents IJF double -interval
pulse given in Eqs. (3.30a-c)
2 | ' -
N =0 *
1.13
l - —
N =1
0.26
N =2 0.06
0 1 ] ] | - §
3 5 7 9 11 o

TAP LENGTH

Fig. 3.13: Pe PERFORMANCE OF LINEAR TRANSVERSAL
FILTERS VERSUS TAP LENGTH '

- |
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by (—qz—l).vThe amplitude of the signal at the sampling time is p<l. Therefore

‘the camparison factor for the optimm DFE is given by
FOFE) = -20 log (P) = -lolog) ((1+(1-40") 1) /2] (3.39)

repreéenting the loss due to the amplitude attenuation at
the sampling time. The results for the DFE versus the number
of taps of the forward‘filter are displayed in Fig. 3.14. A
significant improvement has been achieved compared with the lin-
ear transversal filter. Furthermore the DFE requi?es fewer taps

than the linear transversal ecualizer for the same Pe perfor-

mance. . ..

3.2.3 Raised-Cosine-Type Receiver

“// The receiver filter shown in Fig. 3.12c¢ is a raised-cosine-
type filter having a linear phase response and the following

amplitude characteristics.

i
G(x) = %’l(‘;'{-‘—;—)— (3.40)
where _ - '
x = £T -
. s

S(x) is.the Fourier transform of s(t) and s{t) is
defined by Eq. (3.7) K |

.and
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3 R ]
! 1 | i 4
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the optimum performance P_ = 5 erfc ( 5
o)
N represents TIJF double-interval pulse
given in Egs. (3.30a-c)
0.53
=1 )
%.13
N = 2 ) | 1 : 0 ~03
s — f&f:::: —— — o ——— i
0 '3 .-' ﬁl 5= 6 - [+e]

(infinite length)
TAP LENGTH

>

Fig. 3.14: P, PERFORMANCF OF NONLINEAR DECISION~-FEEDBACK
FILTERS VERSUS TAP LENGTH
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R(x,a) is the amplitude response of a raised-cosine

filter, i.e. » i

, . for O<x<s(l-a)

1
2

(ST

{l-sin g (- =)), for %(l—a)ix;%(l+a)

R(x,a) =

P Y e T e s R aee R Mamn Manat

0, for xi%(l+a)

The output.of the raised-cosine type filter can be repre-

sented as

v(t) = z(t)+n_(t) . (3.41)

3

where z(t) 1is™the noise-free, filtered signal component, and

po(t) is the filtered hoise component.
' /
It can be shown that the noise-free filtéred signal com-
) . .
ponent =z (t) prior to detection is ISI-free. The errxor pro-
. .3
bability. P, is given by [25,24].

1 A
P = 5 exfc(—) {(2.42)
e 2 av2 '

where A is the peak amplitude of z(t) at the . sampling

instants and  02 is the power of the filtered noise, n, (t).

-
- L)
- . .
"
)
.
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The average energy per bit Eb of the transmitted IJF

signal vy({t) 1is

+T
2 [ % 2 ,
Eb = A J s (t) dt : (3.43a)
-T '
s

Note that s{t) 1is normalized so that s{o)=l.

The power of the filtered noise is

l+a . ;
: -~
2 No ? 2 ”
o7 =5 J G (x,a) dx . - (3.43b)
S 0

. ¢ &

where 7? is the double-sided spectral density of the AWGN.

Substituting Eqs. (é.43a,b) into Eq. (3.42) yields

- 21 1 \/__Eb -

, P, = 3 erfe (o X ) ' ‘ : . {3.44a)
By .

' where .l+d

+TS 2
0% = TL J s (t)at. J c% (x,a)dx s (3.44b)

S Lo ‘ 0

S

It iS'note% that 02 represents the degradation in P
L R
performance of the IJF signal relative to the optimum perfor-

=

mance, i.e.,
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For example, if the double interwval pulse

s(t) = %(l+cos %E) ) ?

]

is chosen, then the amplitude response of Ehe receive filter is

(1-4%2) 27x ,

Glx,a) = Rix,0) sin2mx

Figure 3.15a shows the plots of G(x,a) for the differenf

values of the roll-off factor (a). The Eb/Né degradation

(02) as a function of the roll-off factor (o) for this
receive filter is plotted in Fig. 3.15b. It is shown that the
best performance (i.e. lowest degradation) is obtained with

«=0.6 and the degradation cOmpafednto the theoretical optimum

IS
kel

performance is negligible. -

3.3.4 Comparision of Measured and Analytical P._

]

Performance Results

The P, performance of an IJF baseband channel (Fig. 3.1X} -
.is also experimentally evaluated. As-an illustrative example,

]

the double-interval pulse

'. _ 1 ' .n.t - - _J: : . o
. s(t) = z(l+cos ) . ‘ S :
¢ N s - ”,
s | | . o | -,\
, is used. :Thquit rate is _‘ ey - . . _'
., ' e -
. \\ i ~ .
w ' T By
/} ¢ !
' N w0 %
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1 _ ~
7— =.32 kb/s :
s
The receive filter, is an equalized 4th order Butterworth
which approximates the réised—cosine—type filter with a=0,4

- . -

(Pig. 3.15a). _

The measured result is shown in Fig. 3.16. The Eb/NO de-
gration compared to the theoretical optimum performance is 0.5
dB and in agreement with the computed result shown in Fig. 3.15b

(Eb/No degradation = 0.4 dB for o« = 0.4). @

R

Pants of this chaptern were presented in [67, 79)
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CHAPTER FOUR:
1/F-QUADRATURE MODULATION TECHNIQUES:
: SPECTRAL PROPERTIES

a .

SUMMARY :

1JF baseband signals inthoduced in the pﬁéﬁizzz\thgpten are

~combined with quadratune phase modulation Ié@hniqueé. The nesulzt- .

ing modulation schemes ane calfed IJF-Quadnaiu&e—Phaée-Shiﬁt:Key-
ding (1JF-QPSK) and TJF-0§4set QPSK [I1JF-0QPSK).

The spectral propenties of these IJF-quadratune modulated

iignaﬂa in Linear and nonfinean channels ane studied. Thedin
cenvelope fluctuations are aﬂAc‘Lgue&?@gated( A 16-state Markov
chain model i3 used fo denive the powen spectral density function
of handfimited TJF-quadrature modulated signals. The Apect&um
spreading action of Zhe ideaf handl€imier and Zhe effects of the
time ofgfset between inphase and quadrature baseband components
ane examined. Experiments and computer simulations anre perfoamed

_-to vendify analytical results. Spectral properties of 1JF-quadra-
tune modulated sdignals in othen nonlinean channels are also in-
vestigated Qéing simulation techniques.

The nesults demonsirate that the desenibed 1JF-00PSK schemes

have attractive spectral propenties in comparison to other digital
modulation techniques. '

LR \/\
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4.1 PROPER%F\S OF IJF-QUADRATURE MODULATED SIGNALS

The block dla ram of an-IJF-gquadrature modulator is shown
in F}g, 4.1. ‘The NRZ input signal x(t) 1is serlal to- parallel
converted into twp Nﬁz data streams er(t) and xQ(t). ?he
symbol -interval T, of xI(t) or xQ(t) is twice of the bit
interval Ty of x(t).

The data streaé xQ(t) is delayed by 4d wh?re Oi§<TS
to produce xQ(t-d). NRZ signals xI(t) ”and xQ(t—d) are en-
coded into IJF signals yI(t) and yQ(t) respectively. The

F signals XI(t) and yQ(t) modulate the quadrature carriers,
C s2nfct and sin2nfct, are then summed to produce the IJF-

»

quadrature modulated signal i(t),

N
o+
It

yI(t) cos2nfct +,yd(t) 51n2ufct . (4.1)

A(t)-COS[ZHfCt + ¢(t}]

where A(t) and b (t) are ‘the envelope and phase of the IJF-

quadrature modulated signal,

A(t) = /yi(t)+yQ( t) (4.2a)
and
L1 Yot
p{t) = -tan ( (t)) (4.2b)

i
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.

The modulation scheme is called IJF-OPSK for d=0 and

- IJF-Offset QPSK for d=Tb' It is noted that the modﬁlator re-

quires no extra fransmit shaping §iLters except IJF encoders.

-

b ‘ ,
"Based on Eg. (3.9) and the structure of the guadrature mod-
;ulator, the PSD function of the IJF-quadrature modulated signal
z(t) can be obtained from:
2
|

2(£) = K|S(£-£) (4.3)

_~

where K is a .constant and S(f) is the Fourier transform of

s(t), defined by Eq. (3.7). -

-

Figs. 4.2a and b show the envelope fluctuation, and signal
space diagfam of the IJF-NPST signal respectively. Since the

transition times in yI(t) and v, (t) coincide, the envelope

8]
\ B
of the IJF--OPSK signal exhihits serious fluctuations.

By delaying the data styream x (t) by T relative to

Q b

xI(t)h the resultant IJF-OQPSK signal exhibits a maximum'envelope

ﬁluctuétion of 3 dB as shown in Figs. 4.3a, and b.

B =

\
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bit nate: 64 kb/s

carnien frequency: 512 kHz

~

-~

100%
amplitude fluctuation

(b} MEASURED SIGNAL SPACFE DIAGRAM

Fig. 4.2: ENVELOPE FLUCTUATIOM OF AN IJF-QPSK SIGNAL

>
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bit nate: 64 kb/s L

canrien frequency: 512 RHz

{(a)

MEASURFD IJF-OFFSET (PSK SIGNAL

Q hle-d

N

3 dB
amplitude fluctuation

(b) MEASURED SIGNAL SPACE DIAGRAM

Fig. 4.3:

4

3

ENVELOPE FLUCTUATION OF AN IJF-OFFSET
OPSK SIGNAL '

T _\—’-\\
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4.2 PROPERTIES OF HARDLIMITED IJF-QUADRATURE. T

MODULATED SIGNALS
| o

To maximize power efficiency, the HPA (high power amplifier)
has to operafe in a nonlinear mode. Consider the IJF—quadrature
modulator followed by a saturated HPA shawn in Fig. 4.4a. ;The
. saturated HPA may be moaelled as an ideézwgérdlimiter that pro-
duces a .constant output envelope and no change to the phase of
the IJF-guadrature moduiated signal.[74]. The transfer charac-
teristic of the ideal haydlimiter is shown in Fig. Jﬁﬁ:ﬁ Such
a model closely:approximates Gunn and Impatt diode injéctioq

locked amplifiers and is a reasonable first order approximation

of saturated HPAs in general.

The hardlimited IJF-quadrature.hodulated signal z'(t) can

be represented as [5]* f;[ﬁﬁ\““”
. 9.

z'(t) = yr(t? CQE 2nfct + yQ(t) sin 2nfct (4.4)
= C Cos(2ﬂfct + o' (L))

.

where yi(ﬁ) and yé(t) are inphase and quadrature equivalent

baseband components of the hardlimited IJF guadrature modulated

-
R . "

* The‘ﬁinét harmonic {fundamental) of the hardimited signal
{5 considened as an approximation of practical RF devices.
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Modulator z (t) -J z%t)
IDEAL
7 HARDLIMITER
\

[

Fig.h4.4a: BLOCK DIAGRAM OF AN IJF QUADRATURE MODULATOR
FOLLOWED BY A HARDLIMITER

output voltage
A ‘

+C

“input’

(1) AMPLITUDRE

voltage

[4

output phase
. 4

{(ii) PHASE

Fig. 4.4b: TRANSFER CHARACTERISTICS OF AN IDEAL HARDLIMITER
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signal and )
/ . .
“y'i(t) + y'é(t) = c?. constant “~ " (4.5)
a -
_ 1 Yot . “(4.6a) .
bt = taé\— .YI(L)‘}

5 )

Since the ideal limiter has nQ memory.

drT(t) = o (L) (#.6b)
‘ N
From Egs. (4.2b), (. , it can ‘be shown that
Yé(t) _ YQ(t) ‘ : 9 7).
A yre) oy () - T

-

By substituting Egq. (4.7) into 'Eq. (4.5), it follows-that

. .
J . -

‘ (e
it = — S (4.8a)
YI(t) + yo(t)
and
CyQ(t) :
() = e —— . (4.8b)
Yo V72 p) .
yp(e) + yg(t)

Egs. (4.8a,b) indicate that for any change in’ yl%t) {tor
yQ(t)), yé(t) {or yi(t)) are affected. In other words, hard-

“
limiting introduces cuosstalk between the inphase and quadrature

~

equivalent baseband components [74]. /ﬁ“\
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FPigs. 4.5a, b show the meagured eye diagram

yé(t) (at the output of the demcdulation lowpasé fil

nal space diagram of the hardlimited IJF-QPSK signal r tively.
T

S$ince the transitions in’ yI(t) and y,{t) occur’ at the sam / :

time, thg,eye diagrams ¢f the inphase and quadrature\équivalent
baseband components, yi(t) and” yé(ﬁ)f of the hardlimited IJF-
QPSK signal nema{n I1ST and jitten free. However the hardlimiter
ivt£oduced sharp transitiSns in yi(t) and 'yé(t). This impiies
that the high fr§quency spectral components of the handfimited

e

IJF-QPSK signal are higher than those of the .IJF-QPSK.

Figé. 4,6a,b show the measured éye diagrams'of yi(t) and
yé(t) and signal space diagram of the hardlimited IJF;OQPSK s'g—
nal. S%ﬁce the transition in yI(t) * (or yQ(t)) occurs ét fte_
maximum eye'opéning point of yQ(t) (or yI(t)), the inphase to

quadrature cmopsitalk introduces intersymbof intenference (IST).

As shown in gs. 4.6a,b_the peak-to-peak IST is 3 dB.

4.3 DERIVATION OF THE POWER SPECTRAL DENSITY FUNCTION

OF HARDLIMITED IJF-QUATRATURE MODULATED SIGNALS

Let the baseband component yi(t) (or yé(t—d)), represent- -
ed as the sum of an infinite number’of single-interval pulse
shapes q(tn) defined in one symbol interval [(n- %)TS;

(n+ %)TS], i.e.
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yi(t)
—
bit tate: 64 kb/s
carrier: 512 kHz
yc‘)(t)
——ti

(a) MEASURED EYE DIAGPAMS OF yy(t) and yé(t)

(at the ocutputs of the demodulator lowpass filters)

. W

NOTESY
the cinele indicates a
conétamf\enueﬁope

trafes inside the “cincle
‘hepresent sharp thansi-
tions Lin gy and

gé(t} " \\ -
/

(b) MEASURED SIGNAL SPACE DIAGRAM OF HARDLIMITED
IJF-QPSK SIGNAL

Fig. 4.5: EFFECTS OF HARDLIMITING ON AN IJF-QPSK SIGNAL



bit\rate:64 kb/s
carpier: 512 kHz

(a) MEASURED EYE DIAGRAMS OF Yi(t) and yé(t)
lat the outputs of the demodulaton Lowpass §iLtens)

NOTES:

the cirele indicate a
constant envelope

thenre are no thaces
insdide the ecincle as
opposed Zo Fig. 4.5b.

(b} MEASURED SIGNAL SPACE DIAGRAM OF A HARDLIMITED
IJF-QOFFSET QPSK SIGNAL

Fig. 4.6: EFFECTS OF HARDLIMITING ON AN IJF-OFFSET
QPSK SIGNAL
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+ou

yp(t) = nE_wq(tn)’ £ = t-nT ' (4.9

_From Egs. (4.8a and b), it can be shown that q(tn) belcngs

to the set (v, {t ), i=1...16} where vi(En) are represented

by
) ) . 5 (tn) ) ]
v = -v L (t = C —-—'Te (4.10a)
j'n 17-3°"n v sz(t )+512(t )
e' n j 'n
s (t)
Vj+4(tn) = —vl3_j(tn) =C 7 5 (4.10b)

where j = 1,2,3,4,

se(t), so(t) are defined by Egs. (3.2a and b), and pulse

shapes sl(tn), i =1,2,3,4 are

e E se(—tn—d), for —TS/Zitn<d—Ts/2 (4.11a)
s =
1'n - { s (t ~d), for da-T /25t <T_/2
e ) E so(—tn-Q), for —Ts/2itn<d—Ts/2 (4.11b)
S =
2 - - -
n { so(tn d), for d TS/Zitn<Ts/2
i) E so(—tn—d), ﬁor. —Ts/2§tn<d—Ts/2 (4illc)
3 b . - -
n { se(tn‘d), for d TS/Zitn<TS/2
AN
o E se(—tn—d), for —Ts/zitn<d_Ts/2 (4.114)
s =
4 - - -
-n { so(tn d) . for d Ts/zitn<Ts/2

<f



In each symbol interval, q(tn) is chosen from the set
{vi(tn), i=1,2,...,16}. The waveshape of giEnl is dependent on
the waveshape of the previous q(tn_l) and yI(gn) and yQ(tn).

The stationary probabilities

\
p, = Plaft ) = v, (t )}, i=1,2,...,16
and transition probabilities
pik= P{q(tn) = Vk(tn) Eq(tn_l) = Vi(tn_l)}: i, k=1,2,...,16

can be obtained by investigating the. encoding law of yI(t), (t)

Yo
(Eg. (2.2b)} and construction of vi(tn), i=1,2,...,16, i.e.,

py = & i=1,2,...,16 (4.12a)

“and pik's are arranged as entries in the 16x16 transition matrix

1
AOAO
P=1{p;y, i,k=1,2,...,16} =¥ao0ao0 (4.12b)
{0 B O B :
0B OB
where A, B are 4x4 matrices,
1001 o110
_ le11o _ltoo01
A= ool B=1o110
0110 1001

and © is a 4x%4 null matrix
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The PSD function of yI(t) 'is given by [55,64]

o0 16 n | 2 N
Yo =77 nz_m |i£l piVily) | ()
l‘ 16 ‘2
+ i izl Py Vi(f)\ .
9 16 16 )
+ T_ Ry {izl kzl piVE(E)V (), ) | (4.13) -
where Yi(f) is the Fourier transform of vi(t), i=l,;.1,l6,

V;(f) is the complex conjugate of Vi(f), ; C

.-

w -j2nufT _,
Vi = Dede
n=1
p££) is the ikth entry in the matrix Pn,
n N\,
P = PxPx...XP)\
\/‘Y—\—J \-f\J

and Re{...} is the real part of {...}

Substituting values of 'Vi(f)'s, Vik's and pi’SA into

Eg. (4.13) yields

Il &~ o

Y(E) = g (2 ) |vi(0)|° +Re (V] (£) 4V, (£) -V (£)=vg (£)]7
s

i=1
i P —321TfTs

+ [v2(§)+v3(f)—v6(f)—v7(f)1 e b (4.14a)
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It can be shown that the hardlimited IJF-quadrature modula-
ted signal =z'(t) has the same spectral shape as the baseband
component yi(t) (or yé(t)), i.e. its normalized PSD function

can be represented by

F
I
8 2
z,(x) = ZO{2.E |Vi(x)l
. i=1
+ R ([Vl(x)+V4(x)—VS(x)—Vg(x)]z
1V, () 474 (%) =V (x) -V, (x) 12ye732mxyy (4.14b)

where ZO is a normalizing coefficient chosen such that

Zn(O) =1
and

X = (f—fc)TS

Equation 4.14b represents the general power spectral density
function of the hardlimited IJF-quadrature modulated signal with
a given.offset value, d. Equations (4.1la-d) indicate that
different values of d result in different sets of pulse shapes
si(tn)[ i=1,2,...,4 and, hence for the same IJF.quadrature mod-
ulated signal z(t), the spectral regrowth of the hardlimited
IJF quadrature mocdulated signal z'(t} depends on the offset
value, d, between I and  baseband components.

As an illustrative example, the spectral regrowth of the

hardlimited IJF quadrature modulated signal having the IJF



\
JJ
_92'_.
double-interval pulse s(t) = %(l+cos(%3)} is investigated-with
S
different values of d |usi Eqg. (4.14b). The results shown in ,
Fig. 4.7 indicate that theg minimum spectral regrowth of the hard-

limited IJF-cuadrature mddulated signal is obtained at d = TS/Z.

It is also noted that the spectral regrowth is the same for

2 different offset values, d and (Ts—d).

" Figure 4.8 shows the computed eye diagrams of the equivalent
baseband components of the hardlimited IJF—éuadrature modulated
signal with different values of & wusing Egs. {4.8a,b). Note
the IJF conditions applied to the Eransmitted baseband eye dia-
grams. However, after quadrature modulation, ngnlinear amplifi-
cation and demodulation the signals contain intersymbol-interfer-
ence (ISI) and-jitter. Fig. 4.8 shows that the ISI introduced
by the I and Q crosstalk effect increases with 'd. It is maxi-

mum (3 dB peak-to-peak) at 4 = Ts/2 and =zero at d=0.

Both spectral épreading, and I and Q crosstalk affect the
Pe performance of the IJF-quadrature modulated signals. These

effects will be discussed in Chapter 5.

Figure .4.9 shows the power spectra of a class of IJF-OQPSK

signals having fast .spectral roll-off, after the hardlimiter.

-2 (N+2)

These power décay assymptotically as: | £-f ! where N

c i
is called the roll-off order defined by Egs. (3.12). It is seen
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IJF_QUADRATURE MODULATED
SIGNALS ’



- 95 —

Normalized .
PSD
[dB}
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Normalized frequency [(f-fc)Ts]

Fig. 4.%9: POWER SPECTRA OF HARDLIMITED IJF-OFFSET QPSK SIGNALS
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in Fig. 4.9 that the steep spectral roll-off property is still
preserved after the hardlimiter. Figure 4.9 also indicates that
the hardlimited IJF-OQPSK signal having s(t) = cos %%— (i.e.
N=0) exhibits the lowest spectral spreading in the fr:quency

band O0<|f-f |<2/T_.
- C S
4.4 EXPERIMENTAL AND COMPUTER SIMULATION RESULTS

The block diagram of the experimental model of the IJF-qua-
drature modulator is shown in Fig. 4.1 where two offset values,

d=Q and d=TS/2, are used. The IJF encoder has the double-

mt

)
S o -

scaled experimental set-up the bit rate and the carrier frequency

interval pulse s(t) = %(l+cos that is ©N=1. In our down-

are 64 kb/s and 512 kHz respectively.

The measured signal space diagrams cof the IJF-quadrature
modulated signals with d=0 and d&=T_/2 (Figs. 4.2b, 4.3b) show
that for d=0 the IJF-quadrature modulated signal exhibits 100%
amplitude fluctuation while for d=Ts/2,_ its maximum amplitude
fluctuation is only ) (or 3 dB). “For-~this reason, the IJF~
gquadrature modulated signal, with d=0, has a more significant
spectral regrowth than the hardlimited IJF-0Offset-QPSK (i.e. -

d=T5/2) as shown in Fig. 4.10.
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after hardlimiter

before hardlimiter

after hardlimiter

_before hardlimiter

I
@)

P  for d =

for d

I}

Ts/2

(c) comparison

Fig. 4.10: MEASURED POWER SPECTRA OF THE IJF-QPSK
AND IJF-0OQPSK SIGNALS
{bit rate: 64 kb/s, carrier frequency: 512 kHz)




The equivalent complex baseband model of the IJE—quadrature
modulator used in the cbmputer simulation is shown in Fig. 4.11l.
Fig. 4.12 shows spectral regrowth of the hardlimited IJF-OQPSK
(d=Ts/2) obtainea by computer simulation (solid line), theore-
tical derivation (dashed line) and experiments (dotted line).

It is seen that the simulation and theoretical results are iden-
tical, aﬁd in a close agreement with the experimental results.
e

As a next step the ideal hardlimiter in the simulation model
(Fig.~4.li) is replaced by the high-power amplifier (HPA) having
the AaM/AM and AM/PM charac?eristics shown in Fig. 4.13. The .
simulation results (Fig. 4.14) shows that the IJF-0ffset-QPSK
signal exhibits similar spectral regrowth whether this regrowth
is caused by a préctical moﬁel of a saturated HPA or by an ideal
hardlimiter. In the case of IJF-QPSK a signif;cantfdifferenae

exists.

The spectral regrowth of the hardlimited IJF-0QPSK signal
if compared té that of hardlimited QPSK, OQPSK, and@ MSK. The
transmit §h%ping filters used for these modu}ated signals are
described in Table 4.1. The results of Fig. 4.15 show that the
hardlimited IJF-OQPSK signal has more signifiéant spectral

advantages than the hardlimited QPSK, OQPSK and MSK signals:

The hardlimi{ted IJF-Offset QPSK &ignal has a tonstant enve-
lope. 1Its power spectrum is compared to those of other .constant-

envelope modulated signals such as TFM [39], FSOQ [43], and
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Fig. 4.11: EQUIVALENT COMPLEX BASEBAND MODEL OF THE .
IJF QUADRATURE MODULATOR

-



Fa

: - 100 -

Normalized
PSD .
. [as]

-1

=10

-30—

~
—so— ——— : Simulation results RN ~
Theoretical results

—————— : Measuredi;ﬁsults

-604— i ' ]

Cy

Normalized frequency [if—fc)Ts]
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Mcodulation scheme

Transmi; filter

QPSK, OQPSK

- equaliser + sguare-
sinx ! d

root of the raised cosine
filter with roll-off
factor a=0.4

MSK 5th order Butterworth0 5
fll;er with f3dB =+ =5
where l/Ts is the symbof rate

IJF-0QPSK .

with s(t) = 5(1l+cosi®) Nil

S

Table 4.1: TRANSMIT SHAPING FILTERS FOR QPSK, OQPSK,
MSK AND IJF-OQOPSK SIGNALS
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Normalized
PSD [dB]

0

-10

-20

-30

-40

-50

Normalized frequency [(f£f-f )T_]
c’' s

Fig. 4.15: COMPARISON OF POWER SPECTRA OF HARDLIMITED
QPSK, OQPSK, MSK AND IJF-OQPSK SIGNALS

(Thansmit shaping §iltens fonr diffenent modulation
schemes ane described in Table 4.1].
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hardlimited quasi-bandlimited keying [48]. Fig. 4.16 shows the
spectral comparison, taking the power spectral density at the
carrier frequency as the 0dB reference. It is indicated that
‘for the frequency region within the bit rate frequency, the

IJF-0QSK with N=0 . has better (lower) power spectrum.

__) NOTE: Pants of Chapter 4 wene publdished in [65, 66].
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Notes: o IJF-0QPSK,
Quasi-bandlimited keying
signals are hardlimited.

o For IJF-0QPSK
signal, N = 0.

o FPor Quasi-bandlimited keying
signal, n = 3

Fig. 4.16: NORMALIZED POWER SPECTRA OF VARIOUS
CONSTANT-ENVELOPE MODULATED SIGNALS
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CHAPTER FIVE:
IJF-QUADRATURE MODULATIOMN TECHNIQUES:®@

ERROR PROBABILITY PERFORMANCE

SUMMARY :

In this chaptei, the ennon probability (Pe) performance of 1JF-quadra-
ture modulated signals in an additive white gaussian noise environment L4
phresented.

The Pe penformance of TJF-0PSK and TJF-044{set OPSK modems .in Lineax,
hand-Limited, and cascaded nonlinear channefs is provided. The detection
filten is a naised-cosine type filter previousfy described Ln Section 3.7.3.

Effects of co-channel and adjacent-channel interference on the Pe
performance of 1JF-QPSK and TJF-0ffset CPSK modems are investigated ud.ing
sdmulation techniques.

Potential applications of T1JF-0ffset QPSK modems {in power efficient
stations fon Single-Channel-Pen-Cannien (SCPC), Time-Divisdion-Multipfe-Access
[TOMA), and On-Boand @gﬁgnenatiue systems arne studied. Penformance comparii-
son of IJF-0fgset QPSK, OPSK, 0QPSK, and MSK are presented.

Expenimental nesults ane in agreement with sdimubation hesults.
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5.1. Pe PERFORMANCE OF IJF-QPSK AND IJF-OFFSET QPSK 1IN

AN AWGN SINGLE-CHANNEL ENVIRONMENT

"5.1.1 Ee Performance of JJF-QPSK and IJF-Offset QPSK

in Li%ear, and FHardlimited Channels

The single-channel model cf an IJF guadrature mcdem {(modu-
lator-demodulator) is shown in Fig. 5.1. As an illustrative
example, the double-interval pulse shape used in the IJF encoders,

s(t) = %(l+cos %E) , is selected for our study. The modulator

s
has nqgfxtra transmit shaping filter. The receive filter used
in the demodulator is a raised-cosine type filter, as previously

described in Section 3.2.3.

In a £inean channel, it was shown that, for both IJF-QPSK
and IJF-0Offset QPSK, the receive filter having a roll-off factor
4=0.6 provides a negligible degradation of 0.28 dB compared to

the theoretical optimum performance.

Pigure 5.2 illustrates the Pe performance of the IJF qua-
drature modulated signals in a hard@imited singfe-channef model.
It is seen that the IJF-QPSK (i.e. d=0) out-performs the IJF-
OQPSK (i.e. d=TS/2). This is explained by the fact, that in
the sampling instants the basebapd components of the hardlimited
IJF~QPSK have less intersymbol interference (ISI) than those of
the hardlimited IJF-0OPSK due .to the inphase-to-guadrature cross-

talk effects (Fig. 4.8).
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LF
SIGNAL
[ENCODER

NRZ
SIGNAL

JF

SIGNAL
ENCOOER
RECOVERED
RECOYERED CLOCK
, CARRIER ;
(a)  MODULATOR . ' (b)  DEMODULATOR

Fig. 5.1: BLOCK DIAGRAM OF IJF QUADRATURE MODULATOR/
DEMODULATOR IN AN AWGN ENVIRONMENT
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The performance of the IJF-Offset QPSK modem is also expexr-
imentally evaluated. The bit rate is 64 kb/s and the carrier
frequency is 512 kHz. The measured results, Fig. 5.3, are in

) .
agreement with the simulation results (Fig. 5.2).

However, aé shown in Fig. 4.7, the hardlimited IJF-OQPSK
signal has much less sﬁfetral spreading than the hardlimited IJF
QPSK signal. For this reason, in the hardlimited multi-channel
system the IJF-OQPSK signal leads to a higher carrier-to-inter-
ference {(C/I) ratio and hence a smaller adjacent-channel-inter-

ference (ACI) caused Pe degradation than the IJF-QPSK. This

will be demonstrated in Section 5.2.

5.1.2 P_ Performance of the IJF-OQPSK Modem in a Cascaded

—

Non-Linear Channel (TDMA Application)

(
<

The TDMA transmission technique has been introduced to
achieve higher efficiency and flexibility in satellite communica-
tions systems [8%]. Due to the single—carrier—per-transpondef
mode of operation TDMA transmission reduces the nonlinear efy”f/ﬁ)
fects of the transponder TWTA bylavoiding inéermodulation pro-
ducts encountered in FDMA syétemé. However, it still undergoes
degradation caused by the combined effects of the bandlimited
envirqpment of the tranéponder channel, and the cascaded non-
linearities of the earth station HPA and transponder_TWTA.f It

is tbis degradation that limits an efficient use of earth

station and satellite power amplifiers, that is, introduces an
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PERFORMANCE DEGPRADATION OF IJF-QPSK

AND IJF-OQPSK MODEMS IN A SINGLE-CHANNEL
SYSTEM '
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Fig. 5.3: MEASURED PERFORMANCE OF AN IJF-OQPSK MODEM
IN AN\AWCN ENVIRONMENT
NOTES:

bit nate: 64 kb/s
carnden frequency: 512 kHz
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phase equalization approaching

the naised-cosine Lfype BPF
with o=0.4
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output power back-off requireménf.

Fig. 5.4 illustrates the simulation ﬁodef bf a cascadéd non-
linear channel. Thelchéfacteristics of the.earth station HPA,
transponder TWTA, input ahd'output MUX filtefs recammended in the
Inteisat V-TDMA system‘specifications [7;] are used in the simu-
lation. The AM/AM and AM/PM cénversion cﬁaracteristics of the
HPA &nd TWTA ‘are illustrated in Fig. 4,13. In:accérdanee with

the recommended Intelsat V satellite simulator model we assume a

negligible uplink noise.

Table 5.1 summarizes the filter partitioning used fqi/IJF—

OQPSK' and QPSK modems. As an illustrative example, the IJF

: T
‘double-interval pulse used in the IJF-OQPSK modulator is //iF/)
s(t) = %(l+cos %E). The IJF-OQPSK modulator has no extra trans-
s

mit shaping filter. The receive detection filter used in the
] IJF-OQPSK demodulator is a raised-cosine type filter having a
roll-off factor o=0.4. For conventional QPSK mcdems, we adopted
one of the most freguently used filtering strategies specified '

for operational systems [73].

-

-,
“ The combined effect of the AM/AM and AM/PM nonlinearities;

with the impeffect amplitude and group delay characteristics of
the input/ocutput transponder‘MUX filter;, introduces a degrada-
tion in’the' Pe performance of the IJF-OQPSK system. Fig. 5.5
depicts the simulation results on the Peo performance of the

IJF-0QPSK modem in different illustrative cases. The Pe
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Modulation Scheme

Transmit Shaping

I
Receive Detection

Scheme . Filter Filter

IJF-OQPSK - NIL - Full raised-cosine filter

with with roll-off factor

V. 1 _— « = 0.4 and aperture

s(t)=5(l+cos f—) equalizer.

s ! %

QPSK Square-root of raised | Square-root of raised
cosine filter with’ cosine filter with
roll-off factor roll-off factor
o = 0.4 and _X o = 0.4.

sinx ‘
_ .
aperture equalizer. T
Table 5.1:

FILTER PARTITIONING FOR IJF-OQPSK

AND QPSK MODEMS.

(linear phase response is assumed). S
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.
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Fig. 5.5: PERFORMANCE OF THE IJF-OQPSK MODEM
7 IN CASCADED NONLINEAR CHANNELS (Solid lineg)
NNOTES: purve(): Input and Outéut mux filters are excluded.
curve (3 : Input and Odtput mux filters have constant GD.
Curve @: Input and Output mux filters have parabolic GD.
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degradation due to¢ the cascaded nonfinear effect of the earth
station HPA and transpondér TWTA is 1.5 dBlat PE=10_6 relative «
to-a linear channel (curve 1l). By intréducing input and output
transponder MUX filters, the IJF-OQPSK signal prior to the %ians—
ponder TWTA exhibits an incréased amplitude fluctuation, there- "
fore it suffers more degradation die to AM/AM and AM/PM conver-
sion effects of the TWIA: if the MUX filters are assumed to have

. Il

a constant (ideali.group delay charac¢teristic, then the P, per-
formance of the IJF-OQPSK is degraded by 0.65 dB at Pe=10_6
relative to the case of no MUX filtering (curve 2). If parabolic
group defay characteristics of MUX filters are éssumei, then- the
Pe performance (cuive 3) is degraded by 1.35 dB at, Pe=.'f.0_6
relative to the case of no MUX filtering. Since a negligible
uplink ncise is assumed the degradation in Pe performance is
related to the increase of inters&mboi—intérference in the re-
ceived IJF~OQPSK signals prior to the single sampling detector

as shown in Fig. 5.6. The P performance of the IJF-0QPSK

e
modem is also compared to that of the QPSK in the same. trans-
mission link as illustrated in Fig. 5.5. While in the fLipeanr
channel the P_ performance of the IJF-OQPSK modem'is 0.4 dB
worse than that of the (QPSK, the IJF-OQPSK shows a "gain" of
0.5 dB at Pe=10"6 compared to QPSK in the bandlimiged and

cascaded nonlinear channels.
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{a) LINFAR CHAITHFRT

(b} NONLINEAR CHANNEL
(HPA at 7 dB IBO, TWTA at 2 dB IBO)

Fig. 5.6: EYE DIAGRAMS OF DEMODULATED IJF-0QPSK
SIGNALS IN LINEAR AND CASCADED NONLINEAR

CHANNELS.

T
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5.1.3. P, Performance of the IJF-OQPSK Modem in a

=

Regenerative Satellite Link

Onboard regeneration techniques [75] are‘used to further
improve the performance of satellite links using TDMA schemes.
In regenerative satellite systems, the uplink and downlink are
isclated by onboard demodulation-remodulation processing. This
prevents the direct transfer of noise accumulated on the uplink
to the downlink, and only bit erfors made in the onboérd detec-
tion processing of the uplink are passed onto the downlink. The
isolation of the uplink and downlink alsc separates the effects
of cascaded nonlinearities, avoiding the transfer of signal dis-
tortions from the ﬁplink to the downlink. Fig. 5.7 shows'the
simulation modei of a regenerative satellite link. The HPA,
TWTA, and filters have the same characteristics as described in
the previous section. The simulation results on the uplink and
downlink Pe performance of the IJF-OQPSK modulation scheme are
shown in Fig. 5.8. Thé‘regenerative satellite sxstem provides a
Pe performance éain of 2.15 dB at e=10_6, relaﬁive t? the con-

ventional satellite system, equipped with IJF~OQPSK modems.

In regenerative satellite systems the total Pe performance
is given by [75]

P +P

eT i PeD el
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10~ 3 T T I T
CONVENTIONAL SATELLITE LINK
(Uplink noise is neglected)
1074 |- .
REGENERATIVE
SATELLITE LINK
1077 -
DOWNLINK
., (TWTA @ 0 4B IBO)
UPLINK
(HPA A 0 dB IBO)
10_6—————-_—_—_————__—_—_—_--. e — —— my a
10—7 ] ] | |
8 9 10 11 12 13 14 15
Eb/NO [dB)
Fig.5.8a: PERFORMANCE OF CONVENTIONAL AND

REGENERATIVE SATELLITE LINKS USING
IJF-0QPSK MODEMS '
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L.,.LE'—\_V
1073 T T T T
CONVENTIONAL SATELLITE LINK
107 -
REGENERATIVE
SATELLITE LINK
~ DOWNLINK
(TWTA 2 0 4B IBO)
- o
1077+ _
UPLINK .
(HPA 2@ 0 4B IBO) .
106.__—-_._____.—_-—__-—_.__-—__ —_—— —
o
8 9 10 11 12 13 14 15
Eb/No [AB]

Fig.5.8b: PERFORMANCE OF HARDLIMITED
IJF-CQPSK MODEMS IN CONVENTIONAL
AND REGENERATIVE SATELLITE SYSTEMS’
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where PeU and PeD are the uplink and downlink Pe perfor-
mance respectively. This equation is used to plot the “Iso—
Probability of error-performanée" curves for Pe,I,=10_4 of the
regenerative link. using IJF-OQPSK modems, as shown in Fig. 5.9.
The IJF;OQPSK modulators may be equipped with ideal fow-powen
handfimiterns prior to the high-power amplifiers. The hardlimited
IJF-0QPSK signal has a constant envelope, therefore does not
undergo AM/AM and AM/PM conversions of the HPA and TWTA. The
HPA and TWTA can cperate at saturation, that-is; 0 dB back-off.
Consequently the system power efficiency of the transmitter is
increased and the cost and weight of the HPA or TWTA in use is
reduced. The simulation results shown in Fig. 5.9 indicate that
the regenerative satellite system using IJF-CQPSK modems with

a low-power hardlimiter is the best choice when the HPA and TWTA
operate at 0 dB back-off. The results (Fig. 5.9) also show

that the regenerative system using the IJF-OQPSK modem introduces
a gain of 1 dB at Pe=10_4 in both the uplink and the downlink

performance, compared to the regenerative system using QPSK

modens.

5.2 P_ PERFORMANCE OF IJF-QPSK AND IJF-OFFSET QPSK

=

IN A COMPLEX INTERFERENCE ENVIRONMENT

5.2.1 Computer Simulation Model

Fig. 5.10 shows the simulation model of a multi-channel

system. It is an equivalent complex baseband model of the’
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— 0.9 ap (HPA and TWTA @ 0 dB IBO) .
|
|
|
i
! -
|
|
! \
|
| \
i QPSK
i v -
]
' \
|l \
]
. ~

\ / HARD U MI TED IJF-OQPSK

~a : /IJF—OQPSK

| | | 2| !

Y Fig.5.9:

10 11 12 13 14 15

yDOWNLINK Eb/Nb
é

\

COMPARATIVE PERFORMANCE OF REGENERATIVE SATELLITE
SYSTEMS USING IJF-0QPSK AND QPSK MODEMS
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ADJACENT INYEFERERS

-Hh  |NTERFERING FHANNEL
(sumitar to the 4" interfering ghanpel)

‘ !
.
() 5ich Ri(1) Ri(1)l%i
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COMPLEX PRBS PHARD. ) FFT RCV BPF PHAsE FET-L TIME
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HARDL 1M1 TER
ERROR PROBABILITY COMPUTATION

Fig. 5.10: MODEL OF THE SIGNAL PROCESSING AND P
CALCULATION FOR A MULTI-CHANNEL IJF-
OQPSK SYSTEM
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S '
modulated system. Filtering is processed in the frequency dqmain

with the aid of Fast Fourier Transform (FFT) techniques: the re-
ceive .detection filter is represented by its lowpass equivalent
transfer function HR(f) for the main channel and by HR(f—fi)
for the ith interfering channel; The filter;ng process 1is per-
formed by multiplying the Fourier transform of the complex base-
band signal by the lowpass equivaleﬁt transfer function of the

receive filter, i.e. the Fourier transform of the received de-

0

sired signal is

-

Eo(f) = HR(f)-FFT '{xo(t)} . (5.1la)

and the Fourier transform of the received ith interfering signal

is
Ri(f) = HR(f—fi)-FFT {x,.l(t)} (5.1b)

where fi represents the channel spacing between the main and

the ith interfering channels. The lack of coherence between the

ith interfering and main channels is included by the multiplica-

tion . !

jo, |
Ri(f)-e (5.2a)

where ¢ is a random variable uniformly distributed in (0,2w).
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The lack of synchronization between the ith interfering and
main channels is introduced by rotating the interfering complex
baseband signal r.(t) by ¢; where ¢, is a random vatiabie
-uniformly—distributed in (O,TS), and

- i :
FFT l{Ri(f)e i, (5.2b)

1l

ri(t)

— .,

The nodise-{ree received signal containing interchannel in-

terference is given by

+N
r(t) = r_(t) + ] BT (t) (5.3) <

-_—
i=-N

where Bi represents the relative voltage difference(bépween the

-~
ith interfering and main channels at the receiver input.

At the receive end, the corresponding real and imaginary

1
parts, rI(t) and rQ(t), are sampled at kTs and (k+ EJTS

respectively. The conditional error probability in an AWGN

environment for the samples rI(kTé) and r,.((k+ %)Rs) is given

Q
by [25]

r (kTS)

{ l~erfc[——], if a,r_(kT_)<0
i { Gn/i . kK'I s
Plejr (kT)) = (5.4a)
{ r_ (kT )
( % erfc(—l——:g—) otherwise
cn/z
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n:i-'r- g
Yord
T

Q s . . .1.7s :
{l-erfcti — 1, if b .r [ {k+tz}==]1<0
{ g V2 k™0 2" 2
n
N { -
{ .
1 ;‘{ . | .
P(eI;Q((k+§)TS)) —% . (5.4b)
‘ 1
{ r ((k+x3)T ) .
{% erfec g 2 s }, otherwise
o V2
) n
\where !

o
o R
a bk are_the,kEh symbols in the transmitted complex

pseudo~random sequence,

2 ‘ o

o is the noise variance,
N ' T
2 _ Q +o |2
Gn = —2-— {m IHR(f)t df
& . -
and
) N
7? is the double-sided ncise spectral power density of the
AWGN., ~ ’
P . J
P T
_ru/ A

The "error probability is then given by

b

1 iﬂ% | T
P, = 35 k=l{P(e|rIjkTs))+P(e|rQ((k+5)TS))} . (5.5)
! “*
where "is the'length of the transmitted pseudo-random se-
quence. : - ;
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5.2.2, Illustrétivg Simulation Results

v
t

As an illustrative example, the IJF-QPSK and IJF-Offset

' QPSK modems with the IJF double-interval pulse

[

(l+cos %E)

s

s(t) =

B3|

are used in the simulation model. The receive detection filter
i raised-cosine-type filter having a linear phase response

and am—3dmplifude response given by Eq. (3.40).

5.2.2.7. Performance .of IJF-OQPSK Scheme in a Co-Channed
— 5

? Interference (CCf) Environment

s

‘A frequency-reuse commun&sation system using IJF-0QPSK \
scheme is simulated by introducing an interfering channel center-
ed at the same carrier frequency as the main channel (i.e. co-.

channel interference). Fig. 5.11 shows the effects of theégp— '
4

channel interference on the performance degradatidn:af Pe=10_ ;

with different receive filter roll-off factors, «a. it indicates
that the receive filter jwith -a roll-off factor - «=0.6 provides
the bes@ performance in both linear and hardlimited channels.

‘It also shows that a C/I ratio of 26 dB is acceptable'prouided

"an- ihcrease in the Eb/NO ratio of about 0.3 dB can be tolerated
. 4

for the same P, performance.
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40 ¢/i (dB)
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Fig. 5.11« PERFORMANCE DEGRADATION VERSUS
C/I IN.A CCI AND AWGN ENVIRONMENT
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N

5.2.2.2. Performgnce of IJF<OQPSK Scheme in an Adjacent

Channel Iﬁt@;férénbe (ACI) Envfronﬁent_

Fig. 5.12 shows the results £ the carrier-to-interference
(C/I) power ratio versus the carrier frequeﬁcy difference with
two equal power channels for»the region of major interest (7/12
to 9/12 of the normalized .channel spacing). The. receive filter
having a smaller roll-off factor («) provides better C/T
ratio.

a
" At first the effect of a sdingle adjaéent channel interfer-
er ofi the Pe:¢p§rformance is investigated. As illustrated in.
Fig. 5.13 the-siﬁqlat;ongresults indicate that for a éhannel
spaciné of,less than 0.68 of';Qelbit rate frequency the receive

filter having. a=0.4 provides the best performance.

The effect of two eqﬁally spaced upper and lower a@jacent
channels on the P performance of the desired IJF-OQPSK chan-
nel was also investigated. ''The %implation results are éhown in
Fig. 5.1l4a fornéquaﬂ-powea channels, and in Fig. 5.1l4b when one
of the two intefferers is 7 dB higherf%han the main channel. The
second case illustrates tﬁe worst—-case condition of the INTELSAT

4

SCPC system [62].

The simulatioﬁ results (Figs. 5.13, 5.14a,b) indicate that

a receive detecticn filter having o=0.4 provides the best
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Fig. 5.13: DEGRADATION VERSUS CHANNEL SPACING IN
THE CASE OF ONE ACI

Ep /No 18]
/Mo I | | 1 1
EQUAL-POWER CHANNELS
3 o =0.4 B
o =02 P, =107
2— —HARDLIMTED L
1— -
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1} I | I I SPACING
, 0.5 0.6 0.7 0.8 . 09 1.0 Hz/b /sl
SPECTRAL ‘
EFFICIENCY ——* 2 167 1.43 1.25 (R}
b /s /Hz)

(* Degradation refative .to-@Eb/NO = §.4 dB

@
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Fig. 5.14a: DEGRADATION VERSUS CHANNEL SPACING
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Fig. 5.14b: DEGRADATION VERSUS CHANNEL-SPACING

IN THE CASE OF TWO ACI's {one ACI
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performance for narrcow channel spacings; Fufthegmore, the IJF-
OQPSK modulation scheme can provide aufpectral efficgency of
1.42 b/s/Hz with a performance degradation of less than 0.8 dB
at Pe=10_4 in a multi-channel environment’with an adjacent in-
terferer being 7 dB higher than the desired channel in a £ineax .
environment (Fig. 5.14b). This approaches the current Intelsat
SCPC system regquirements.

’

5.2,3. Performance Comparison |

5.2.3.1. Performance of a ‘Saturated HPA Single

. :
Channel-Per-Carrier (SCPC) System

In a conventional multi-channel SCPC earth station, a num-
ber of modulated signals are combined at IF, upconverted to RF
;
and amplified by a cpmmén transmit high-power amplifier (HPA).
To avoid the intermodulation products the transmit HPA must

operate in linear mode having a large backoff, thus a large loss

in output power.

There is a growing demand on operating companies to provide
SCPC earth terminals for use in remote areas for low data rate
subscribers. Such terminals would typically require a s.ingle
modulated channel only. The earth-station high-power amplifiers
va}é expected to operate in saturation  mode to obtain high-power
efficiency and maximum RF output power. In such a system each

satellite transponder will process a number of digitally

~
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mcdulated carriers in a FDMA mode and, for this reason, operates
in a linear region. Fig. 5.15 shows the block diagram of such
SCPC system model with three channels. Equal channel spacing'
.is assumed.
A

As shown in Fig. 4.14 the spectral regrowth of the IJF-
OQPSK signal caused by.a“saturated HPA is less than that by an
ideal hardlimiter. Hence the IJF-QPSK signal amplified by a
saturated HPA creates less adjacent channel interference than
the hardfimited IJF-QPSK. The performance of both IJF-QPSK and
IJF-Offset QPSK modems in a multi-channel environment is pre;ent—
ed in Fig. 5.16. It is confirmed that the IJF-QPSK modem with
a saturated HPA has a better performance than that with an ideal
hardlimiter. On the contrary, whether the IJF-0ffset QPSK sig-
nal‘is hardlimited or amplified hvy a saturated HPA, it exhibits
the same spectral spreading, hence creates the same ACI. Fig.
5.16 indicates that the IJF-Offset QPSK modem with an ideal hard-
limiter has a slightly better performance than that with a sat-
urated HPA. The additional EE7N6 degradation is contributed
by the AM/PM conversion of the HPA. For this reason, a Low-
power harndlimiten having a negligible AM/PM effect is insernted
prion to the saturated HPA in pracitical systems to improve the

performance.

The second set of results (Fig. 5.17) presents the Eb/N0
degradation compared to the optimum theoretical performance in

a linear channel, i.e. Eb/No=8'4 dB at Pe=l0—4 as a function
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Fig. 5.16: PERFORMANCE OF TIJF-QPSK AND IJF-OFFSET’
NPSK MODEMS IN.A MULTI-CHANNEL NONLINEAR
ENVIRONMENT

(Recedive detection filten: rnaised-cosine type with o=(.4)
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DEGRADATION *
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Fig. 5.17: PERFORMANCE COMPARISON OF QPSK, OQPSK, MSKX
AND IJF-OQPSY. TN A HARDLIMITED MULTI-CHANNEL
SYSTEM

(* Degradation relative o .Eb/N = 8.4 d=B
Pc = 10-4) 0
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of the normalized channel spacing (i.e. channel spacing/bit
rate}. The desired (main) and adjacent channels are assumed to
have the same power at the input of the receiver earth-station. .
Filter partitioning used for IJF-0QPSK, QPSK[ and MSK modems 1is

~

summarized in Taﬁle 5.2. For QPEK and Offset QPSK we adopt the

¥
- most frequently used filtering stratecies [73]. The results
show that for narrow channel spacings less than the bit rate,
the IJF-0QPSk system has the best performance,hi.e. lowest de-
gradation. 'This is explained as follows: The carrier-to-inter-
ference (C/I) ratio at the receive filter'output for different

modulation schemes is shown in Fig. 5.18. It is noted that the

IJF—OQ?SK modulation scheme provides the highest (best) C/I.

The higher C/I advantages of the IJF-OQPSK become more
evident when the received modulated carrier power of the main
channel is.below that of the adjacent channe%s. This situation
may occur in .case of an up-£ink fade of the desired channel.
Fig. 5.19 presents the Eb/NO degradation as a function of the
fade depth of the desired channel. As the main channel is atten-
uated, the adjacent channel interference becomes predominant and
for this reason ‘the modulation technique which creates less ACI
provides better performance. As an example, for a fade depth
of 12 4B of the desired channél, the IJF-0QPSK modem exhibits
only 2 dB aegradation; the performance degrad;tion of QPSK mgdem
is more than 7 dB, see Fig. 5.19b. These results indicate a
significant performance improvement of the saturated HPA SCPC

with TJF-0QPSK modems.



Table 5.2: FILTER PARTITIONING FOR T

IJF-OQPSK, QPSK, OFFSET QPSK, AND MSK
(performance comparison shown in Fig. 5.17)

Modulation scheme \\Transmit Shaping Filter Receivé Detection Filter
IJF—OQPSK . _ Nil Full raised-cosine filter
< \- PN with aperture equalizer
- r -
QPSK and .Sguare-roct cof raised- Sgquare~root of raised-
Offset QPSK cosine filter with cosine filter
: equaliier
sinx O
MSK 5th otder BuEterworth 5th order Butterworth
. . - ~'= . - 1) = l .
with deB Z b:t rate with f3dB 5 bit rate
e

v an
s S

LINEAR éHASE RESPONSE IS ASSUMED

S
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5.2.3.2. Performance of an Illustrative On-Board

Regenerative Satellite System

Fig. 5.20 illustrates an illustrative regenerative satellite
system model- with adjacént channel interference. The ACI is pre-
“dbhinantly caused by spectral spreading of the modulated adja-
cent carriers.

,\‘

Assume that the same modulation technique is uéed on the
uplink and downlink. The individual link models include a
saturated eafth—stétion HPA and a saturated TWT in the satellite
transponder. Otherwise, the link model is similar to that of
the SCPC system pfesented'in the previous section. Hence ;he
individual uplink and downlink performance PéU and Péa ‘can
be dbtained from the results given in Section 5.2.371. Using

these results the "Iso-error obability perforﬁance" curves for

the overall system performénce =10~ of the regenerative

system are plotted in Figs. 5.21a,b. -EB/NO represents the re-
'quired bit-energy-to-noise-density ratio of the main (desired)
channel to qaintain an overall erxor probability of 10'-4 in the

presence of twd—adjacent channels both uplink and downlink.

s -

For the results in Fig. 5.2la the main and adjacent channels are =
assumed to have the same power at the) input of the receiver. ' For
the results in Fig. 5.21b the maif .channel power is lower than.

that of each- adjacent channel by 12 dB.
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Fig. 5.21b;: ISO-ERROR PROBABILITY PERFORMANCE OF
REGENERATIVE SATELLITE SYSTEM WITH
ACI (12 4B FADE DEPTH OF THE DESIRED
CHANNEL)
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Compared to QPSK and OQPSK modems, the‘IJF—OQPSK exhibits
its improved performance specially when the main channel power

is faded, i.e. it is below that of the adjacent channels.

5.2.4. Experimental Results

The experimental set-up to measure the Pe performance of

an IJF-OOPSK modem in the presence of two adjacent channel inter-

ferers is shown in Fig. 5.22, The IjF double-interval pulse -
used in the IJF-0QPSK modem is s(t) = %(l+cos %E).In the experi-
s

ments the main channel IF frequency is centered at fO = 512 kHz
while the upper and lower adjacent channels..are centered at

(5.2 kHz + Afi and 512 kHz - Afi) respectively. The bit rate
is 64 kb/s. A 6th order elliptic bandpass filter with amplitude
and group delay equalization has been used as the receive detec-
tion filger. This filter approximates a raised-cosine-type
filter used in simulation. 1Its center frequency is 512 kHz and
its 3 dB-bandwidth is 37.5 kHz. Fig. 5.23 illustrates the C/I
ratio .(dB} versus the normalized channel spacing (Hz/b/s) at th;
bandpass filter output in the handfimited case. The measured

Pe performance of the hardlimited multiple-channel IJF-0QPSK
systems is shown in Fig. 5.24. BAs an illustrative example of
the Intelsat SCPC system, a channel spacing of 45 kHz is chosen
' 4

in the experiment. The extra degradation at Pe=10— due to

ACI is 1.3 dB.
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Fig. 5.22: EXPERIMENTAL SET-UP FOR A MULTI-CHANNEL
- ' IJF-0QPSK SYSTEM
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C/1[dR]
i 1 | | .
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Fig. 5.23: MEASURED C/I VERSUS CHANNEL
SPACING
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Fig. 5.24: MEASURED PERFORMANCE OF A HARDLIMITED
MULTI-CHANNEL IJF-OQPSK SYSTEM
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For a channel spacing of 64 kHz (1 Hz/b/s), the éffécts of

ACI is negligible.

The comparison of measured and simulation results on the

Pe perfermance is illustrated in Fig. 5.25. “‘The measured and

simulated results are in a close agreement.

NOTES: Pants of this chapten wene pubfished in [65,67-69,87-84]

%

~

&
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6.1 PATTERN-NOISE IN A CARRIER SYNCHRONIZER

.t _ USING THE REMODULATION TECHNIQUE

]
-

Quadnuplen, nemodulaton (also called revense-modubaton or
inuenée-moduﬂatoﬂ), Costas Loop are three widely known types of
carriexn synchfonizers for QPSR and Cffset-QPSK demodu&ators [3@,
89,901. Their biéck diagraﬁs are shown in Figs. 6a-c. 1Im the
quadrupler (Fig. 6.la), the fourth harmonic component of the caz-
rier is rggeneratéd.bf-é fdyrth—power device, filtered and divided
by four to produce the carrier signal. In essence; both the re;
mocdulator (Fig. 6.i$), and the Costas loop (Fig. 6.]lc) remove

modulation'tb reéenerate ﬁhe carrier by cross-multiplying the
received (ﬁodulateﬁ) signal by the demodulated (and limited) in-
phasé-and quadrafure componénts. In the remodulator, this'ﬁross—
multipiication is done in passband while in the Costas loop, it
is pefformed in baséband; In other words, the Costas loop c%n be
derived from a series of passband-to-baseband transformations on
tﬁe-remodulator [87]. Both the régédulator-and Costas lcop pro-
yide less phase jitter than thelquadrupler [86,87,90]. For these

reasons, in this section, the pattern-noige in the remodulator

applied tc IJF-QPSK and IJF-Offset QPSK demodulators i€ examined.
. (_\ . N .

P

]

Figure 6.2 shows the complex equivélent model of the remodu-

_,lator.~'The'no£$e7ﬁiee componént of the received modulated signal
. . . ’ 1% .

is represented as’
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BPF: Bandpass filter (narrow)

* PLL: Phase-locked loop
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. | PLL
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Fig. 6.l: -BLOCX DIAGRAMS OF CARRIER
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j2wfct :
Cz{t) = (yp(R)+iysle))e ) §6.1)

wheré yI(t) and yQ(t) represént the in-phase and quadrature

combonents of =z(t) and fc is the carrier frequency. The com-

‘ponents yp(t) and yQ(t) are random, have zero mean and the same

statistics. Hence =z(t) does not contain any discrete spectral

component at fc’ or its harmonics.

From Fig. 6.2, the output of the remodulator can be repre-

§ented as

vit) = y(t)y z(E)~jyy(B)z(t)
R onf ¢ .
= {A{t)+3iB(t)] e C. (6.2)
. | 4
£ .
where ’
A(E) = yp(E)y () +y (£)y (£)
B(£) = yo(8)y,(£)-y (£)y,(£)

are the in-phase and quadrature components of wv(t) 'and yI(t)

and yQ(t) are demodulated in-phase and quadrature baseband sig-

. nals. £

&j" |
;I(t) and yQ(t) are outputs of the comparators (Fig. 6lb).

They can be represented as |
W , -\

N
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. !-yI(t)l yq(t)
yI (t)( = sign [YI (£)] = _VI ) = IYI € : (6.3a)
and ' . | -
. . Clvged | lyg (e | :
_yQ(t) = sign [yQ(t)] = yQ(t) = yQ(t) (6.3b)
' where sign [y] 1s sign of vy.
A(t) and B(t) are then rep;esented by
Afr) = fyp ) [+ Iy (0) | | ~ (6.4a)

B(t) =‘yI(t) - sign [yo(t)]

yo(£) * sign [y (t}] T  (6.4b)

.
~ -
.

'THE amplitudes of the in-phase and quadrature components of
the carrier are gi%en by the means of A(t) and B(t) respec-
tively. Since yI(t) and yQ(t) have the same statistics and

zero means, the mean of B(t) 1s also zero. Hence the desired

carrier compconents is

A= E{A() = Blly (0) I+]y (031} # 0 (6.5)

Equation (6.2) can be rewritten as

_ j2ﬂfct j2#f _t
. vi(t) = Ae + (a(t)+jB(t))e © (6.6)

where
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a{t) = A(t) - A

a(t) and B(t) represent the in-phase and quadrature fluct-

uvuations respectiwely. They can be considered as AM and PM side-
. j2nf t

bands abcut the desired carrier represented by Ae . These

fluctuations arise from the characteristics of yI(t), and yQ(t)
4
patterns, even if the received signal z(t) is perfectly noise-

free. For this reason, they are usually termed pattean-noise (or

self-noise, or systematic jitfen) [B7-88].

In this section we investigate the pattern-noise in the re-

covered carrier for IJF-QPSK and IJF-Offset QPSK demodulators by
examining the power spectral density (PSD) functions of A(t)
and B(t).

-

6.1.1 Power Spectra of A(t) and B{t) in

the case of IJF-QPSK Demcdulator

Thé noise;free component of the received IJF-QPSK, z(t},
is assumed to be identical to the IJF-QPSK modulated transmitted
signal reg:esented by Eq. (4.1F. The baseband' components, yI(t)
and yQ(t), are IJF sigkals represented by Egqs. (3.2a and b).
A(t) can be.represented as
s 4
o

VA(E) = D Qle)) _ . (6.7)

n=-w

p
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where tn = t—nTS.

From Egqs. (3.2a,b) and (6.4a), it can be shown that Q(tn)

-belongs to the set {vi(tn), i=1,2,3,4} where

vile ) = 2|so(tn)| (6.8a)
volt ) = vyt ) = !so(tn)1+se(tn) (6.8b)
v4(tn) = 25e(tn) . (6.8c)

Followina the same treatment as given in Section 4.3, we can

derive the PSD function of A(t). It is
st = 1 T s (—-“.; + s, (3 |25 (- 2
A = —7 ( I°1\F 2'T ¢ T
T n=—= s s s
s .
1 2 '
+ iT; [Sl(f) - Sz(f)J . (6.9)

where- Sl(f) and Sz(f) are the Fourier transforms of |so(t)|

and seﬂt) .respectively. »\“\

Similarly, the PSD function of B(t) can be derived as
E
_ 1 ; ~'20 . ’ )
sglf) = 7T, Jwte) |70 : _ (6.10)

‘where W(f) is the Fourier transform of
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% se (E)-s_ (), Oxt<T /2
wit) = E—se(t)—so(t), ~T_/2:5t<0

= { 0, elsewhere

From Eg. (6.9), the desired carrier is represented by the

discrete spectral component at £=0, i.e.,

A= le 6,048, (0) [ + 6(£)

~
Equation (6.10)7indicates that B(t) does not contain any

discrete spectral components as expected.

6.1.2 Powey Spectra of A(t) and® B(t) in

the case of IJF-Offset QPSK Demodulator ‘ﬁz/

1

Due to the time offset of TS/Z between yI(t) and yQ(t),
the components A(t) and B(t) for an IJF-Offset QPSK signal
are different from those for an TJF-QPSK even if the same IJF

double-interval pulse is used.

Let A{t) and B(t) be represented as the sums of an in-

finite number of si'ngle—int‘val pulses. Following the same

treatment as given in Section 6.1.1, the.-PSD functions of A(t)
and B(t) can be‘dérived by using finite~state Markov chain mo-

dels. _ ' R -

A
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The power spectral density of A(t) is

1 8

2 n
S (f) = Tl T v.E ] s(f- 24
A 64T52,n=-m i=1 T Tg
9—4cosz(fTs) % ! g
+ V. (f)
64TS i=1 1
2 7 8
32T i=1 k=i+1 *
1

) *
+ ?T; Re{[{vl(f)+v4(f)+V5(f)+V8(§)} j{V3(f)+V4(f)+

* F—
+V7(f)+V8(fn+{V2(f)+V3(f)+V6(f)+V7(f)} {Vl(f)+V2ff)+

—jmeTs

+V5(f)+V6(f)}]' e } {(6.11a)

where
} S,1 (£) + 8 (), 1=1,2,3,4
v, (£} ={ (6.11b)
o - :
{ Sa2(f) + Sbij), i=5,6,7,8, and Jj=i-4
IR T s e & e 3y !
Sai(f) s and Sbj(f) s are the Fourier t;ansforms of Sai(t) s

[ [}

and sbj(tS's respectively. '

-

s,y (8) = s te)| o . - (6.11c)

s o(8) = s (t)] C C(6.114)
£ so{t+TS/2), -TS/ZitiO

spy (£} = E S {F-T /2), O<t<+T_ /2 _ (6.1le)
{ 0, elsewhere
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{ s, (E+T_/2), -T /25t<0

b2(t) = E—so(t-Ts/z}, 0<tifTs/2
{ 0, elsewhere

E se(t+Ts/2), -Ts/zitio

(t) = ?so(t—Ts/Z), 0<ti+TS/2
{ 0, elsewhere

%se(t+Ts/2), ~T,/2:t<0

sb4(t) = }se(t—T$/2}, 0<t5¢TS/2
{0, elsewhere

The power spectral density of B(t) is

where

&> and

8 .
1 2
Sglf) = 5= 1 |w. (£)|
B BTS i=1 i
1 7 " s . .
+ ZT; Re{[(nl(f)+w3(f)+w5(f)+w7(f))f

(Vg (£) +W, (£) =W, (£) =W, (£))

L (W (£)4W, (£) + (£) +Wg (£)) % -

(Wl(f)+w4(f)—W5(f)—W8(f))] e

Wi(f)'s"ére the Fourieﬁkii?nsforms of Wy

E—(sbl(t)+so(t)),

wl(t) = {

{ A

(s (E)-8 (),

t<0

t>0.

s -

-

J2nET .
%} (6.12a)

(t)'s'

(6.11f)

{6.11qg)

(6.11h)

@

{(6.12Db)
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~t

{—1sb3(t)+so(tn, t<0
{
wz(t) = { (6.12¢)
{
{

sp3(t)-s_(t), 0

E—sb4(t)—so(t) - t<0

w3(t) = { ) (6.124)
{
{

Spe(t)-s (£} €30

}—sbz(t)—so(t)h- <0

wy(t) = { (6.12e)
{ .
{

spa (E)=s, (8), €0

wg(t) == s, (t)-s () o (6.12f)
‘ we t) = l;b3(t)—seit) = (6.129)
wy(t) = s, (t)-s_(t) L | (6.12h)
wg (£) = spé(t)—se(t)_ o | : (6.121)

Frem Eg. (6.lla) the désired carrier is represented by the

discrete spectral component at f=0, i.e.,

1 8

/ﬂ\\_,\;//—/ |
2 A= e iEllvi(ml2 § (£)
- N s .

The quadrature‘componeﬁt B(t) does noﬁFcontain any discrete

; '

- . : a r . .
‘ .
? . . - . * v

¢
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spectral component at carrier frequeWcy and represents quadrature

* pattern—-noise.

Equations (6.9), (6.10), (6.1lla) and (6.12a) can be used to
investigate the power spectra of Ait) and';B(t) in the case of
IJF-QPSK and IJF—Ofﬁi?t QPSR'signals respectively, for different
'IJE pulse_ghapes. As an illustrative example, Ff the IJF double-
interval pulse sh?pe given by Eg. (3.18b) is uéed then.
: % &3

. t
sin %; ;" —TS/21t3+T5/2

Il
— o - -

Se(t) (6.13a)
0; elsewhere
‘ . k<
and El, ,—TS/ZitiTS/2 |
s, (t) = i . (6.13b)
{0, elsewhere
P

The PSD functions _of A(t) and B(t) in case of IJF-QPSK

signal are

N o ‘ 2, . 2 I
5, (x) = 12 7 |2x+(l Bx £51nwxl § (x-n)
T,  n=-= 1x {1-4x") : i
- -
1 2x-si 2 '
+ j2x-sinmx , (6.14a)
2T 2
5 wx(1-4x7) L -
% d " °
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and ‘ ‘ .

1 11—cosnx—4x2|

S, (x) - |
,B' 2Ts nx(l—4x2) L]

(6% 14Db)

-

where

4

X = [f—fc]TS

. Figure 6.3 illustrates the normalized spectr&gbf A(t) and

B(t). - It is shown that the in-phase pattern-noise (indicated by

I -

ﬁhe continuous.part of SA(x) .around x=0) is dominant while the
quadraturé pattern-noise (indicated by the continudus part- of
SB}X) around x=0) 1is véry low in the vicinity of the desired
carrier (x=0). It means that with a narrow bandpass filter at
the output of the remodulator, the (filtered) recovered carrier
contains a negligible amount of phise fluctuation. The magnitude

fluctuation denoted by the contipuous part of S, (f) can be easily

A
removed by the-hardlimiter.

n

Experiments are also performed to compare the performance of

quadrupler and remoaulatof. Figs, 6.4a,b show the powerispectra

of the recovered carriers at the outputs ibei:re bandpass filter

r .phase-lotcked locp) ‘of the quadrupler and emodulator respec- *

tively. - y

.
. _,\

The signal-torpaﬁtéfn—noise ratio is defined as the power

~7

ratio of_ the discrete spectraiﬂg?hponent to "the continpous spectral
. S . .
- ¢ ' ¥ . F - ’

Ay

-
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AND B(t) .
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componenﬁ measured in a Speéified bandwidth. In the measured

~ L—

power spectra, this specified bandwidth is indicated by “the re- -
solution bandwidth of the spectrum analyzer. As.shown in Fig. -

6.4a,b the remodulatofjpfovides‘higher'(better) signal-to-pattern-

N3
»

noise ratio,hence less phase_jitte: than the qua&iupler.

an Y

Figure (6.4c) shows the meé Eured'pdwer speetrum\of theé re-
covered cgrrier signai at.the dulator output in the case of
IJF-QPSK denodulatq; The si l—tp—pattern—noise Tatio is ap-
proximately 51m11ar (33dB in 3'kHi;band@idth) in"both IJF-QPSK

&

and IJF-Offset PSK cases except that the discrete sideband com-
ponénts related to the symbol rate frequency for IJF-Offset QPSK

signal is lower than' those for IJF-QPSK signal.

Fig. 6.5 shows the meaeﬁreé‘power spectre 6f the recovered

carrier before and after a phase-locked loop (PLL). . Pattern-noise
. “

around the discrete carrier component is filtered by the PLL.
. LN .

6.2 Pattern-Noise in a Clock Synchrénizer Using -

an Absolute-~Value Technique

-

ﬁhere is a very large number of clock eynchronizer cenfigﬁra-.
tions. Among them, the clock synchronizer using an absolute-value
device as shown in Fig. 6.6 is freguently-used t87,§0]. The de-
modulated basebanq signals, yI(t) and yb(t)l are Paseed'through
absolute-&alue devices (e.g. full-wave rectifier). The output

signal of each absolute-value device, [yI(t)! or |yQ(t)| con-

tains discrete spectral components at the symbol rate frequency,

-
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l/Ts’ and its harmonics, and a continuous spectral component.

After the bandpass:filter centered at l/Ts’ the residue of the

continuous spectral componént may be interpreted as pattern-noise.

The signal-to-pattern-noise (S/P) ratio is defined as the power
4 ~ . .
ratio of the discrete spectral component at 1/TS to the nesidue

of the continuous spectral component .

v

' By sugming |yI(t)\ and |yQ(t)| it is expected to obtain
a better (higher), signal-to-pattern-noise ratio. However it will
be shown later that it i;-only true for the case of IJF-QPSK,
_and for the case of IiF;Offset QPSK, the difference'rather than
the sum 1is éequired. |

A

The signal |yI(£)! (or |yQ(t)|) can be represented by

[ 4w .
ly (e)! = ni_m P(t ), t =t-nT (6.15)
where ) . ‘ -
|se(tn)| with probability of 1/2

%

o
{
P(tn) = }
{lso(tn)I with probability of 1/2

The power spectral density function of |yI(t)] is then de-
rived as
1 e n n, 2 n
S (f) = = RZ_M‘Sal(T;)+Sa2(T;)| 5 (£- T;)
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1 ‘ 2 . -
ot ET; JSal(f)-saz(f)l : (6.16)

where Sal(f) and Saz(f) are the Fourier transforms of |se(t)\

and |so(t)] respectively (Egs. (6.13c,d)).
The .discrete spectral component at l'/TS is
1 2
) +S 45 () | (6.17a)
] s

Assume that the bandpass filter (BPF) is a narrow brick-
wall filte; centered at l/Ts and having a bandwidth B, and the
portion of the continuous speqtral component of Scl(f) is ap-
proximately flat in tRis vicinity. Then the signal-to-pattern-

noise ratio at the output of the BPF is

S Dy (1/T)
(5?1 b B s (Ey-s.. (1%
4T al'T az'm
s S 5
1 1
1 a1(§;)+5a2(fg’ 2 .
X i i = (6.17b)
S

6.2.1 Case of IJF-QPSK Signals

™~

Now consider the composite signals

c, (t) = |yI(t)|+|yQ(t)| ) ' (6.18a)
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and

cylt) = |y  (8) [=ly (t) ] | (6.18b)
for the case of IJF-QPSK demodulator.

Following the same treatment as in Section 6.1, the PSD
functions of cz(t) and CB(t) can be derived using a finite-

state Markov chain models and given by

+a 2 ’ 1
1 n n n
Sea(f) = =3 L I8,y (g8, () [ 0 (- )
T n=-—w 5 S ¥
s
1 2
'?' ﬁ; |Sal(f)"sa2(f)i . (6.193.)
and
S () = == |s_ (£)+s__(£) ]2 (6.19hy
c3 2TS al “a2 -

Eg. (6.19b) shows that CB(t) does not contain any discrete

component. From Eg. (6.19a), the signal-to-pattern-noise ratio

for cz(t) is
1 1
s 5 Sal(T;)+Sa2(T;)|2 )
(=) = , {6.20a)
PPy 7 BT s (-5, (A
al TS a2 TS

Comparing Egs. (6.17b) and (6.20a), we have
-nll
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8y = 2(S
i.e. in the case of IJF-QPSK signals, the sum (|yI(t)|+lyQ(t)\)

can be used to improve the signal—£0rpattern-noise ratio by 3 dB

(twice) .

6.2.2 Case of IJF-0Offset QPSK Signals

Consider the composite signals

c4(t)"= ;|yI(t)|+|yQ(t)| (6.218)
and

cg (t) = ly () [=[yq(t) ] . (6.21b)
for the case of IJF-Offset QPSK demodulator. . .

Due to the time offset of T_/2 between |yI(t)| and
[yQ(t)|, c, () and cg(t) are different from c,(t) and c,(t)

although Egs. (6.18a,b) and Eqs. (6.2la,b) are similar.

Following the same treatment given in Section 6.1.2 the PSD
functions of c4(t) and c5(t) can be derived with ‘the aid of
finite-state Markov chain models. The discrete spectral components

of these PSD functions are



- 179 -

N

-

+o .
1 n n n n 27
D ,(f) = —= | JIS_.(/7)+5_, (=) 1+[S . (=2)+5, , ()]
- cé 4T52 N=—ow al T5 ad Ts b2 Tq b4 Ts |
. §(f- %L) | ) (6.22a)
S -
and
/J
1 T n n n n 2
Dog(f) = =3 1 1S5 (748, (g 1= Sy, (745, (7)1
4TS n=- _g 5 5 S
H . .
(£~ 5;) | _{6.22b)

where Sal(f)’ Saz(f)’ sz(f), and Sb4(f) are the Fourier

2

transforms of sal(t), saz(t), sz(t) and sb4(t) respectively.

r The pulse shapes sal(t), Sa2(t)’ sz(t) and Sb4(t)_ are
defined by Egs. (6.1lc,d,f,h}). These pulse shapes. are even func-

tions and their Fourier transforms satisfy the following equations:
S

Sal(f)+sa2(f) = R(f) | (6.23a)

and

Sb2(f)+sb4(f) = R(f)COSﬂfTS—I(f)?inﬁfTs {6.23b)
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where

TS/Z
R(E) = 2Re{J (so () +s_(£))e I2TEE agy,
0 .
Ts/2
I(f) = 21m{J (s, () +_(£))e 32T EE ae)
. 0 : '
Re{---}= Real part of +e},
and Im{--:+} = Imaginary pagt of {---}. r /-

Substituting Egs. (6.23a,b) into Eqs. (6.22a,b), we obtain

. +wx
D_,(f) = —=~ T |R(f)- [l+cosnn]|? s(£- 2y - - (6.24a)
cd 2 T
4T n=-a S hl
s
and 4
1 2 n
D (f) = —5 R({f) [1-cosnu]]|® &{(f- =) (6.24b)
c5 2 T
4'115/1'1 ., 8
. ”f' .
Consid%r the discrete spectral component at the symbol rate
frequency, i.e. f=l/TS t;;\\P=l .
D_, (7) = —>5 IR(=) [1-cosn]|® 6(£- ) = 0 (6.25a)
¢ S 4T s S N
5
o
and
1y - 1 _ 2o 2 "
| D5 (F) = 5 ]R(T ) [1-~cosn]|“ §(f 7
s 4T s - TS
S
-1 1.2 1, _ 1 . 1 1,,2 _ 1
- "_7'R(T_)I ${£- TrJ - __flsal(f_)+sa2(f_)| S (f T )
TS = S TS ] s ]

(6.25b)

Equations (6.25a,b) shows that in the case of IJF-Offset
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QPSK signals, the difference ([yI(t)l-JyQ(t)l) is required. The
sum ({yI(t) + yQ(t)|) does not contain the discrete spectral

component at the symbdl rate frequency.

LS

9

The continuous part of the PSD function of | cs(t) is derived
' >t

-~

_ 1 u{//f’_ 2 :
C,gtf) = 3T, a1 (B -8t ()| (6.25¢c)

as

From Egs. (6.25b,c) the éignal-to—pattern—noise ratio for

o

cs(t) at the output of the zonal bandpass filter is

4.

1 1 )
| —_ —_
D__(1/T.) |Sal(T )+S 4, (7|2
] c5 S _ 2 , S s
(2) " = (6.25d)
P 5V B « C (i) BTS S (__.].'_.) -8 (.._l._.)
c5'T al'T az'T
s : . s - S
Comparing Egs. (6.17b) and (6.25d), we have
& _ 5.8 ’ i

i.e., In the case of IJF-Offset QPSK signals, the difference
(|yI(t)|—|yQ(t)|) can be used to improve the signal-to-pattern-

noise ratio by 3 dB (twice)

6.3 Pattern-Noise in a Clock Synchronizer Using

a Digital Technigue /f’“\mf?
W

A digital clock synchronizer, shown in Fig. 6.7, was intro-

<

duced and examined in [76,77,85]. The signals y%ht) and yé(t)

.
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are 51mlbar to Return-to Zero (RZ) 51gnals Wthh contaln discrete
spectral components at the symbol rate frequency, l/T , and its
harmonlcs. The signal yI(t) (or 0(t)) is represented as

\ - i

. . +w . .
yple) = I P(t), ft =t="nT_ R ) (6.26)
: n=-c w7 '
where : . ST :

{vit) with probability of 1/2 - 7

{ - ‘ . ’
Pt ) = {

{0 with probability of 1/2

{1, 0<t_=<d

t ="n
v(tn) = {,

{

{0,

The PSD function of yi(t) " can be deriyéd'as [851.-

2

s_(£) = 2% .sinc? (nfa) L
cb O Ts ) ./
. ;.-2 +ou -
v Lsn)+ 3‘3—2 5 sincz(m—d)d(f =) (6.27a)
T T " m=1 s . s
s S . L0
) | , T
Fig. 6.8 shows a measured power spectra sc6(f) for = 7?
- and’ =1.2 MHz. . - ' &

.y
T
s

The signal-to-pattern-noise .ratio at the output of the zonal

BPF is



| Fs00 xuz

defay: d = TA/Z
= 1.2 MHz

symbof nate: %—
. 4

Fig. 6.8: MFEASURED POWER SPECTRUM
yy(t) (or Ya (£))

OoF
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(%)6'3 E%T' (6.27b)
s

Equation (6.27b) indicates that the signal-to-pattern-noise
ratio is not dependent on the delay d. Hence ~d . can be chosen

as small as possible o obiain fast clock recoveny.

In theVfollowing paragraphs, we will demonstrate that this
.signar¥~to-pattern-noise ratio can be imprdved by 3 dB by taking
the sum (yi(t)f + yé(t)) for IJF-QPSK signals and the difference

(yi(t)—yé(t)) for 'IJF-0Offset QPSK signals.

6.3.1 Case of IJF-QPSK Signals

Consider the composite signais

cq(t) = yp(t) + y,lt) . (6.28a)

and

cg(t) %.yi(t) - yé(t) ) (6.28b)

for IJF-QPSK signals.

.

The PSD functions of c7(t) and CB(t) are derived as

2 +oo . 2

_.da . 2,mnd - n d
Sc7(f),_ — z ~ sinc™{ T )8 (£ f_)+ 5T
Ts =, S s S

sincz(nfd)
{6.29a)

and
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2 . .
i _ 4 .2 N )
Scs(f) = ZTS sinc” (wfd) (N\\ig;?9b)

Equations (6.29a,b) show that for IJF-QPSK signals, only the
sum .(yi(t)+yé(t)) contains discrete spectral components useful
to symbol timing recovery. The signal-to-pattern-noise ratio-at

the output of the zonal bandpass filter is

’ ——3 sincz(lg)
[ 's? 5 . 2 . (5.29¢)
d .2 .1d s
B—— sinc™ (7)
Tg Ts
Comparing Egs. (6.27b) and (6.29c), we obtain
s. _ ..,
B - 23, (6.294d)

Equation (6.29d) shows that by summing (yi(t)+yé(t)),
the signal-to-pattern-noise ratio is improved by 3dB (twice) for

IJF-QPSK signals.

6.3.2 Case of IJF-Offset OQPSK Signals

NMow consider the composite signals

—_ 1 1 .
(t) = yI(t) + yQ(t) (6.30a)
and

(t) = Yi(t) - yé(t) . (6.30b)
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for IJF-Offset QPSK signals.

The signals cg(t) and clo(t) are not similar to ¢

7(t) and

cg(t) due to the timing offset of T_/2 between y;(t) and
t

yQ(t). N

The PSD functions of cg(t) and clo(t) are derived as

—

. 2 + - b
_d .2 .2mnd _ 2n d .2
ch(f) = ;—5 E sinc” ( T =) &{f f_) + 55— sinc (nfd)
- T n=-e s s s
. T (6.31a)
and
. . (£) az. }” sinc?(I2ntl)d, o 20+l
c10 z T T
T n=—e s s
s .
dz‘ 2 '
+ o sinc” (nfd) (6.31h)
s

Equation k6{31a) indicates that cg(t) dces not contain
gy O
the discrete spectral component at the symbol rate frequency
l/Ts’ From Eq. (6.31b), the signal-to-pattern=-noise ratio for

clo(t) is N

T2 s51incC Ts
S o, ] _ 2 o
® 10 " 2 —~ = BT, (6.31c)
B . .o sinc2(£§) s -
2T_ S*0C g
] s

Comparing Egs. (6.27b) and (6.3lc), we obtain’

s, _ L8
(ﬁ') = Z(P)G (6.314}

"
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This means thaﬁ:;gi IJF-0ffset QPSK signal, only the dif-
ference (yi(t) - yé(t)) can be used tc generate. the discrete
gspectral component at the symbel rate frequency, and the signal-

to-pattern-noise ratio is improved by 3 dB (twice).

A

We note that the results of Section 6.3 can be applied to

conventional QPSK and Offset-QPSK signals as well.

6.4 Effect of Static Phase Frror in the Carrier

Synchronizer on the Performance

Figure 6.9 ilhtostrates the .simulation model used to study
the effect of static phase error in the carrier synchronize& on
the error probability -(Pes performance of IJF-QPSK and IJF-
Offset QPSK modems in.both:linear and hardlimited channels.

\

Let the noise-free component of the receiyed mo&hra ed sig-

nal at the ocutput of the received detecﬁion filter be repre ented

by its eguivalent compléx envelope.

\"
r(t) = r () +3 rQ(‘t) B (6.32a)
For a static phase error of ¢ degrees in the recovered

carrier, the demodulated in-phase and quadrature components are
~ L.,

(£) = Relr(t) - &%)
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GENERATOR ENCODERS | 7
(QFFSET OR
NON=OFFSET) | ,,"

PROPADILITY r(e) |3t RECEIVE

p———mnseg .+ .. . e D

COMPUTATION MULTIPLIER*. ?Egggglom

Fig., 6.9: SIMULATION MODEL USED TO STUDY THE

EFFECT OF STATIC PHASE ERROR

*- ¢

static phase ernnon

AWGN

r(t)
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LY

= rI(t) cosd - rQ(t) sind (6.32b)

Im{r(t)el?)

and ;é(t)

rI(t)sinw + rQ(t)cos¢ (6.32c)
Equations (6.32b,c) show that the static phase exror in the
recovered carrier causes degradation in Pe performance for two

reasons:

- Amplitudes of the desired components (nI(t)

or ro(t)) are reduced by a factor of cos¢
- Crosstalk between the in-phase and quadrature
' >
components proportional to + sin¢ appears as

an additional Intersymbol-Interference.

Figures 6.10a, b, and ¢ show the simulation results of
1JF-QPSK and IJF-Offset QPSK modems in both linear and hardlimited
.channels. The double-interval IJF pulse s(t}) = %(l;éos %E)
is used. The receive detection filter is a faised—cosine.iype
filter described in Chapter 3. The results are presented in terms
of Eb/No requirements for given Pe versus the static phase -
error for different roll-off values (a) of the receive detection
filter. They indicate that the degradation due to static phase
error is.similar for different cases:

The results show that additional performance degradation due
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Eb/No ‘[dB]

| I 1 1 1 /

STATIC PHASE
ERROR

0 5 10 15 20 25 30 ¢ [degrees]

6.10a: Ep/Ngo - VERSUS STATIC PHASE

. FERROR: IJF-QPSK AND IJF-0OQPSK
MODEMS IN A LINEAR CHANNEL
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11.0
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ERROR
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9.0 . :
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Fig. 6.10b:

Eb/NO VERSUS STATIC PHASE -
ERROR: IJF-QPSK MODEM INM A
HARDLIMITED CHANNEL
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13.0
12.5
12.0
11.5
11. 0}

10.5

STATIC PHASE
ERROR

05 1o 15 20 25 30 ! ldegrees]

Fig. 6.10c: Eb/NO VERSUS STATIC PHASE
) _ERROR: IJF-OFFSET (O)PSK MODEM
IN A HARDLIMITED CHANNEL
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to static phase errcr is similar in both IJF-QPSK and IJF-Offset

6

QPSK demodulators. At lower Pe performance (Pe=10_ ). the

degradation due to static phase error becomes more severe.

N

6.5 Effect of Static Timing Error in the

-

Clock Synchronizer on the Performance

Figure 6.11 illustrates the simulation model used to study
the effect of static timing error in the clock synchronizer on
the Pe performance of IJF-(PSK and IJF-Offset QPSK modems in

both linear and hardlimited channels.

The demodulated in-pha&e and quadrature components are samp-
led at ‘kTS+At where TS is the symbol interval, k -is an
integer and At denotes the static timing error from the optimum

"

sampling point.

The simulation results are shown in Figs. 6.l2a,b,c in terms
of Eb/No requirments for a given P, versus the static timing
error. The®IJF double-interval pulse is s(t) = %(l#cos %E)

- s

and the deﬁéétion filter is a raised-cosine type filter described

in Chapter 2.

The results indicate that for a givén static timing error,
the smaller is the rcll-off factor («) the higher the degrada-=

tion. This can be understood by the fact that as the detection
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filter becomes narrower (i.e. o becomes smaller), the eye open-
iﬁg is less flat Hence-more sensitive to the static timing error.
The -results also show that the hardlimited IJF-Offset QPSK modem
has a higher dhgraaation than the hardliﬁited IJF-QPSK modem fo?

the same amount of static timing error.

Figures 6.13a and b show the simulation results for combined
static phase and timing errors. The results are presented in terms
of equal Eb/No contours for’ Pe=10"4 versus both static phase
and timing errors. An IJF-Qffset QPSK modem with filter roll-off
factor «=0.4 |is uggb. The results ihdicate that for an allowable

degradation of 0.2 dB, the static timing error should be less

= than 50% and the static phase erxor less than-10 degrees.'
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CHAPTER SEVEN:
_ 1JF-QUADRATURE MODULATION TECHNIQUES:
i : SOME MODIFIED SCHEMES

SUMMARY :

So fan the spectral propenties and PQ perfonmance of 1JF-QPSK and TJF-
Ofgset OPSK modems have beenm studied. It was shown that 1IF-0fgset QPSK mod-
wlation techniques provide signijicant spectral advantages cver QPSK, Offset
QPSK and MSK, and a betten perfommance in saturated channels.

In this chaptenr, additional Zechniques (modiéicationi of the previous
one) are introduced to further improve the spectral propenties of 1JF-Offset
OPSK signals. °

As an iBRustrative example, a 15-QAM scheme using TJF-0ffset QPSK tech-
nique and satwrated transmit high-powen amplifiens {s introduced. Speetral
properties and sdgnal space-diagham are {nvestigated.

- Highern spectrnal eﬁéiciency can also be accompﬁiahed by introducing
controlled 181 .inte 2-Level signals. Spectral efficiency &s improved with
the penalty in powen efgiciency. Two medified schemes having controlled 181
ane presented. Spectral propenties and P, performance are evaluated.



7.1 A 16-QAM SCHEME USING THE IJF-OFFSET (QPSK TECHNIQUE

Higher spectral efficiency cgﬁ be achieved with multilevel
QAM techniques. As an illustrative example, a 16-QAM scheme

using' the IJF-Offset QPSK technique is examinegw

Figure 7.1 shows the block diagram of a 16-QAM modem using
the IJF-0ffset QPSK technigue. The-lG—QAM modulator contains two
IJF-Offset 'QPSK modulators. The NRZ input signal is split into 4
parallel streams, Il(t), Iz(t), Ql(t), and Qz(t). The signals
Il(t), Iz(t) and the delayed replica of Ql(t), and Qz(t) are

encoded into IJF signals and fed to the in-phase and quadrature

channels of the two IJF-0Offset QPSK modulators.

The envelope fluctuations of the IJF-OQPSK signals, yl(t)
and yz(t), are removed after hardlimiting. Hence, the hard-
limited IJF-O0OPSK sgignals, Zl(t) ~and zZ(t), suffer no major
degradation due to ngnlinear amplification. The output voltage
6f the first HPA As arfanged to be twice | that of the second
HPA, i.e., G/dﬁjé;wer difference. The outputs of HPA's are

then added By a hybrid combiner, and filtered by the roofing band-

pass filter to reject high order intermodulation products.

Since the shape of the power spectra of zl(t) and (t)

%2
is identical and the 16-0QAM signal v{t) results from the linear

sum of zl(t) and zz(t), it can be shown that the power spec:
trum of wv(t) hés the same shape as that of zl(t) or zz(t).
Figs. 7.2a, b show the computed and measured spectra of v(t)

" for the IJF double-interval pulse represented by Eq. (3.1l8b).

The measured spectrum is in agregment with the computed one. It

~
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also indicates that the spectral efficiency is double relative
to IJF-ONPSK for the same bit rate. The signal space diagram of
v{t) can be derived from those of zl(t). and zz(t) using vec-
-tor addition as shown_in Fig. 7.3; v{(t) has a maximum envelope
fluctuation of 4.8 dB.

The receive detection filter used in the 16-QAM demodulator
(Fig. 7.1b) is a raised-cosine type bandpaés filter as described

in Chapter 3. Fig. 7.4 shows the measured eye diagrams of the

 in-phase and quadrature demodulated signals prior to the thres-

hold detectors.

7.2. A BANDWIDTH-EFFICIENT ISI-CONTROLLED

TRANSMISSION TECHNIQUE

Consider a NLSF output signal y(t) represented by Egs.

(3.2a,b) with se(t) and so(t) represented by

{l1+a, for |t|«T_/2
{ - 5

se(t) = { : | (7Tla)
{0, elsewhere
gsin %i , for |t|<TS/2

so(t) = _ (7.1h)

{0, elsewhere
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Fig. 7.3: BSIGNAL SPACE DIAGRAM OF A 16-QAM SIGNAL USING
THE IJF-0OQPSK TECHNIQUE
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As shown- in Fig. 7.5 the.eye diagram of y(t) exhibits an-

, ~ . -

amount of controlfed ISI represented by a. For a=0, there is
no ISI ahd the resultant signal y(t) ‘torresponds to the iJE-

signal with the double-interval pulse represented by Eq. (3.18b) .

The power spectral density'(PSD) function of v(t) 1is de-
rived from Eq.v(3.6}£ Taking the Fourier transforms of se(t)
and so(tl,‘ and éubstituting them into Eq. (3.6), the normalized

PSD function of y(t) 1is simplified to

_ (Sin 2wx 1 2 ] ) X
Y, (x.a) = ((l+a)21rx [l—4x2 +all (7.2)

- _ . . . L

where .x = fT_. . | o | - ;J/

Figure 7.6 illustrates the normalized spéctfum of the ISI-
controlled binary sighal, y(t), for various values of a. As

a increases, the main lobe of the corresponding power spectrum

becomes naarowen.

Following the same treatment given in Section 3.3.3, the

',performance of y(t) in an additive white gaussian noise.(ﬁwGNj
baseband channel can be deriyed. q"fhe,-receiv‘e detection filter
is a raised-cosine type filte;'having a iinear phase response
and an amplitude response given by

.H(X,é.) = (l+a) 2wx R(x,a) . : - (7.3)

[a+- 1 2]sin 2nx
1-4x
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Measured eye diagram
with a = 1 and bit.rate: 32 kb/s

Fig. 7.5: EYE DIAGRAM OF AN ISI-CONTROLLED
’ BINARY SIGNAL :
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where R(x,a) is the full rqised-cosine filter (Seétion 3.3.3)

and o 1is its roll-off factor.

¥

Fig. 7.7 show the computed results. The degration factor
d2, represents the degradation in Eb/NO relative to thé&op—
timum performance, i.e. 8.4 4B for e=10—4. The performahce

degradation (dz) "increases with the controlled ISI value (a).
Therefore the choice of the controlled ISI value depends on the
trade-off between the spectral efficiency (Fig. 7.6) and the

performance degradation (Fig. 7.7) .

Figure 7.8a shows the block diagram of a modified Offset-
QPSK modulator using this ISI-controlled binary transmission
)

technigue. The signal space diagram of the modulated signal
z{t) is illustrated in Fig. 7,Eb. The modulated signal z(t)
contains envelope flqp%uations. Its %ower spectrum has the same
shape as that(gf the ISI-controlled baseband signal.

A constant-énvelope modulated signal can be generated by .
adding a low-power ideal hardlimiter at the output of éhe modi-
fied"Offset OPSK modulater. The power spectral density of
the haadlfimited {modulated) signal is computéd using Equation
(4.14b). The results are plotted in Fig. 7.9a. As the con-
trolled ISI value (a) increases, the corrésponding hardlimitéd

. (modulated) signal exhibits iower spectral spreading.  For a>0,

N

Ehg modified Offset QPSK signal provides lower (better) spectral

- - -
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spreading than the IJF-O0()PSK signal (i.e., case a=0).

Experiments are also used to verify the analytical results.
as shown in Fig. 7.9b, the measured results are in agreement

with the computed results.

7-3 A PARTIAL—RESPONSE IJF TRANSMISSION TECHNIQUE

Fig. 7.10 shows the block diagram of the Partial-Response
(PR)-IJF encoder. The input to the encoder is an NRZ signal.
The PR~IJF baseband signal, s(t), at the output of the partial-
response filter, has the power spectral density S(f) represent-

ed by

S(f) = 2 So(f) [Ll+cos 2n£d] (7.4)
N ’ ) '

where So(f) is™the power spectral density of the IJF baseband
signal so(t). The term [l+cos 2wfd) has a pericdical atten-
nation centered at freguencies -1/2d + k/d where k=0,1,2,...
Thus the spectral roll-off of the origiﬁal IJF signal is not
affected and the out-of-band energy is reduced in the region
depending on the choice of d.

As an illustrative example, for the IJF dougle—interval
pulse regresented by Eg. (3.18b} and d=TS/2, the PSD functicn

of the corresponding PR-IJF signal is
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2

, {l+cosT£T ) (7.5)
nf(l-4f2T52)| s ‘

sin 2#f7T

=1
S(£) = 3

[

Fig. 7.1l show the power spectra of So(f) and S(f). it is
shown that the PR-IJF baseband signal has a better power spec-
trum than IJF baseband signal with the same IJF double-interval
pulse. Figure 7.12 shows the out-of-band to total energy ratio
of PR-IJF baseband signals with different values of d. It in-
dicates that the out-of-band energy cf the original IJF signal
can be reduced in different regions according to the values of

d.

The PR-IJF signalling technique is applied to the modified
IJF-CQPSK mcdulation scheme called PR-IJF-00QPSK. The_PR-IJF—
OQPSK modem is illustrated in Fig. 7.13. The PR-IJTF eﬁhpders
are used to shape the transmitted power spectrum. Sim¥lar®to
IJF-OQPSK signal, the PR-IJF-0QPSK signal contains ghﬁelope
fluctuation. Figure 7.14 shows the measured sighal—spéce dia-
gram oﬁ PR-IJF-0OQPSK signéls for the IJF pulse represented by
Eg. (3.18b). The envelope fluctuation of thesa signals can be
removed by a hardlimiter following the modulator. As shown in
Fig. 7.15, the power spectrum of the hardlimiter PR-IJF-OQPSK
signal is better (lower) than that of the hardlimiter IJF-O0OQPSK

signal for the same IJF double-interval pulse.

The performance of a PR-IJF-OQPSK modem in a regenerative

satellite system is evaluated using simulationatechniques. .The
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¥ r

simulation model is similar to that given in Fig. 5.20. The

results éhown in Figs. 7.16a and b, indicate that the PR-IJF-

ONPSK modem pro#ides better perforrmance than the IJF-OQPSK for

a fade depth of 12 dB of the desired channel.

_

e

OTES: Pants of this chapten wene published in [66,69,76-82].

—
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e

i . CHAPTER EIGHT:

CONCLUSTONS
AND
SUGGESTIONS FOR FURTHER RESEARCH

8.1 CONCLUSIONS

In the previous chapters a new cléss of power and bandwidth
éfficient transmission technigques was presented and studied.
/

. The power spectral density (PSD) fuﬁcéion of a baseband sig-
nél gqnerated by a generalized Nonlinear-Switchirng Filter (NLSF)
was derived. It was shown that this PSD function can be expres-
sed in terms of the Fourier transform of a double—inte;val evén
pulse when this baseband signal satisfies the Intersymbol-Inter-
ference and Jitter Free (IJF) conditions, This result stimulated
the search of pulse shapes which vield IJF baseband signalé‘having
fast spectral reil-off and low out-of~band energy emission.
Spéctral properties and error probability (Pe) performance of
these IJF signals were described and analyzed. Significant spec-
tral advantages over the Non-Return-to-Zero (NRZ) signal and
negligible degradation relative to the optimum performance (i.e.

E

P, =3 erfc T ) were discovered. Figures 3.7, 3.8a,b and
o)

3.10a,b provide the necessary information to select an IJF sig-
nal for specific requirements ©f the spectral roll-off and out-

of-band energy emission.
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The ﬁJF taéebaﬁd'signals were combined with quadrature phase
modulation‘sch nes. A l6-state Markov chaln model was used to
derive the’ PSD functleu of hardlimited IJF- quadrature modulated
signals. The spectral regrowth due to nonlinear ampllflers,and
hardlimiter and’effects of the time offset (@) between the in-
phase and gquadrature baseband components were investigated. The
hardlimited IJF-gquadrature modulated signal was found to have the
lowest spectral regrouth for d = Ts/2 _(Ts .being the s&mbol
intérval). It was also shown that the IjF—quadrature quulated

'signal‘w;th d = TS/2 (called IJF-0QPSK) has lower spectral re-
growth than QPSK, Offset—QP%K and MSK-signals‘in“saturated cuan-
nels. |

The ?e': perf;rmance of IJF-OQPSK modeme in linear and
nonlinear channels wae.stuaied. " Effects of co-channel and
adjacent- channel 1nterference on the Pe performahce were in-
vestigated. It was shown that a Low-powen handﬂtmtten intro-
duced at the output of the IJF-OQPSK modulator can improve the
spectral regrowth and perforqance when the transmit. HPA operates

' |

in nonlinear mode. A spectral'EEficienc§ of 1.5 b/s/Hz can be

achieved with IJF-OQPSK modems in a saturated mul channel

-

environment. This is a significant improvemeni/ compared to

QPSK, OQPSK and MSK mcdems. Spectral ad ages and good'per—
formance make the IJF-0QPSK modulation scheme a promising can=-
didate $or application in single-Channel-Per-Carrier (SCPC), Time-

Division-Multiple-Access (TDMA), and On-Board Regenerative

systems with high-power amplifiers operating in saturation.

LS



~

Results reported in Chapter 5 supply useful informations to select
design parameters such as performance degradation, channel spacing,
transmission efficiency, transmitted power requirements... in

~

various system configurations.

Carrier and.clqck synchronization aspects of IJF-quadrature
demodulators were Studied.L.The PSD function gf recovered clock
and qafrier sighals was derived and used to investigate the pat-
tern-noise in different carrier and clock synchronizers. The

effects of static timing'and phase error in recovered reference

signals on the P performance were studied.

-

As aﬁ‘édditional contribution modified techniques were in-
troduced to further iﬁprove the spectral properties of IJF-0QPSK '
signals. It was shown that the spectral efficiency of these
.modified schemes could be improved with the peﬁElty in power
efficiency.

\

N ‘
8.2 SUGGESTIONS FOR FURTHER RESEARCH

Although the spectral properties and Pe perfofmance of IJF
baseband signals and IJF-quadrature moéulated signals were exten-
sively studied in our research, there are undoubtgdly other in-
teresting aspects which were not covered. We make here the fol-

lowing suggestions for future research:
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Non-coherent demodufation and detection of TJF-0QPSK
signals: We assume coherent IJF-OQPSK demodulators
throughout our studies. Non-coherent demodulators are
desirable fof their simple structures and in TDMA appli-
cations. They can provide faster detection and, as a
result, the sYnchroniiétion preamble in transmitted

TPDMA bursts can be shortened to increase the transmission
throughput. The study of non-coherent IJF-OQPSK demo-
dulator structures and their Pe performance may be

desirable.

Effects of multipath fading: Multipath fading in micro-
wave digital radio systems can be a major source of
outage, specially for wideband, high-capacity transmis-
sion. The investigation of its effects on the Pe per~
formance of IJF-ONPSK modems and equalization techniques

for performance improvement is an interesting topic.

Conneﬂaied pulse Ahqping techniques: We considered only
independent in-phase and quaérature baseband components
of the modulated signals in this thesis. The enyelbpe
fluctuation of the modulatéd signal can be reduced by
intfoducing cross-correlation between its in-phase and
quadrature baseband componekts. Reduction in envelope
fluctuation can lead to lower spg&ﬁral regrowth due to
nonlinear amplification (or hardlihiting). Appropriate

-
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correlated pulse shaping techniques can provide more
power and bandwidth efficient modulation schemes for

nonlinear applications.
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. . APPENDIX:
N LISTINGS AND DESCRIPTIONS

OF
MAJOR SIMULATION ROUTINES

»

SUMMARY :

This appendix includes the Listings and descriptions of majon noutined
wsed fon sigulating 1JF-QPSK and 1JF-Offset QPSK systems.

[

Seotion Al describes the subroutines which nepresent basic portions of
a compundeations Ag&i:em such®as modulaton, demodulator, filter, nonlinearn,
*deuic&w& as well as the signal processing procedures. o

’

Wootion AZ presents fwo examples of the main programs fo {Llustrate
the use of simubation subnoutines described in Section Al.
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A.l1 LISTINGS AND DESCRIPTIONS OF SIMULATIOM ROUTINES

A.l1.1 General descriptions:

A modulated signal can be represented in the time domain by

"
-

g -jw_t .
y(t) = Refz(t):e °© ) ~ . (A.1)

where . is the RF carrier freguency

and z{t) is the complex envelope of vy(t).
The complex envelope z(t) can be written as

z(£) = x (8} + jxg (£) (a.2)

A

where xI(t) and xQ(t) denote the in-phase.and quadrature base-

band compeonents of the modulated signal (t) respectively.
The modulated signal, y(t) epresented by its complex
envelope, z(t), in the simulgtion routines. This representation
allows RF elements to be translated to baseband with retentﬁon of

. )
their RF amplitude and phase chaxacteristics.
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g
Filtering process is performed by multiplication in the
frequency domain with the ald of East Fourier:  Transform, i.e.,

the bomplex envelope of the filtered signal is given by

z'(t) = FFT"T{H(ju) -FFT(z(£)) ) " (a.3)
where ' ; ‘
vz (t) -Complex envelope of the filter inpu¥ signal

H(jw) : Equivalent complex baseband frequenhcy response
of the filter
FFT: Fast Fourier Transform

FFT ~: Inverse Fast Pourier Transform

A.1.2 Signal Generation Routines

-

(a) ° Descriptions:

IJF-QPSK or IJF-Qffset QPSK signals are generated by sub-

routine LOAD4 and its associated subroutine PULSE and function

F(x). The in-phase and guadrature transmitted sequences, IPNI

.and IPNQ, are generated by two parallel shift registers-of seven

taps. The generating equation is

Xn T xn—-'t' Gian—ﬁ

L

Each shift register produces a pseudo-random seguence of
7

127 symbols with 16 samples per symbol (LSAMPL), i.e. the total

number of samples per sequence is 2032. Since this total number of
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samples should be an integer power of two for the Fast Fourier
Transform (FFT), the first 16 samples are loaded into the last 16
samples to form a total number of 2048 samples for each sequence.
The samples are loaded in the form of complex NRZ data

(DATA) with the real part corresponding to the in-phase component

———— -

and the lgaginary part corfesponding to the guadrature component.

The transmitted sequences, IPNI and IPNQ are stérea to be
déed ;2 the detection procedure (subroutine DECOD4). The input
parameter IOFF can be either 0 or 8. IOFF=0 corresponds to QPSK
schemes while IOFF=8 corresponds to Offset QPSK schemes.

RN !

Subroutine LOAD4 invokes the subroutine PULSE and function

F(x) to generate the IJF double-interval sampled pulse P which

is represented by
Tt
‘_) r |t|_<,_TS

The pulse P has 48 samples defined as follows

'P(i) = 0 for i=1,2,...,8
p(i) = s([(f;25)+%-lat)
for i=25, 26, ..., 40 )
(i) = s([i-24]-3]at) ’
7 for i=9,10,..., 24
where At = Ts/l6 ‘. ‘ . 3
C
.
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The complex data array (DATA) is properly multipled by the

sampled pulse P to form the transmitted IJF-QPSK or IJF-Offset

QPSK signal.

i
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(b) Listings:

Ct*ttttt****tlt*ll*t***ttl*l*****lt*tl***********##t**t*****
4 THIS SUBROUTINE GENERATES AN EQUIVALENT BASEBAND QFSK
C*****tlt**t*tt**t***t**t******#*t***t***t*l**********t*****
c

SUBROUTINE LOAD4(DATArIPNI»IFPNGrLSAMPLsLDIM, IDFF>
COMPLEX DATAC(1)

DIMENSION NXC7) s NYCZ)»IPNIC1) »IPNQ(1) »OF (2048)sF(48)
DATA NXC1) s NXC2) s NXCE) s NXC4) rNX(S) s NX(SEIPNX(7)/—1r—1v—1>

. =—1y—1s—1r—1/

DATA NYC1)sNY(2) s NYC(3)sNY (A sNY(S) s NY (&I NY(7)/~1s—1r1r
=1yieler—1/
DATA JLAST»JTAP/791/
KKK=2XXJLAST
I=0
DO 1 K=1rKKK
IF (I.EQ.JLAST) I=0
I=I+1
J=I-JTAF .
IF (I.LE.JTAF) J=J+JLAST
NXCI)=NX{J)XNXCI) -
NYC(I>=NYCI)XNY(I)
IPNICK)=NXCI?
1 IPNQ(K)=NY(I)
CALL FULSE(PyLSAMPL )
DO 2 I=1yKKK
J1=(I—-1)XLSAMPL+1
J2=IXLSAMPL
J=0
DO 3 L=J1,J2
J=J+1
L1=I—1
L2=I+1
PR=FLOATCIPNIC(I))IXRP(16+J?
PR=FLOAT CIPNQC(I)IXP (156+.2)
IFCI.EQ.1> L1=KKK
PR=PR4FLOAT CIPNI(L1))>%XP(32+J0)
PQ=PA+FLOAT (IPNG(L1) ) %I (32+.1)
IF(I.EQ.KKK) L2=1
PR=PR+FLOAT (IPNI(L2))>%XF(J)
PE=PQI+FLOAT (IPNQ(L2)>)XF(J) .
DATACL)>=CMPLX(PRvO.) o
OF (L) =FQ :
CONTINUE
CONT INUE
DO 4 I=1sLDIM
L=I+I0FF
IF(L.GT.LDIM) L=L-LDIM
4 DATACI)=DATACI>+CHPLX (0. »OF (L))
RETURN .
END

N W
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Cl*t‘lt**lt*t*t**ttt*t**t!****lt#****lllt*****
C THIS SUBROUTINE STORES THE PULSE SAMPLES.
C***#*t*****t*******t***t*****t**************t

SUBROUTINE PULSE(FsLSAMFL b ]

DIMENSION P(1)r,Q(48)

D=1 ./FLOAT(LSAMPL)

K=2%LSAMPL

KK=3%LSAMPL

DO 10 I=1sKK
10 FPCI)=0.

DD 20 I=1rK

AI=FLOAT(I-1)XD+(D/2.)-1.

20 P(I+8)=F (Al >
RETURN
END

>

Ct#****t*l**t**t************t*tt****t***t**********

C THIS SUBROUTINE DEFINES THE BASEBAND PULSE SHAFPE

C**t*l********#**t**##*tt**t**t**t*t********t****t*
FUNCTION F(X

B=(3.14159%ABS(X)-3.14159/2.)
T F=.5%(1.,—SIN(B)>

RETURN
END
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A.l.3 Detection Filter Definition Routine

(a] Descriptions:
Subroutine RCOS generates the equivalent complex baseband

frequency response of the raised-cosine type filter presented

in Chapter 3.

. Input Variables

- SBANDW: Sampling frequency (16 x symbol rate)
- FBANDW: Nyquist frequency {symbol rfate/2)

- LDIM: Number of samples (2048)

— ALPBHA: Roll-cff factor (a)

- FOF: Frequency offset

Output Variable

- TF: Transfer function of the raised-cosine

type filter {as shown in Fig. 3,15a)

The filter transfer function is presented in a sampled form (TF).

The frequency difference between two samples is
Af = symbol rate/128

TF(l) represents the filter response at the center frequency

(fc) and normalized to 1.

TF (i) ‘gepre ents the filter response at frequéncy [fc+(i—l)af}

for i=2,3,...,1025.

TF(k) represents the filter response at frequency [fc—(2049—k)Af]

for k=1026, 1027, ... , 2048.
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(b) Listing:

C*ttltt*t*t*ttttt##**ltt*************tt***********tt*#t*t**t*t***t*

Cc RAISED COSINE FILTER WITH ARBITRARY ALFPHA AND SHAPE CORRECTION
C***t******t**t*****ttt*t***t********t*****************************

SUBROUT INE RCOS (SBANDWFBANDW, TF r ALPHALDIM s FOF)
COMPLEX TF (1) )

COMPLEX XX
Cxakxxxk FF(X> IS THE INVERSE BASEBAND SPECTRUM
c

FR(X)=2 . BXB(1e—(4e/(3.141592K%2) I K(XKR2) I /SIN(Z2XX)
c

NO=LDIM/2

NO1=NO+1 .

IF (ALPHA.EQ.0) ALPHA=0.0001 '

FN=LDIMX(FBANDW/SBANDW)

F1=(1.~ALPHA)XFN

F2=(1.+ALPHA)XFN

IFN=IFIX(FN)

~  IF1=IFIX(F1)+1
IF2=IFIX(F2)+1
AL=3.141592/ (2. XFLOATC(IFN)) .
TF(1)=CMPLX(1.050,0)
po 8 I=2,IF1
S Jd=I-1
A2=(FLDOATC(J)XA1)
A2=FF (A2 )

TF(I)=CMFLX(A2,0.0)
8 CONTINUE
JK=IF1+1
PO 9 J=JKsIF2
I=d-1

BEBB=FN . . .
A3=2. ) v

IFC(I.NE.BBB) A3=FF(FLDAT(I)*XA1 )]

A=(3.141592/ (2 . OXALPHA) YX((FLOAT(I)/FLOATCIFN))—1.)
TFC(I)=CMPLX(0.5%(1.0—-SINC(AY)>»0.0) -
TFC(I)=TF(JIXCMPLX(AZ»0.0)
9 CONTINUE
JH=IF2+1
PO 10 I=.HrNO1L
TF(I)=CMPLX(0.0,0.0)
10 CONTINUE
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NO2=NO1+41

DO S I=NOZ2sLDIM
TFCI)=TF(LDIM+2-1)

CONTINUE .
IFOF=IFIX(FOFXFLOATC(LDIM)/SBANDW)
IFCIFOF .EQ.0) RETURN -
IFCIFOF.LT.0> GO TO S0 .
DO 20 K=1»IFOF

XX=TF(LDIM)

JI=LDIM-1

DO 30 I=1sJJ
TF(LDIM+1-X)=TF(LDIM-I)
CONTINUE '
TF(1)=XX

CONTINUE

RETURN

IFOF=—IFOF

JJI=LDIM-1

DO 70 K=1»IFOF

XX=TF<{1)>

pD 60 I=1sJJ

TFCI)=TF{(I+1)

TF(LDIMI=XX

CONT INUE

RETURN 5
END
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A.l.4 Filtering Routine:

(a) Descriptions:

~

Subroutine FILTER simulates the filtering process

.  Input Variables

. SIGNAL: Samgled signal to be filtered
TF: Transfer function of the filter
. LDIM: Number of samples (2048)

Qutput Variables

SIGNAL:  Filtered sampled signai-

SIGNAL = FPT L{TF * FFT {SIGNAL!}}

_l .
FFT and FFT are the direct and inverse Fast Fourier

Transforms respectively. They are performed by the librar& -
subroutine FFT2C.

(b). Listing:

C*lt!*t*tltltt*tltl*'***i****t*t*#t*#**l*tt*t**t**lt**.
C THE FOLLOWING SUBROUTINE PERFORMS THE FILTERING
C PROCESS ON THE DATA SEGUENCE.
Cttttt*tl*t*ttt*****tttttttttl*ttt*tt*tt*#t****t*tt***
C -

SUBROUTINE FILTER(SIGNALTF»LDIM)

COMPLEX SIGNAL(1>»TF(1)

DIMENSION IWK(12)

CALL FFT2C(SIGNAL»11rIWK)

PO 1 I=1,LDIM

1 SIGNAL(I)HCDNJG(SIGNAL(I)*TF(I))

- CALL FFT2C(SIGNAL »11»IWK)

DD 2 I=1,LDIM
2 SIGNAL(I)=CDNJG(SIGNAL(I))/FLOAT(LDIH)

RETURN

END
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A.1.5 Tfansmitted Energy Computation Routine

(a) Desérigtions:

Subroutine ENERGY computes the energy per bit Ep

transmitted signal x({t):
+T
h = - 1 1 2
E, = Ty * {lm 5% J |x(t) |“ at}
. Tre -7

* TInput Variables:

- DATA: Transmitted- signal x(t)

- BEUb?\KEymbol rate (1/2 Tb)
* Qutput Variable

- EB: E

| DATA (i) | %}/ (2*BAUD)

(b) Listing:

of the

Cttt*ttt#tilt*ttt*ttlt**t**ttt**tt!t*t***t!****l**#**.

C CALCULATE EB

C l**t*l*****#l*tl**t******t**tli****t*t**tl!***tt**#

SUBROUTINE ENERGY(DATAr»EBsBAUD)
. COMPLEX DATA(1) .
WATTSE=0.
DO 1 I=1,2048
UATTS’UATTS+((CABS(DATA(I))f*t2.)
1 CONTINUE -
WATTS=WATTS/2048. .
EB=WATTS/ (2.XBAUD)
WRITE (&6v40) WATTS.EB

-

.40 FORMAT ¢(10X»XENERGY PER BITX»F1S5.6:5XrE15.8?

RETURN
END

L T
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A.1.6 Noisé Power Computation Routine

{a) Descriptidns:

Subroutine HHGG computes the normalized noise power at the

output of the receive detection filter
+o
2 EQ

= 2
ol = 5 J_w|H(f?\.df
The power spectral density of the additive white gaussian
noise, No' is normalized to unity.

Input Variables

- TF: Filter response representing H(f)

¢
|

SBANDW: Sampling'frequencg.

LDIM: Nurber of samples (2048)

LSAMPL: Number of samples/symbol

Output Variable

- PNOISE: Normalized noise power - - «
. 2048 -
PNOISE = = | ITF(i)| - of
i=1
of

Af = SBANDW/LDIM

SBANDW = 16 * (symbol rate)

(b} Listing; »
20 20 20 4 ¢ k20 200 K Rk o ok kK
C**t**!**t*t*l****t********************* ]
| THIS SUBROUTINE CDHPUTES THE EFFECTIVE NOISE (PNOISE)
C AT THE DUTPUT OF THE RECEIVE FILTER .

Cl****ﬂ#**#*t*##*#**ﬂ***#ﬁ*#n#**##****###****t*t*********
c . _
SUBROUTINE"HHGG(TFrPNDISE-LSQHPL?LDIHrSBﬁNDQ)
COMPLEX TF(1)'

SUM=0.0 o _ P ,
PO 1 L=1,LDIM : ¢ L~i>%T/”
HH=(CABS (TF (L) ) ) XX2 - . _

1 SUM=SUM+HH '
: PNOISEHSUH*SBQNDH/FLDAT(LDIH)/2.
‘ WRITE (&»2) PNOISE . : : _ &
2 FORMAT (5X s XPNOISE=%sF7.3¢/) . .
RETURN '
END



~——

- 253 -

. - L

. 3.1,7 Bit Error Raté Computation Routine

L ‘-. ) .} ’ -
(a) Descriptions . 4

Subroutine DECOD4 simulates the quadrature démodulation and

detection processes ‘and computes the probability of bit error

versus -Eb/NO. ' "

1

" The subroutine searCheétfor'}he bést sampling point morres-
ponding to the lowestqerror probability.

The error probability is given by

‘ . ‘l l%? , -~
P = 5=x P + P '
e , 254 {lﬁi (Peqi .eIl)} S) .
. , ’r .
where AY —
- T By
P..; =75 erfc (—=)
egi 2 Y . . ,
< - t
B. s
P = % erfc (,_i)
eQi ovV2
- &

"1f A, B@ have the same signs:as the LEE transmitted I,Q

mbols . Y
or - . ' > . 2
1 By
P _. =1~ 35 erfc (—)
eli 2 Gv3 . .
1 By .
P . =1-%erfc (—) . .
eQi . 27 a2 ‘ ' -

-

: :  .th . :
. if A;,"B; -haye the oppoite signs to the 1= transmitted I,Q
D S .

symbols. =



Q‘ 254 #\‘

A

‘received 1I,Q baseband signals.

g = YPNOISE * EB * ratio

PNOISE and EB are cbtained from subroutines HHEGG

- respectively,

ratio = lO:M/10;

M is a given ‘Eb/No'

N

;+ B; are'the shrmpled values of the jth symbols of the

and ENERGY



- 255 -

(b} Listing:

SUBROUTINE DECODA(DATAsLSAMPLyPNOISE»IPNIsIPNGsNSYMB,

1EBNOsPEIyNSNRsEBrsioff?2

***********************************************************

*
X
x

E**i******************************************************X

non

302

301
300

- 200

399

240

THE FOLLOWING SUBROUTINE DECODES.THE REBEIVED DATA p 3

DIMENSION EBNO(S0) yPEI(S0)Y»IPNI(128) »IPNQ(128)

COMPLEX DATR(2048)»AMP
NERROR=0

suynchronize the received data

1dim=2048
nold=0
nof=0

k=1

IF(IOFF.EQ,.0)G0 TO 300
DO 301 I=1sIOFF
XX=AIMAG(DATA(LDIM))
DO 302 J=2-LDIM
JI=sLDIMY2-J

3

DATA(JJ)—CHPLX(REAL(DATQ(JJ))vAIHAG(DﬁTA(JJ 133>

CONTINUE
DATA(l)”CHPLX(REAL(DATA(1))rXX)

+# CONTINUE
continue
new=90
do 200 levnssmb
Jdl=k+(J5—-1)%X1samrl
if(jl.dt.ldim)dl=41~— 1d1m '
xb=real (data(Jl))
ub=aimad{(data{(.ll)
ifP(sign(l.sxb).eq.irni(J)Inew= =newtl
1f(519n(1ﬂrsb) ee.1gne(d))neu =newtl
contlnue !

if{nold. ge.nEH)so to 399 R
nold=new
Y nof=k

k=k+1 . e -

if(nold.le.nsumb.a3nd.k. le.ldim)do0 to 300
if{nof.ea.0) =o to 230
lo=1dim—1

do 250 i=1rnof
amr=data(l)

do 240 J=1rlo
data(di)=datalitl)d
continue -

b

¢

e



250

¢ 230 .

100

110

160

161

- 256 -

data(ldim)=amr ‘ .
continue

mi=1

e0i=2000.
snr=rnoiseXeb/J. _ -
sxsma=sert(snr) ’ T '

do 110. J_1!16 . '

ei=0.

-

do 100 k=1snsumb
Jl1=C(k-1)>%lsamrl+ty
J11—J1+1

S AifPCIll.dt . 1d1m)J11ﬂJ11 —1dim

axbar—(real(data(ql))+real(data(¢11)))/2.
avsbar= (almas(data(dl))+a1mas(data(dil)))/2.
if(sidrn(l.sa3xbar).ne. irni(k)dei=ei+l

if(sign(l.saubar).ne.irnalkl)ea= =eatl \

ardi=abs(axbar)/sigsma
arda=abs{(adbar)/sidma
e1—91+erfc(arsl)/2 +erfeclarga) /2
cantlnue

if(eoi.le.e;) g0 to 110
eoi=ei . ‘ ' . +

mi=.j

continue

_off=float(ioff)/16. .

write(s6+160) off
format(st sameling roints for i and & channels dlffer
‘s fbelr” of the sumbol interval’ s/

noff=nof+mi . .
off=float(noft)/16.—.5 °
urlte(bvlél) aff”

format(Sxsr rece1ved data is delased b=’ yf6.13” suymbols’ s

do 2 k=1snsumb’ N
Ji=(k—1)*1samp1+mi
Jii=Jdi+1

ifd.die. Stq.dlll'l)dl =Ji—-1ldim
if(dii.dt.ldimddid=dii— —1dim
axbar—(real(data(ql))+real(data(a11)))/2.
asbar—(axnas(data(al))+a1ma§(data(q1 D)/2.
indexx=0

1f(s1sn(1.raxbar).ne.:Pnl(kb)lndexx—f

indexu=0

1f(519n01.vaabar).ne.lpna(k));ndexs—l
1f((1ndexx.ea.1 e.OorT, (indexs.ea. 1))nerror—nerror+1

-

e T LRt L S
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c mrute the Prrobability of error for this sumbol.

do 4 m=1lrnsnr
xm=(&6+.2%FPloat(m))»/10.
shr=pnoiseXeb/ (10 .%XXxm)
sigma=sart(snrd
ars—(abs(axbar))/(515ma*sart(2 )
1f(arg.5t 12)ard=12

ex=erfcl(ard)/2.
1f(1ndexx.ea.1)ex—1 ex

ars=(abs(asbar))/(sisma*sert(2.))

if(arg.gt.12) ar=s=12.

ey=erfclard)/2.

if(indexvy.ea.l1l) ew=l—-ey . -
if(ex.1lt:.1.e—-15)ex=0 -
iflez.lt.1.e—152es=0

4 rei(md)=rei(m)+((extexd/2.)
2 continue .
do 5 i=lsrnsnry
rei(id)=rei(id/float(nssmb)
== ebno(i)=61t+.2%float (i)
write(ss19H0) -
150 format(Sxr»’ eb/no’»10xs rrob. of errar “»/)
write(é6s151)(ebno(i)rei(idri=1ynsnr)
151 format(SxsfS5.1:10x,e¥3.6)
, write(6r152) nerror
152 format(/*»Sysy’ errors= ‘21i5»/)

c centering the egse diadgram

if (mi.ea.?) g0 to. 555
if{mi.lt.7d)mi=7—-mi
if(mi.at.7dmi=23F—mi
if{(mi.ea.00mi=mit+1

do 550 i=1smi . . :
amp=data(ldim). ST
do 5351 Jd=1r1lo0 N
di=1ldim—Jd+1 - .
data(dd)=data(ii—1). t
551 continue )
) data(l)= am&iﬂj‘
S50 continue
555 continue

. return
“ . %
END

-

RN
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A.1.8 Hardlimiting Process Routine

(a)> Descriptions

%
Subroutine HLIM simulates the ideal hardlimiter using the

following equation

' 4

ot = )
[ z -
where )
z = x + jy :. input signal
z' = x' +3jy’ : output signal
- Input Variables -
- DATA: Input sampled signal of the hardlimiter
- LDIM: Number of samples (2048)
- Output Variables
- DATA: Output signal of the hardlimiter
(b Listing:

10!tt*lltl*tt*t*tttttitlttlt*#*t***t**t*t**t*tlt*
C THIS BUBROUTINE SIMULATES A HARD LIMITER
CEREERAEERAEREKAEBEAREREEEEREEREEEXKER KR KKKEKERE .

SUBROUTINE HLIM(DATAsLDINM)

COMPLEX DATA(1)

. DO 10 I=1+LDIM

- 10 DPATA(I)=DATA(I ) /CABS(DATA(I))

RETURN

END

?
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A.1.9 Signal Power Computation Routine’

(a) Description:

Subrogtine POWER computes the mean power (MP) of the signal

(DATA)
2048
-1 1 D2
MP = 5. 557g {_E |DATA (1) [}
i=1
i.e.
+T
1., 1 2
Pmean 5 {lim 57 J IS (t) | dt}
T-roo -T
(b) Listing: ' _ .
SUBROUTINE POWER(DATAsLDIMr»MF»PF)
COMPLEX DATAC1)
- REAL. MP :
PF=0.
- NP=0.0

DO 10 I=1+LDIM
MP=MP+ ( (CABS(DATA(I ) )%XX2.)
IF(PF.LT.CABS(DATA(XI))>) PF=CABS(DATA(I))
CONTINUE .
MP=MP/FLOAT(LDIM) /2.
PF=(PFXX2. }/MF
PF=10.XALOG10<(FPF)
RETURN “a
.END o



A.1.10 Nonlinear Device Simulation Routines

(a) Descriptions:

o

Subroutines HPA and TWT simulate the nonlinear characteris-
tics of the HPA and TWT obtained from +he data in Table 2 of at-

tachement "INTELSAT TDMA/DSI system specifications" (BG-42-65E,

June 1980). \\*m

7

The non-linearities can be described by two polynomials
p{r) and g(r) so that if the input modulated signal is written
as¥
CHw t

z; (t) = [x(t)+jy(t)yJe © , Wt carrier frequency

then the output signal 0f the non-linear device is

jmct

z (t) = [x'(£)+jy" (£)]e ™
where

x'{t) F x(t)pl{r(t))-y(Ryglr(t))

y'(t) = x(B)gl{r{t))+y(t)p{xr(t))
and

V2 2 . . .
rit) = x (£)ty~(t) thg envelope of incoming signal.

-

: 0 v p) 2
AM/AM is represented by (rp(r)) "+ {xgir))

-and AM/PM is represented by tan—}(%%g%). _—
s .
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9
The polynomials rn(t) and ¥g(t) are expressed as

"
i~
m
]
'—l
!
I—I

rq(r)

and

1
"o
o
H
]
j—l
|
}_J

rq(r)

where M, is the order of polyncmial, and all even coefficients

. are zero. The odd coefficients are determined using é’polynomial

~
fitting routine and are given in routines HPA and TWT.

-

The mean power is normalized sych that the output power is
unity at the 0 dB input/ouéput backoff point. This normalization
makes the scheme independent of the absolute satﬁ;EE;d power of
the devices. For the device o;ierated at 0, dB backoff (BAKOFF),

the normalized input signal becomes

- z, (t) Ny
2N(e) = A 19710
* /P .

where P - is the mean power, (MP) of the input signal (DATA) cal-
culated by subroutine POWER.

Input Variables: _- DATA, LDIM, BAKOFF, MP

Qutput Variables :.- DATA, .PSHIFT .

‘ 0
M.J. Eric, "Intermodulat%pn Analysis of Nonlinear Devices for

Multiple Carrier Inputs”, CRC Report No. 1234, Ottawa,
.Nov. 1972, '

y;

*

S
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(b) Listing:

200 200 2 200 200 00300 00 00 20 500 20 20020 20 200 20 20 o 2 2 0 00 2 0 200 2 200200 200 20 20K 2 00 300 200 300 20 0 200 30 o0 oK K KK 0K 0K K KOk
c THIS SUBROUTINE SIMULATES THE EQUIVALENT BASEBAND
C NONLINEARITY '
€280 2000 200 20 200 2 0030 T 1 20200 30 20 2 2 2 0 2 00 0 2 20 3 02 20 200206 2 2 00 0 0 0 2 o0 2 ok K K KoK KK K K
c ,
SUBROUTINE HPA(DATArLDIM» BAKOFF»PSHIFT»MF1)
COMPLEX DATAC1)
REAL MP1
DATA ZPMAX»ZOMAX » VMAX»VO/1.06850.928v1.41451./
DATA Al1l:A3,ASrsA7rAP?rA11,813,A15,A17/1.916288,-7.358132E—-1>
=1 . 9423P2E~1vy—2.832262E~271.840305E—27r—4.282407E-370.050.0-0.0
DATA BlsB3yBS»B7»B9sB11,B13yB15sB172/-5.9659E-2+1.90746&6%9»
=1 8447 24,8.615552E—19—1 . 990954E—-1r1.815157E-25,0.050.02,0.0/
POXI=CCCCCCCALZAXERZFALSI EXAXZ2+ALIIRXKEK2+ALLIRXKXZHAPI X
=XAK24+A7 IXXKEZHAS I XXAXZ+AZT I AXEX2+AT _
ZP (X)) =P (XXX
n<x>=((((((<n17xx*tz+n1s>tx*xz+n13>xx*x2+B11)*xtxz+n9)*
=xt32+n7)txxx2+85)xxxxz+a3)xxtx2+a1
ZACXI=R(XI %X
Z(X)=SORT(ZP(X)t*2+ZG(X)ttz)
TWTIN=V0%10 . %X (—BAKOFF/20.)
TWTOUT=Z(TWTIN?
PSHIFT=ATAN(ZR(TWTINXL .414) /ZF (TWTINX1.414))
WRITE (692) TWTIN:TWTOUTPSHIFT -
2 FORMAT(SXsXTWTIN=X,F10.6% TWTOUT=%,F10.6»% PSHIFT=%»F10.6
FNORMI=TWTIN/SQGRT{(MFP1) ’
DO 11 I=1,LDIM
DATAC(I)=DATACI)XFNORMI
11 CONTINUE
DO 10 I=1,LDIM

. —
X=REAL (DATACI)) ' £
Y=AIMAG(DATACI)) :
R=SART ( XX K2+ Y EX2)
3F(R GT.VMAX) GOTO 12 '
ATA(I)=CHMPLX (P (R) %X~ CO(RIXY rP (RIEYH+ACR) XX

GO TO 10 .
12 DGTA(I)=CHPLX(ZPHQX*X*ZGHAX*Y-ZGHT?*X+ZPHAX*Y)/R

10 CONTINUE
RETURN _ - . . .
END, . (_ b . -

-
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100

_ CONTINUE
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SUBROUTINE TUT(DATA:LDIH:BAKDFFvPSHIFTvHP2)
COMPLEX DATA(1)

REAL MP2»s

DATA ZPRAAXeZOMAX sV AX:UO/.98611o01771.4140J./ o
-DATA ALlrA3yADPAZy 9rhllv913v9151917/2.185509-—1b934083v
r—2.31 386E—111.963255E—210.0y0o0vO.OrOoO/
3»BOr 79?9:311931398159317/2.641891E—1110338875p
=— 9. 973087E-1r2.67 812E—11—2.400961E—2:0.0:0.0-0.010.O/

2

P<x)=<(<(<(<a17txtxz+n15)xxx:2+a13)txt:2+n11>xxx*2+A9>x
=X RE2HAT ) EXER2HAS ) KXEK2+AS I XX K2+A1
ZF (X>=P (X)) %X
utx)=<<<(<(<B17:x*xz+n15>xx*t2+n13>xxx*2+311)*Xt*2+n9>x
—xa X2 +B7 ) KXERZ2+BS ) AXKK2+B3) XXk %2+E1 :
ZRXI=RCX)XX
Z (X =SART(ZP (X)) XX2+ZQA(X)I XK2)
. TWTIN=VOX10.%%X(—BAKOFF/20.)
TWTOUT=Z(TWTIN) .
PSHIFT=aTAN<za<TuT1Nt1.414)/zchuT1N*1.414)>
WRITE (&»2) TWTIN, TWTOUT,PSHIFT
FORMAT(SX» XTWTIN=XsF10.6rX TUTOUT=%sF10.67% PSHIFT=%,F1
FNORMI=TWTIN/SQRT (MP2)
pO 11 I=1sLDIM
DATACI)=DATACI)>XFNORMI .
CONT INUE E 3
CALL POWER(DATAsLDIMsMPN) :
FORMATC(10X»F15.6) ‘
pe 10 I=1,LDIM
X=REAL ¢(DATACIY)
Y=AIMAG (DATACI))
R=SQRT (XXX2+YXX2) -
IFC(R.GT.UMAX)> GOTO 12
DATacx>=;nPLx(P(R)*x—u(R>xv,P¢R>xY+acR>xx) >

G0 TO 10 v ! .
DATA(I)=CHPLX(ZPHAX*X—ZGHAX*YyZGMAX*X+ZPHAX*Y)/R @

.

RETURN
END

0.6

\5.
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A.L.1l PRower Spectrum Computation Routine

—{

(a) Descriptions:

Subroutine SPECT computes the power spectrum of the signal

(SIGNAL) by using the routine FTFPS of the IMSL library.

SIGNAL is loaded in such a way that Q-channel samples fol-
low I channel samples so that the total number of samples used
for calculation is 4096., SIGNAL is sub-divided intc 32 séctions.
Each section contains 128 points. The routine FTFES uses the’
Parzeﬁ window in the computation of the.power spectrum.

The trapezoidal rule for integration is uséd to find the area

under the curve {(total power normalized to 1). The output gives

normalized power spectrum.

Input Variables

- SIGNAL, LDIM, IOFF

Qutput Variables

- PO
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{b) Listing:

cxt*xtttxxttxxtttt*tt**xxxt*t:*xxtxt*tt::t::txttttt:t**xxxt
C THIS SUBROUTINE COMPUTES THE  FOWER SPECTRUM
CRAERERRAEREXXREEREEXK KRR KRR ERER KR KRR LR AR R R K TR R R K KRR KK
SUBROUTINE SPECT(SIGNAL LDIMyPOsIOFF)
COMFLEX SIGNAL £2048) . _
COMPLEX CWK(130 ' ¥
DIMENSION x<4o96).P0(65>,IUK(7).HK<64>.TP0<65>
85=0.
. DO 10 Ix1l-LDIM
. % L=I-IO0
IF(L.LE.O) L=L+LDIM
X(I)=REAL(SIGNAL (1))
X(I+2048)=AIMAG(SIGNAL (L))
10 S=S+X(I1)+X(I+2048)
S=S/FLOAT (4096
DO 20 I=154096& , . .
20 X(II»=XCI>X-S : ®
CALL FTFPS(XrYr40965128s0sPOsPSY s XPS» IWKsWKsCWK,IER)
PHAX=PR(1)

DO 3¢ I=1v65 -

30 TPD(I%:—IO.*ALDGIO(PO(I)/PHAX)
WRITE(S»1) (TPOCI)»I=19263)
TPO(65)=PO(65) . .
DD 40 I=1,63

40 JTP0(6S IX)=TFPOC(SHEH—I)+2. *PO(éS—I)
TPOC(1)= =TPOC(2)+FP0O(1)

TPFMAX=TPO(1)
DO S50 I=1s65

=1 FO(I)>=-10. *ALDGIO(PD(I)/TPHAX)
WRITECS&»2) (POCI)»I=1,65)
2 FORMAT (2X s XNORM. FPOWER SFECTRUHN WITH TOTAL POWER=1%/ _
+210(2XrF&.1)2
1 FORHAT(ZX!*POUER SPECTRUH*/-iO(ZXrFé.l))
RETURN , v
END : )
. -
Y s
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A.l;lzl Time Delay Routine -

(a) DescriEtioﬁs

Subroutine TIME introducgé to_ the signal (DATA) a‘time

delay IT.

N o s/

wh " i
ere Ts is the symbol interval. .

.

(b) Listing:

| CREEREEXKEREAEEKEK

#tt**l*lt*!'*l*l#l*#*t*ttt#l

C THIS SUBROUTINE SHIFTS THE SIGNAL

‘CREEEEEEEEEEREK

SUBROUTINE TIHE(DATQ-IT-LDIH)

COMPLEX DATNC1) » DAT

pO 10 I=1,IT"
DAT=DATA(1)
_ DO 20/J4=2sLDIM
20 DATA(J-1)=DATACJI)

10 DATA(LDIM)=DAT -~ ~

RETURN,
END
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A.1.13 Phase Shift Routine : : ™

" (a) DescriEtic_a% : - "

Subroutine PHA§E shifts the phase of the signal ﬁﬁAT;:—\\)

by a given amount (PSHIFT). PSHIFT is specified in radians.. -

- . T

S——

DATA = DATA * ¢ J PSHIFT

(b) Listing:

Ct***tttttl*tt**t*tttt*‘***!***t*ttt*t*t**t******t*tl
C THIS SUBROUTINE COMPENSATES FOR THE PHASE SHIFT
Ctl*tltt**t*t*t*t*t**l**tt*t*t*t*tt*tt***t*t**tt*tt**
SUBROUTINE PHASE (DATAsPSHIFT+LDIM)
COMPLEX EPS.DATAC1)
EPS‘CHPLX(CDS(PSHIFT)r—SIN(PSHIFT))
' DO 10 I=1sLDIM v -
10 DATACI)=DATA(I)XEPS -
RETURN ) :
END
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A.l.l4 Signal Attenuation Routine

(a) Descriptions , “.

- <
Subroutine ATT introduces a given amount of attenuation

(AT in dB) on the signal (DATA)

DATA = DATA * 10 2AT/20

(b) Listing:

Ctttttttttttt#tttt#tttttttttttttttttttttttltltttttttt
. © THIS SUBROUTINE ATTENUATES THE SIGNAL
. Cttt#:ttttttttttltttxtttttltttttttTttttt#ttttttt*ttt*
SUBROUTINE ATT(DATArAT,LDIM)
COMPLEX DATA(1)
BB=10.%%(-AT/20.)
DO 310 I=1»LDIM
10 -DATAC(I)I=DATA(I)%®BB
RETURN . T ©
END ‘
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A.2 ILLUSTRATIVE EXAMRLES OF MAIN PROGRAMS

14

A main program is written to form a simulated system. This

£

-

main ‘program calls desired subroutines descrjpeﬁ in the previous

section in a proper sequence.

The following examples illustrate the organization cf a

main simulaticn program for a given system.

A.2.1 Simulation of ‘a Single-Channel Hardlimited IJF-QPSK

sttem

{a) Descriptions:

Program SINGLE simulates a single-channel hardlimited IJF-
QPSK systém. Figure A.l shows' the block diagram of the simula-

tion model and corresponding invoking statements.
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TN '- Co-m-

PROGRAM - SINGLE

]

PROGRAM SINGLEC(INPUTsOUTFUT»
. COMPLEX DﬁTA(?OAB)vTF1(2048)TAPE3'TAPE6 auTRUT
COMPLEX., DATA1C2048)
DIMENSION PEI(25)9E3N0(25)vIPNI(128)rIPNQ(12B)
DIMENSION IUK(12)1P0(65)rIPNIl(12B)vIPNQ1(128)

REAL MP,»MP1,MP2

onon O

INITIALIZE FPROGRAM.

DATA NSNR¢NSYMB/25:127/
DATA BAUDsLSAMPL s NRUNS,LDIM/&0.»1657 520487 :

DATA FBW1,FBW2yFBW3,;FBWA/30.0r30
) 0»s40.
DATA ALPHA1,ALPHAZ/0.050.4/ 0ra0.07

DATA JIOFF/0O/

OFF=FLOAT(JIOFF)/FLOAT(LSAMFL)
END OF INITIALIZATION.

0on

PRINT 1 ) ’
1 FORMAT(SX s XSIMULATION OF IJF-— QFPSK ##################t*@)

PRINT 12sALPHAl
12 FORMAT(SXsXTHE COEFFICIENT ALPHA OF THE FILTER IS = %XsF3.1,
 WRITE(&¢2) OFF
2 FORMAT(SX»X¥OFFSET=X»F3.2+% TX)
WRITE (&r¢6) BAUDsLSAMPL
s FORMAT(SX»XSYMBOL RATE:X%sF7.2r%X BAUDX/»
+5X»IA4Ay% SAMPLES PER SYMBOLX./)

START OF COMPUTATIONS. ) Vs
SBANDW=BAUDXL SAMFL )
CALL RCOS(SBANDW>FBW1>TFIirALPHAl1,LDIN, FOF)
CALL HHGG(TF1»PNOISEr»LSAMPL »LDIM»SBANDW) ‘

CALL LOADA(DATAr»IPNI»IPNQrLSAMPLsLDIM, I0FI>
CALL HLIMC(DATAsLDIM) .

CALL ENERGY(DATAsEB»sBAUD) A

CALL FILTER(DATA:TF1,LDIM)

e
o0

CALL DECOD4 (DATA'LSAMPL ¢ PNOISE s IPNI» IFNQ>»
ﬂNSYHBvEBNDrPEI-NSNRDEB!IDFF)

sSTOFP
200200 0 o 0 250 20 20 20 200 00 20 206 8 20 2 200 20 20 2 00O 20 0 Xl OROK K K K

C . END OF MAIN PROGRAM.
C*t*****#t****t******************
END

~
7
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-

A.2.2 Simulation of a Multi-Channel Hardlimited

i IJF-Offset QPSK System

{(a) Descriptions:

Program ACI simulates a multi-channel hardlimited IJF-0ff-

-set QPSK system. Figure A.2 shows the block didagram of the
simulation model. The adfacent interfering signals, ACI No.l
and ACI No. 2, are also IJF-Offset QPSK signals. Attenuation

is introduced in the adjacent channel paths to simulate the
difference in received power between the de%igéd and interfering
channels. If the value:of attenuation is negatfve, it means
that Ehe-interfering channels have higﬁer power than the desiged

channel.

v

.L\"/

1
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(b) Listing:

PROGRAM  ACI

nO0 o

non

11

12

&

PROGRAM ACICINPUT»OUTPUT» TAPE3» TAPES=0OUTFUT)

COMPLEX DATA(2048)yTF1(2048),TF2(2048)>TF3(2048),TFA4(2048)
COMPLEX DATA1(2048)>

DIMENSION PEI(ZS):EHND(ZS)QIPNI(128)vIPNQ(128)

NTMENSION IWK(12),PO(65>»IPNI1(128)IPNQ1C128)

REAL MPsMP1sMFP2
.INITIALIZE PROGRAM.

DATA NSNRyNSYMB/25-127/
' DATA BAUDsLSANPLs»NRUNS,LDIM/60.r1655,2048/
DATA FBW1,FBW2,FBW3sFBW4A/30.0,30.0:40.0,40.0/
DATA ALPHA1»ALPHA2/0.4,0.47/
DATA BAKOFH»BAKOFT/0.0-2.0/
DATA IOFF/8/
DATA FOFFOF1yFOF2/0.¢70.0y=70.0/
DATA PSHIF1sPSHIF2/1.7»3.14/
DATA ITSH1»ITSH2/0,0/ ;
INFUT THE VALUE OF N OF THE FULSE SHAPE -
DATA AT1yAT2/0.20./
DATA NNN/1/
DO S01 KKK=1»,1 ’ .
DO 500 KM=1sNRUNS )
SSS1=FLOATC(ITSH1)/(16.%.06)
SSS2=FLOAT(ITSH2)/(16.%X.08) o . )
ITSHI1=ITSH1+672 . . :
ITSHIZ?=ITSH2+1344 ) ’
OFF=FLOAT(IOFF ) >/FLOAT(LSANMFL)
EEND DF INITIALIZATION.

PRINT 1 '
FORMAT (S5X»XSIMULATION OF 1JF—-0QPSK #3#E3#3 5484843 8888X/)
PRINT 11sNNN
FORMAT (SXXTYPE OF PULSE SHAPE N = XsI1/)

PRINT 12sALPHA1l '

FORMAT (SX+»XTHE COEFFICIENT ALPHA OF THE FILTER IS = XyF3.1.,
WRITE(&2) OFF

FORMAT(SX» XOFFSET=XsF3.2¢X T:)

WRITE (&¢6) BAUDSLSAMPL

FORMAT (SXr»XSYMBOL RATE:XsF7.2sX Bnunx/.
+SXvyI4r% SAMPLES PER SYMBOLX/)
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C START OF COMPUTATIONS.
SBANDW=BAUDSLSAMPL ; .
CALL RCOS(@BANnuyFau1,TF1.ALPHA1-LDIH. FOF)
cngLﬂRcos<SBANDu-FBq1.TF2.9LPHA1-LnIHi FOF1)
CcALL RCOS(SBﬁNDU-FBUifTE3rALPHh1-LDIH; FOF2)
CcALL HHGG(TFIgPNDISErLSAHPLyLDIM-SBANDU)
CALL LuAnh(nATA,IPNI.IPNQ.LSAHPL.LDIH. LIOFF )

CALL HLIM(DATAsLDIM>
CALL POWER(DATA,LDIMsMP1lsPF? ,
CALL HPA (DATA»LDIM»BAKOFHs PSHIFT,HF1)
CALL ENERGY (DATA» EE¥ BAUD)
CALL FILTER(DATArTF1yLDIM)
CALL POWER(DATAsLDIMsMFsPF) o
CALL LOADA (DATALs IPNI1s IPNQ1>LSAMFLLDIMy I10FF)
CALL HLIM(DATA1,LDIM) .
CALL POWER(DATAlsLDIM»MP1sPF)".
CALL HPA(DATA1l,LDIM»yBAKOFH,PSHIFT,MP1)
CALL FILTER(DATALsTF2,LDIM)
. CALL PHASE(DATALl»PSHIF1stDIMY
. CaALL TIME(DATAly ITSHIL L DIM)
o CALL ATT(DATAl1-AT1sLDIM)
CALL POWER(DATAl,LDIMsMF1-FPF1)

.

pO0 10 I=1,LDIM ) -
10 DATACI)=DATA1(I>+DATACI)? _ ' ,
c*txxxxtxxxx:txxx*xtx*t*t*xxxxxxx*xxtxxxx*xxx*xx*xx*xgx*

CALL LOADAC(DATAL»IPNI1sIPNQ1sLSANPL,LDIN- I0FF)

caLL HLIM(DATAlsLDIM) .

CALL POWER(DATA1sLDIMsMP2,FF)
caLL HPA(DATAlrLDIHrBAKDFHvFSHIFT-MP2)

CALL FILTER(DATA1,TF3sLDIM]
CALL PHASE(DATA1,PSHIF2,LDIM?
CALL TIME(DATA1xITSHI2sLDIM?
CALL ATT(DATAl1-AT2,LDIM)
CAaLL POWER(DATA1LDIMsMP2,PF2) -
DO 20 I=1,LDIN

20 DATACIY>=DATACI)+DATA1(I)
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ACII=10.*ALQGIB(HP/HP1)
N=1 /g
PF1=PF1-3.0 ‘
PF2=PF2-3.0
ACI2=10.%XALOG10(MP/MF2)
WRITE(&»3) NsFOF1,PSHIF1,5SS1sAT1rACI1PF1
N=2
MRITE(S6r3) NeFOF2,sPSHIF2,SSS2rAT2:ACI2yPF2
3 FORMAT(//792X»¥CHANNEL XsIl,X¥X CHARACTERISTICSX/ /72Xy
+X0FFSET FREQ@.: %rFS.1s%X MHZIXsX OFFSET+PHASEX*F&.37% RADX»
% TIME OFFSET: X%XsF6.2+s% NS ATTENUATION:XsF4.1>% DBX»
+/% CARRIER TO INT. RATIO: Xr-FS.1r% DBX,X PF: X»FS.1,% DBX)

™~

ooon

- /1
CALL PHASE(DATAsFSHIFTLDIM) K/ﬂ
DD 45 I=1,LDIM f

ﬂﬂ?‘\\\;fTﬁi(I)=DATA(I)
CALL DECUD#(DATA-LSAHPLvPNDISErIPNIvIPNQr

 =NSYMB,EBNO»PEIsNSNR+EEs>IOFF)

C . . -
FOF1=FOF1+10. -
FOF2=FOF2-10.

500 CONTINUE
AT2=AT2-1.

. ATi=AT1-1. .

501 CONTINUE
STOP o .= .

CA IR AR KK KRR RO AROR KR AOR K : ‘

c END OF MAIN PROGRAM. p

CARRAR TR ERKAAR AR AR KRR AFA AR KA K

‘END ,

.

b





