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ABSTRACT L , \

In this thesis a new .cfass. of Two-Symbof-Interval (TSI} .
baseband pulse shapes is introduced. The power sﬁectral
density (PSD)-and the probability of error (ée) performance
of TSI-OQPSK modems operated in a power and spectral
efficient multi-carrier gatellite system aré';nalyzéd.
Power efficiency is achieved 5y operaping the high—poﬁer-
émplifiers (HPA) in full saturation. It is shown that the
spect;al restoratioh (spreading) caused by saturated HPA

or by ideal hardlimited output amplifiers. is much fowex

in the case of TSI-OQPSK systems than for conventional QPSK,

OQPSK and MSK %ystems.
i

A new filtering strategy called Sum o¢f Approximate Eye (SAE)
is also introduced. It is shown that the SAE filter improves
tge Pe-performance of our general-class of TSI-OQPSK modens,
operated in a nonlinear (hardlimited and/or ;aturated HPA)

and adjacent channel interference environment.

The hardware design of a TSIQOQPSK modem is presented, and
implemented. Using 6q? hardware system,'the Pe_perfofmance
of a TSI-ONPSK (n = i) modem is evaluéted and compared tq

our computer simulated results. It is shown that in the most
spectral efficient narrow-channel spacing casg,( Af . Tb)slﬂ

TSI-0NPSK systems have the best P, performance,

~
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CHAPTER ONE

INTRODUCTION

The increasing use of data transmission for voice encoded

digital signals and telegraph signals has

led to an accele-

rated need for more and better communication channels between

machines and between machines and people.

Because of the

increasing use of data transmission and the increased number

of users, bandwidth is becoming more precious. It is also

desirable to achieve: the bandwidth efficiency needed, with

as low average signal power as possible.

Unfortunately,

the lower the signal power, the poorer the system's perfor-

mance, (all other parameters are constant). The performance

of a digital system is specified by the bit error rate (BER).

BER is defined as the.ratio of the number
in a time interval t, to the toﬁal number
in that t seconds. For a large number of
the BER appro#imaﬁes the probability that

correctly received (called probability of

of bits in- error

of bits transmitted
transmitted bits,
any bit is in-

error: Pe). We

note that the term BER is used in practical measurement while

1

the term Pe is used in theoretical analysis. The objective

of the design of any modern modulation system is to maximize

the usé of the channels (i.e. izgﬁgpectral efficiency which

is measured 1n bit/second/Hertz) and to‘minimize the Pe of the

-



system as a function of signal to noise (S/N)'ratio,'while
" operating in the presence of noise and iﬁterference. Other
factors, sgshtgs hardware simplicity, cost reliability and
maintainability,‘hust also be taken into account.

Phase Shift Keying (PSK) is a technique which can enable the
data transmitting system to increase the transmitted rate in
a given bandwidth. Therg:are many different PSK systems »
which have different bandwidth efficiencies, such as Binary
PSK (BPSK) [19, 20, 24}, Quadrature PSK (QPSK) [19, 20, 24],
M-ary psx'[19, 20, 25] and M-ary APK [19, 20, 48, 29]. For
a given bandwidth and limited signal power, a QPSK.system

has more advantages than other PSK systems.

The Energy per bit-to-noise density ratio (Eb/No) requifement

of a QPSK system is almost the saﬁe as that of a BPSKf;ystem

but tﬁe bandwidth effidiency of a QPSK system is double that

of the other, (QPSK system: 2b/s/Hz, BPSK system: lb/s/Hz).

{We note that the channel bandwidth is defined by Nyquist-filter
with & = 0.0). To obtain 4b/s/Hz (16 PSK or 16 APK), M;ary PSK
(M 24) requires at least 8 dB of carrier power more thAn‘QPSK.
We also note that M-ary PSK or M-ary'APE\(M >4) systems degrade
significantly.in a nonlinearly amplified satellite channel

[6, 19, 20].

Because of‘thése advahtages, QPSK modulation techniques have
been extensively used in high and medium speed digital micro-

wave . and satellite systems.
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Since the power spectra of unfiltered QPSK 'signals
exhibit sideldbes»thaf may interfere with adjacent ¢
channels, a certain amount of filtering is necessary ét

the transmitter. However, this filtering results in a

great amount of envelope fluctuation in the signal, which . -
ledds to a considerable out-of-band spectral regéneration‘
due to tﬁe AM;AM and AM/PM nonlinear effects of the transmit
high power amplifier {(HPA). The regenerated spedtral side~-
lobes intfoduce adjacent channel interference and degrade
the Pe performance of the system ( See Fig. 1 ). In order
to reduce the spectral sidelobe regeneration {due to.non*

linear effects), a number of modulation techniques has been

introduced [1-5, 7-9, 15-17, 19, 20, 23, 32-36, 39-47].

Among these modulation techniques, Minimum Shift Keying
(MSK% and Staggered QPSK (SQPSK)} or Offset Keyed QPSK (OQPSK})
are the most widely publised and had been used in digital

microwave and satellite systems.

The only difference between the OPSK and ONPSK schemes is in
ihe alidnﬁent of the in-phaseand quadraﬁufe baseband com-
ponents of the modulated signalé. The result-is that only
90° phése transitions occur ,in the modulator output signals.
Like QPSK, an upfiltered OQPSK signal has a constant envelope.
However, for filtered OQPSK signals, the result has a,
maximum envelope variation of 3 4B (70%) compared to the

100% envelope variation foriconventional QPSK signals.
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Because/ of the different envelope fluctuations, the two:
modulated signals respond differently in a nonlinearly
amplified channel;'a OQPSK modulated signal has much less

spectral sidelobe reéeneration than a QPSK signal.

MSK is considered to be a form of OQPSK, in which the symbol
pulse shape is a half cycle sinusoid rather than the usual
rectangular form. It may also be viewed as a special case
of continuous-phase-frequency-shift—keyiné2(CPFSK) [5@]

with a frequency deviation ratioc equal to 0.5. .In'tﬁif view,
it is also known as Fast FSK (FFSK)} because it can transmit
faster pulse trains than any other ordinary FSK of equal
bandwidth and .signal to noise ratio. Due to its constant
envelope and continuous phase transitions, MSK signals retain

relatively low s?éctral sidelobe regeneration in a non-

linearly amplified channgl [1-6, 36-38].

In general the baseband puilse shape, phase traﬁsition and
envglope fluctuation of a modulated signal are the major
parameters affecting its specﬁral properties. For this
reason, efforts have been expended to search for better

pulse shapes, phase transition and envelope fluctuation.

This thesis introduces a new class of TWO SYMBOL’INTERVAL
(TSI) pulse shapes fprmed by means of sinusoidal waveforms
having different amplitudes and periods. The choices of these
shapes are based on the previous research results and pub-

lications [7,9,18] by Dr. K: Feher's team. This new class of



signals, when applied to an Offset-Quadrature-Phase-Shift-
Keying (0QPSK) modulator and passed througﬁ a noglinear
system (such as a hardlimiter or a saturated High-Power-
Amplifier),-has some spectral advantéges bver conventional

MSK, QPSK and OQPSK signals.

A new filtering strapegf called SUM OF APPROXIMATE EYE is
also introduced in this thesis. This SAE filteff}i cbtained
by taking the rati; of the raised cosine filter transfer
function and the square r:oé of the sum of the PSDs of the
two separate overlapping eye'a;agrams‘of thé receive eye
diagram. The results show that SAE filters imﬁrove
significantly the Pe performance of TSI-OQPSK modems as
compared with L;near Zero Forcing filters [12, 13, 20, 24,

25] in a nonlinearly amplified channel.

We use extensive computer'simulations'to evaluate the
probability of error (Pe) performance_of differént systems.
The accuracy of our computer simulation was verified by
comparing the céﬁputef geperﬁted Pe = f(Eb/No) results ﬁith

our measurement results performed on the same hardware system.

-

Our new class of TSI pﬁlse shapes is introduced and analyzed
in Chapter Two. The phase transitions of these TSI-0NPSK
modulated signals are derived and' found to be smoother than
those of conventional MSK signals. The measured PSD of

hardlimited TSI-OQPSK .signals is in close agreement with our



computer simulated results. It is shown that these PSDs
are narrower (for main lobes) and lower (for si lobes)

than those of hardlimited QPSK, OQPSK and MSK modulated signals.

1

Two types of detectiog filters afe3examined-in Chapter Three.
A neﬁ filtering strategy is introduced and called "Sum of
Approximate Eye™. The resﬁlts show that the SAE filter
greatly improves the Pe performance of hardliﬁited ?SI-OQPSK

systems, over the conventional Linear-Zero-Forcing-Filter.

In Chapter Four, the adjacent channel experimental model
is presented. Two types of nonlinear amplifiers are ﬁsed B
in cur evalpation - ﬂardlimiter and Saturated INTELSAT V
type HPA. 1In this.theéis we assume that the carrier and

the symbol timing recovery circuit degradations are neg-

ligible and that the channel filters are equalized.

-

For, all different configurations of nonlinear amplifiers

(hardlimiter and HPA), thé results indicate that TSI-0QPSK

. . \
modems have a better Pe performance than cénventional QPSK,

OQPSK and MSK modems when the channel spacing is less than

1.0 times the bit rate (Af.TbS 1).

In Chapter Five two different types of TSI pulse shape
encoders, called Nonlinear Switching Filter (NLSF) and

Pulse'Overlapping, are presented. The complete design of a



. ——

»

TSI-OQPSK n = 1 modem is also described. Our measurement
results indicate éﬂ approximately 1 4B variation from
ouf computer simulated results. These differences are
caused by hardware - imperfections and the type of filter

in use.



CHAPTER TWO

TWO SYMBOL INTERVAL OFFSET-

QUADRATURE-PHASE-SHIFT-KEYED (TSI-OQPSK} MODEMS
' )

In a conventiocnal Quadrature-Phase-Shift-Keyed (QPSK) system,
!saturated high power amplifiers ({HPA) restore the spectral
.51delobes of the filtered and modulated 51gnal 3-6, 19-20,
37-38 . Two parameters which have a.significant affgct on
the restoration of the spectral sidelobes (in a ncnlinearly
‘

amplified channel). ane:enﬁelope fluctuation and phase
transitions. The reéenerated spectral sidelobes, resulting
from AM to ‘AM and AM to PM conversion in nonlinear amplifiers,
introduce adjdcent channel intérference and degrade the

probability of error performance of the system.

o

In this chapter a generalized Class of Two—Symbol—InterQal
(TSI) pulse shapes constructed from sinusoidal waveform is
introduced. The properties of the modulated TSI signals,

using an Offset-Quadrature—Phase;Shift—Keyed (OQPSK) modulator,
are analyzed. ThL results indicate that TSI-OQPSK signdls
have better PSDs than conventional QPSK, COQPSK and MSK

signals in a narrow channel spacing and nonlinearly amplified

-

environment.
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2.1 Two-Symbol-Interval Pulse Shapes

Our new class'oﬁ\TSI pulse shapes is defined by

}Itlls'rs

n=1, 2 ...(2.1)

sin [ X /nT_ ( |tl -T_/2)1
: { 1- s s
sin ( X /2n)

-

0 elsewhere

Tﬁe maximal value of sn(t) equals .one, at't = 0, and

the minimal value equals zero at t = Ts' These

values must hold in .order to have an intersymbol-
interference (ISI) free condition. The amplitudes of

sn(t) at t=th/2 must bhe equal to 0.5 in order to have a

jitter free condition.

» \

The pulse shapes s_(t) (as shown in Fig. 2.1} can be

n
. separated into a pair of even and odd single interval
pulses sen(t) and son(t) g:ven by
~T_/2) +
. . s, (t-T_/2) s, (t+T_/2) Itl:;Eg even pulse
en _ 2

0 elsewhere

o s, (£4Tg/2) =s . (e-T_/2) " |t} <Tg odd pulde~
Son(t) 2

1]

0 elsewhere
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Hence, the even and odd functions of sn(t) given in

equation (2.1} can be found as: -

1 ] < T_/2 (2.2)
- - s
et =N\
0 elsewhere . S
X e
sin (7@t ) S L -
(t) = -~ nTg :

on

sin ( 3 /2n)

0 elsewhere

Fig. 2.2 shows the even and odd pulse shapes of sn(t).

‘ Son(t) “ Sen(t)

b - - = - - e -

L s - - - - -

+
Nl
I
nﬂ?
mlg

N

'Fig. 2.2 : Even and odd pulsé shapes of TSI pulse shapes
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The amplitudes of son(t) aré always equal to either
+1 or -1 at the transition points (t = + Ts/2) to
eliminate any discontinuity that may occur when the
waveforms are generated [7, 9, 14, 15)]. For all
values of n, the values of Sen(t) are the same and

equal 1.

Two-Symbol-Interval Modulator

The block Qiagram of a TSI-0QPSK modulator is shown , -
in Fig. 2.3. It is simﬁ;ar to that of the conventional
premodulation filtered OQPSK modulator [1-5, .23, 36],

except that the two low-pass filters are replaced by

two TSI encoders. The input binary data stream, x(t),’

1

r
Ty
Non Return to Zero (NRZ) data streams xI(t) and xQ(t).

having a bit rate £, = is converted into two
These data streams have symbol durations which are

twice the bit duration Tb’ that is Ts = 27T Both

b
data streams, namely xI(t) and the delayed data

stream xQ(t—Tb) are fed into two TSI encoders, which ‘
convert these streams into the in-phase and quadrature

(yI(t) and yQ(t))Atneamé of the modulator.



xIn(t) TSI

% ENCODER

x(t)

Input
Data

TSI

14

4 .

ENCODER

——— e

an

(t)

TSI-0OQPSK
modulated signal

Fig.2.3: Block diagram of a Two- Symbol-Interval -0QPSK
modulator (TSI-OQPSK)
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The in-phase and quadrature TSI signals

-~

The equafion of the input binary data stream x(t) (Fig. 2.3)

' can be defined as:

+0
Cx(t) = E xkg‘(t—ka) . (2.3)
k= - ‘
(x, is a random variable number)
ere x, = *A, with the probability of X, = +a is
eqpal to the probability of X, = -A and equal to 0.5.

is a constant and equal to the input signal level.
1, | t-kTy | < T,/ 2
g(t-kT,) = . , (2.4)

0, [t=kTyl > T./2

From the previous definitions of the in-phase xI(t) and the

quadrature xQ(t) streams, the equations of xI(t) and
»

xQ(t) are:

+®
¢ . _ .
xI(t) = }E: X;9 (t-lTb) - (2.5)
) iz - i=1, 3, 5,....0dd values
+

xQ(t) x 49 (t- j'rb) (2.6)

™

j =0, 2, 4,....even valqes



14

Yonf®) T Ty ixgltoTy) T

Ve

16

Note that xI(t) equals the odd binary stream of x(t) and xQ(t)

L] -~

equals the even binary stream of x(t).
The Ty delaYed data stream of xQ(t) can be found as:

+ @

Xo (E-Ty) = z © x50 Fem (4T}

i= -® j = 0,2,4,...even values

From the definitipn of xQ(t-Tb), we can see that the data stream

.

xI(t) is offset by Tb from the xQ(t-Tb) data stream. This condition

implies that the maximum (or minimum) amplitudes of one filtered

data stream (xI(t) &r xQ(t:Tb)) occur at the instant where the

other filtered data stream has a transition.

The encoded yIn(t) and an(fﬁ streams, indicated in Fig. 2.3,

represent synchronous streams of the in-phase and quadrature

phase two-symbol interval sn(t) pulses. The equations of yIn(t)

and an(t) are found as

1
=

Yo (B) n 1 xgend | (2.7
.
n

-
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where Tn is the n-typed TSI pulse shape transform

and defined by

T ;E xkg(t-kTs)f = E Yo (£)

k=- @@ ) k=—- @

and

sen(t—k?s), if *k = X = +p

-s__(t-kT_ )}, if x_ = x,_ . = =~A

en s k k-1 (2. 8)
son(t_kTs)'_lf Xp = +A and xk—1=, 7A
—son(t—kTs), if Xy = -A.gnd xk"l = +A

Note that Xy and Xy _y are the two consecutive symbols

of the in-phase xI(t) or the quadrature xQ(t-Tb) data

streams.
Figure 2.4 shows the computer generated-signal-eye-

diagrams for n = 1} 2, 3 and n— o at the output of

the TSI encoders . These eye diagrams exhibit

neither jitter nor intersymbol-interference.

‘Medsured signal eye diagrams for n = 1, n = 2 and

n - @ are shown in Fig. 2.5. (The input signal of
our hardware or computer simulated TSI encoders is

~.a pseudo random data with symbol duration TS) -



b/n=2

' Fig.2.4: Signal eye diagrams generated by TSI encoders

-



-~

d/ n—w

1

Fig.2.4: Signal eye diagrams generated by TSI en'coders

“
-



= ewmpwAtEeg A e T

20 - ’

vert: 200mv/div

horiz: 10us/div

symbol
rate ' 32 kb/s

Fig. 2.5a ‘Measured signal eye diagram at the Qutput of the
TSI- encoder (n = 1)

vert: 200mv/div '
horiz: lOus/div

symbol
rate 32 kb/s

Fig. 2.5b Measured signal eye diagram at the output
of the TSI encoder (n = 2)
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§ ~
vert: 200mv/div
noriz: 1lOus/div

symbol
rate ° 32 kb/s.

Fig. 2.5c Measured signal eye diagram at the output
- of the TSI encoder (n-+oo )

(Courtesy of Dr. J. Huang, Aydin, CA)'

Note that the signal eye diagrams are almost the same when n
is greater than 2. In the following sections we will show

that the PSDs of TSI-OQPSK signals for n > 2 have practically

the same main lobe. .




2.2

Power Spectral Density of TSI Signals

In order to derive the PSDs of TSI signals and

simplify our eguations, let us define

sl(t-kTs) = sen(t-kTs)
sz(t—kTs) = -sen{t-kTS)
s3(tekTS) = Son(t—kTs)m
s4(t—kTS) = —son(t-kTS)

Then for every Ts,seconds, the (TSI) encoder shown
in Fig. 2.3, transmits an ele?entary signal Ynk(t)
from the set of 4 basic signals{ sl(t—kTS),
sz(t-kTs), SB(t_kTs)’ sq(t—kTS)} , determined by the
previous elementary signals Yn(k-l)(t) and present
input *k' Therefore, the TSI signal encoder can be
statistically represented by a 4-state Markov chain
[21] as shown in Fig. 2.6. ‘The encoded signal for a

specified value of n called y(t) has a set of

stationary probabilities.
{pyr 1=1, 2, 3, 4}

and a set of transition probabilities

(2.9)



{a)

&’

Transition diagram
of y(t)

Fig. 2.6

23

(b) 4-state Markov chain
model of the TSI signal
encoder

i
<

vy

- .
4-state Markov chain representation

of the TSI signal encoding
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{ Pigr 203 =102, 3, 8}
where the states are the basic signals si,i=
1, .2, 3, 4 and the stationary and transition

probabilities are defined as

p; = By, (v) =5 (t-kis)}
ij
for i, J=1,2, 3,4
Based on Eq. 2.? and 2.9< it can be shown that
p;.= P {yk(t)‘= sl(t;kTs)}; P{xk = 4+A, X = A}
= P {x = A}l . P{x, _, = -A} = 1/4

-] are. statistically independent
1, 2, 3, 4 can be obtained in the

since X and xk
Other pi's, i-=

similar manner andg - .

p; = 1/4 for i =1, 2, 3, 4,

From an examination of Fig. 2.6a, it follows that

P.s = P{yk(t) = sj(t—kTS) / yk_l(t) = s; (t—(k-l)Ts{}

[
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P{ye) = sy (e-kT) [y, (8) = s)(e=(k-1yT) }
, 4. .

.

(t) Sl(F—(k-l)Ts)}

P {xk = +A l yk-l

=P{x = +A}=1/2

" Ssince xy and‘yk_l (t) are statistically independent,

Bia = Py (t) = s,(t-kT ) /yk_l(t) - s, (k= (k-1)T_) }

'Since there is no transi;iqn from s to s, (Fig. 2.6a).

Similarly, other pij's can be obtained. They are

arranged as entries_pf the transition matrix P,

[P1) P1o P13 Py | 100 1]

Pa1 P22 P23 Ppy 0110
v P31 P3z P33 Pyy =§. 1001

| P41 Py Py3 Py | 01 10]

From this statistical description, the power spectral
density (PSD) of the encoded signal y(t) is given by {22, 51}

+® -4

’ 1 12 n
Y(f)= —_ 3 | X pis; (B |? 8 6= 3
T2 ‘n=-w -1 vt Ty Ts
‘ 4
N 1 4 ) 2 1 ' 2
A D DI N Isi(f)l S | E 0 BiS )
- s i=1 sl .
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2

+T—-Re{
)

e

4
2
k=

1l 1

p;S;* (£) s, (D) ‘Sik} . (2.10)
where

S; (f) is the Fourier transform of s; (%),

S*i'(f) is the compléx conjugate of Si(f)

© ’ . ‘ ‘ '
{n) -j2xnfrT “—\\__ : . ‘
S.. = .. e : .
ij . nz._.:l Plj s ‘ | |

-

(n)
Pij
$(f) is the Dirac delta function

is the ijth entry of the n-step transition matrix PP,

pn =PxXxXPXxXPX ... xXP
e '
n times
and

Re {...} is the reai‘part of {...}

From the derivation in Appendix I.l the PSD of y(t)

is represented by . ' : t{
1 . N 2
Y(£) "Ts (se(f} cos JCfTs + ]So(f) sin chTs) (2.11)

where Se(f) and So(f) are the Fourier transforms of se(t)

and so(t)‘respectively. !
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From equation (2.2}, the Fourier transforms of sen(;)

_and son(t) are found to be: (details are shown in

" Appendix I.2).

_ sin ( TCET) (2.12)

en L

S _(f)

. . . i oA N . _ 2
S o (£)= jnT { sin( TfT_ + %) sin( JUET =) }

+
sin(3) {1+2nfT ) {(1-2nfT )
2n S . S
(2.13)
Hence
’ sin(ZthTs) nsin(JU£Tg)
(f) = - .
¥n ZXET, sin (3X)
) 2n o
(2.14)
. N , _
51n(Jt£Tsé-§H) . s;n(?EfTs 2n)
(1+2nfTsf (l-anTsT'

Figure 2.7 shows the computer generated PSDs of TSI
signals for n = 1, 2, 3, and n—-o . These PSDs eihibit
sharper mainlobes and lower sidelobes than those of NRZ
{Non Return to Ze}o) signals. The measured PSDs

of TSI signals forn = 1 and nh—® are also obtained

and shown in Fig. 2.8. These measured results are

in close agreement with our computer simulated results -
and can be served as an experimental confirmation of

our thecoretical results.

ey
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NR2Z

TSI (n=1)

symbol rate=32kb/s
vert: 10dB/div

horiz: 10kHz/div

e 32 xuz 9
Fig-2.8a Measured PSD of NRZ and TSI (n=l1l) signals (Measurements

performed on our hardware prototypes)

NR2Z
TSI (n— oo )

Sfmbol rate 32kb/s
vert: 10dB/div ~
horiz: 10kHz/div

Fig 2.8b _Measured PSD of NRZ and TSI (n — o ] signals
(Courtesy of Dr. J. Huang, Aydin,'CA)

.
/
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2.2.3 The Modulated TSI-OQPSK Signal

The modulated TSI-OQPSK signal at the output of

the modulator (Fig. 2.3) is expressed as:

2, ()= yp (Eleos(w_ £) + yo (t)sin(w b). ('2.15)

where w.= 2 x,fc and £, is the carrier frequency.

Sin¢e both the PSD functions of yIn(t) and an(t) are
equal to Yn(f),the combined normalized PSD of the

, TSI-OQPSK signal is N
Z(£) = Y (f-f) (2.16)

We note that Austin [15, 35), Foster {16 aﬁd
Divsalar [f?], u;e the term staggered Quadnatune;
Overlapped-Raised-Cosine Modulation(SQdRC) for
the specific case of n=l. Thus SQORC modﬁlation

is a subclass ofour more general TSI-CQPSK modulation

techniques [26, 27, 47].

P - © ' The modulted TSI-OQPSK signal at the output of the

; ‘ - : . modulator can also be written as: .
‘ ‘z_(t) = A_(t) cos [w_t + F_ (&) ] (2.17)
1 . n n c n *
"where

A, (t) and ﬂn(t) represent the envelope and phase of i
the modulated signals. The equations of An(t) and

ﬂan) are as follows:

[



31 M;

A (e) =ty (0% 4y (0?y } (2.18)
and )
g_(t) = -tan™t ;an(t) ‘ mod ;X - (2.19)
YIn(t) :

The maximum value of An(t) is obtained when both
the in-phase and quadrature channels (y; (t) and
an(t))df TSI-OQPSK s.ignals equal 1. The maxi-
mum envelope-amplitudes of TSI-OQPSK signals for

different values of n are the sarﬁe and equal to \/E

The minimum envelope amplitudes of An(t) are obtained

during the time intervals when Yy, (t) and an(t)

of TSI-OQPSK signals are either s_, (t) or -s__(t),

‘for 0 4t 4T, /2. From equétion (2.18) and (2.2), the

minimum envelope amplitude of the modulated TSI-OQPSK signals

is the minimum of the following equation:

1

2 (Jtt

_ 3 '
)+ clsinf(BE) + X g (2.20)

s 5 2n

[C25in

where C = 1/sin (g—:'{) &80 £t 4 Ts
) 2

-

By equatina the first derivative of (2.20) to zero, we

obtain the minimum value at t-T__s.. Hence, the minimum
4
envelope amplitude of TSI-OQPSK signals is

1 -

sin{m) % (2 sin® Xy,
In - 4n’
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Table 1 shows the computed maximum and_miqimum
envelope fluctuations of TSI-OQPSK signals for

n =1, 2, 3 and n+e . Phase transitions of TSIj”'
OQPSK signals are also comguted and shown in fig.
2.9. We note that the phase paths of TSI-0QPSK
signals for all values of n are smoother and shorter
than those of MSK signals. The computed signal space
‘constellat}ons of TSI-OQPSK signals for n=1, 2,
are shown in Fig. 2.10a. The measured signal space
constellation for n = 1 is in close agreemeﬁt_with

the computer simulated result, shown in Fig. 2.10b.
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Max Amplitude
Amplitude Amplitude Min Amplitude
'1 Maximum Minimum (dB)
1 1.4142 1 3.0
2 | 1.12142 .7653 . 5.33
3 1.4142 .7320 5.72
— 1.4142 .7071 6.0

Table 1: Computed eﬁvelope fluctuations of TSI-OQPSK signals

Note that the TSI-OQPSK signal having the n=2 pulse shape ,
defined in equation(2.1), has an envelope fluctuation of

5.33 dB. Later in Fig. 2.14,we show that this signal has
the sharpest mainlobe in a saturated channel.

- o -
et bt gl etV raT ™ ey L wt e - b
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A TYPICAL DATA INPUT PATTERN

cmh=l =b eh =l ol =l 41 40 =1 =)+t 4] #1=f -] +| +]

T e o A et e e e Fa - i TR o e % = P e s -

/4

,Fig. 2.9: Phase transitions of TSI-OQPSK

and MSK signals
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Fig2.10a: Computed constellation diagram of .
TSI~OQPSK signals for different -
values of n

Fig. 2.10b: Measured constellation diagram of,
> TSI-0QPSK signals for n =1
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Properties of TSI-OQPSK Signals in a Nonlinearly

Amplified Channel

To maximize power efficiency, the HPA used in
a- transmitter typically operates in a saturated
mode. In this section, we are going to examine
the propefties of TSI-OQPSK signals in a
saturated INTELSAT V type HPA (10] and hard-

limited channel.

1:."
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Hardlimited Channel

In this secitcn, a saturated HPA is modeled as an.

ideal hardlimiter to examine the effect of AM to

AM convgrsion on the modulated signal. The hard-
liqited model has been sthn to be a good first order
approximation of typical earth station satellite
transponder HPA's and terrestrial microyave amplifieré
[4]. Fig. 2.11 shows the phase and amplitudes responses
“of an ideal hardlimiter: The hardlimited TSI-OQPSK
signals, zln(t), of different pulse shapes described in

equation- {(2.1), can be represented by: -~ .

1 _ .1 1 .
Z n(t) =y In(t)cos(27r.fct)+y Qn(t)] 51n(27cfct) (2.21)
C.YIn(t)
where y (t) 2 2 1/2
I (y In(t) +y Qn(t) } (2.22)
C Y. (t)
len(t)= . (S?+ 7 enl/2 *
Y In Y on

where ¢ is a constant dependent on the output power

of the hardlimiter and fc is the carrier frequency.

. A l6-state Markov chain model can be used to derive

1

the PSDs of y (t) and len(t) [9]. Hence the PSD

In
of hardlimited TSI-OQPSK signals for a selected pulse

shape is:



j

TSI-OQPSK rr

MODULATOR |7 _(¢) I_]/ z;(t)

Model to examine hardlimited signals

-

bvout : ’\\\ } Pout
J 7
1
SRy ;

Vin ! ‘ s, gin
- A t .
A _1\'/2
a/ Amplitude response b/ phase response

Fig. 2.11 Characteristics of an ideal hardlimiter
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1 1
27 (f)= g5
BTS .

2 1
- [veee) | 2+ ¢ r {vl(f)+v3(f)+v5(f)+v7pf)} *

X{UL (D + Vg () VS (E) Vg () +(V, (£) 4V, (£) 4V (£)4vg (£))+ )

oty -j2 JCET
X{Vz(f)+V3(f) Ve (f) v7(f)} e s : (2.23)
where Re [....] is the real part of [....], a "*"
means conjugation of that complex number,V,{(f) is
the Fourier transform of vi(t) which is given in

Appendix-I.3.

Using equation (2.23) and Appendix I.3, the PéDs.
of hardlimited TSI-OQPSK signals for n =1, 2, 3
. and n — ® are found and shown in Fig. 2.12.
The measured PSD of a TSI-OQPSK signal, for n -'l,
after the hardlimiter is shown iﬁ Fig. 2.13.- It
is also in close agreement with the computed result
in Fig. 2.12a. - -
~:
It is interesting to note that the PSDs of hard-
.limited TSI-O0OPSX signals for n 2 2 in certain regions
Lfall-bélow those of the individual signal speétra, '
see Fig. 2.12b - 2,128. By comparing the PSDs
of hardlimited QPSK, OQPSK and TSI-OQPSK signals,
}ig 2.14, we can see that the PSDs of hardiimiteé

TSI-OQPSK signals are better than those of the others.
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after hardlimiter

!
I
; (upper)

!before hardlimiter
{lower)

k4 kHz
FIG. 2.13 MEASURED PSD OF HARDLIMITED TSI-OQPSK (h = 1)

£, = 64 kb/s

£, = 512 kHz
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»
Examining the characteristics of all the PSDs in Fig. 2:.14, &

it can be shown that the tails of these PSDs fall off gradualljl
and their levels tend to be lower as the distances from the

carrier freqﬁency'(fc) increase. As indicated in Chapter One

kFig. 1), the regenerated sidelobes (these tails) caused adjacent
channel interference and degraded the Py performance of the system.’
The lower level the tails are, the better performance the system
is. ﬁe also note that in Fig. 2.14, the regenerated sidelobes-

in the regions of (f-fc)Ts 2 2 are much lower than those in the
regions of (f—fc)Ts < 1 {(at leas£ 10 dB). Due to these charact-
eristics the regions 6ost affected by‘;éjacent channel interference
arewithin (f—fc)Ts‘s 2. Examining the PSDs of hardlimited TSI-<
OQPSK signals in this region (Fig. 2.14), the case of n = 2 is
found to be the bést of this class, even though the PSD of the n=1
case is the lowest when (f-fc). T 2 2.. Further investigation |

s
in the next section will ‘show that the performance of the TSI-

. OQPSK system'with‘n = 2 is the best of this class, in a multiple-

carrier adjacent channel environment, having a carrier frequency

spacing of Af, where Af.TSS 1.35.

Due to the effect of hardlimiting, the envelope of the modulated
signals is constant. Therefore, the signal space constellations
of hardlimited TSI-OQPSK signals for all values of n are the.

same and shown in Fig. 2.15a. ~The measured signal spacé constel-

lation of TSI-OQPSK signallfor n =1 is also shown in Fig. 2.15b.
; ‘
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a/ Computer simulated result {for all values of n)

-

b/ Measured result (n = 1)

.

Pig. 2.15

Signal Space Constellitions of hardlimited
TSI-OQPSK .Signal

g m———
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. Saturated INTELSAT V Type HPA Channel

LY

In thiS'section; the saturated INTELSAT V t&pe HPA

is used as the nonlinear amplifier. An Intelsat earthﬂ_
station transmit ﬁype HPA is chosen to be used as

our nonlinear amplifier model because of its popularity

and its high speed (120 Mb/s) application in the Intelsat

-

-

network. The AM/AM and AM/PM characteristics of this
HPA are_obtained from Intelsat Specification [10] and
) .
shown in Fig. 2.16. Details of our computer éimulated
‘HPA will be discussed in Chapter 4. The computer
simulation results show that the power spectral densities
of TSI-OQPSK signals, after passing tﬁrough the saturated
HPA operdating at 0 dB input backoff, are better than
those of QPSK and OQPSK signals (Fig. 2.17). The results
also indiéate that the spectral regrowths of the TSI—
CQPSK signals after the ideal hardiimiter and saturated
HPA operating at 0 dB backoff are'practically identical.
These results confirm that an ideal hardlimiter can be
used as a first order approximation of a saturated HPA ' .

(operated at 0 dB input back'off)."
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i : *

“wd

TSI-OQPSK Receiver

The block diagram of the TSI-OQPSK demodulator is shown
in Fig.2.18. This model may be the saﬁe as the conven-
tional.receiver;s model of OQPSK system [3-5, 23, 36].
- The réceived Sighal is passed through a bandpass filter
(BPF) (*) and split into the in-phase and guadrature
components. These two components are multiplied by
cos(wct) and sin(wct) respectively and passed through
two lowpass filters. The two lowpass filters. prior

to the threshold comparators are used solely to
eliminate high frequency ‘components. Two threshold
comparators are used to convert the received analog
signals into digital signals.! "'Then the in-phase and
gquadrature -channel signals are cbnverted back into

serial data.

If the 3-dB bandwidth of the receive béndpassifilter ;
{shown in Fig. 2.18) is nmuch greater than the bit
rate (at least twice the bit rate), then the received
in-phase and quadrature components of hardlimiped
TSI-0QPSK s}gnals at'tpe threshold comparateor inputs

1 S|
I {t}) and Y 9 (t)

n n
respectively. The computer generated signal eye

lI (t) or YlQ {(t) are shown in Fig. 2.19.

n n

are approximately egual to Y

diagrams of Y
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The measured signal eye diagram of hardlimited TSI-ONPSK

n =1 is also obta¥ned and shown in Fig. 2.20. The two

results in Fig. 2.20 and 2.19a are in close agreement.
. .

*
°

Based on these results a new filtering strategy called
Sum of Approximate Eye is introduced and will be dis-

cussed in the next chaptegr.

- B

" * The BPF may represent conventional Linear Zero

Forcing filters-or our new class of Sum of Approximate

Eye filters, which will be ‘discussed in the next

-
v

chapter.
- . L 2
7 \ -
7 :
.b
. ,

BT
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- Fig.2.19: Received signal eye diagrams of hardlimited
’ TSI-OQPSK systems (with a wideband BPF)
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s

Fig.2.19:

. c/[n=3

Received signal eye diagrams of hardlimited
TSI-OQPSK systems (with a wideband BPF)

‘. ¢
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Fig. 2.19:Received signal eye diaqfams of hardlimited TSI-OQPSK
: systems (with a wideband BPF) U '

’
’
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,/‘_/
s '
I 2smv
S ]
Sus/div
fb = 64 kb/s
fs = fb/2 = 32 kb/s

Pig. 2.20: Measured signal eye diagram for n=l. The in-phase
and quadrature channels (the later delayed by Ty -

o . seconds) are obtained prior to the threshold cermpharator.
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CHAPTER 'THREE

LTERING STRATEGIES FOR TSI-0OQPSK SIGNALS

Filters have many important functions in a digital multi-

carrier

e

communication system, They can be used to shape

the ,signals and to reduce the noise and the adjacent channel

interfer

ence. In our system a relatively narrow BPF is

placed at the input of the demodulator (Fig. 2.18) in order

to minimize adjacent channel interference (ACI) and noise

variance

prcblem

types of filters, zero forcinag filter and SAE filter are

used to examine the P_ performance of TSI-OOPSK systems in

a muitip

3.1

2

d and to ease the carrier recovery design -

Yy
without introducing IS8I. 1In this Chapter, two

le-carrier and hardlimited channel environment.

Zero Forcing Filter

Thé first type of filter, called a zero-forcing-

filter [12-13, 20, 24-25), is defined by:

H{f)

st

H, (f) =
1n LY,

where Y_(f) is the .PSD of the TSI-OQPSK signal

prior to hardlfﬁiting(eq.,2.14) and H(f) is the

(3.1)
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transfer function of the raised cosine filter is

{12-13, 20, 24, 25] defined by:

|
=]
IA
th
IA
Sl

{1=a)
H(f) = o .
{1 - sin (5" (éf-’éu};—T(_l-a IS £ 5;_'1"1*“.@),
0 -otherwise ) {(3.2)
- K

ais the roll-off factor of the filter.
Figure 3.la and 3.1lb show the zero-forcing-filters
of TSI-OQPSK systems for n = 1, 2, for linear
channels., We note that zero—forging filters are
match filters for linear channels and have been
Qsed extensively [8, 10, 11, 14, 22-25, 46]. To
justify the matching charaéteristics let us assume
. that there is no nonlinéar'amplifier.Betweeh the
transmitter and the receiver. .The PSD of TSI-OQPSK
signals after passing through the receivé zZero

forcing filter will be:

2
R E)L = Y (£) x Hj = (f)
[ H2 (f) . )
= Y (f) x = H? (f) (3.3)
n Y_(f) o b 1

Hence, the received signal r_(t) is 'equal to the

- . . . ) \k . ) l.
summation of the impulse response of an ided]l raised
cosine filter [12, 13, 22, 24]. i -

A



H

i, S 4 s =

' oy |

[ -,

61

-~y

(sTouueyo i1eduf] I0J) T=u I10J I93TTJ butorojy-oxsz :871°t *H1Jg

SL/G*

-

I

H



- e . Pt e = i A,

LEF, TR

S R e ST

62

ol

.

{sTouueyd umw:.ﬁa 103) g=u I103 193713-burdiog-oaaz :qr'¢ *bTa




63

+ @

r ()= x {SIRZLT | Tcos art/T A, (eokmye) (3.4)
k=_. . 1-4 ﬂ-:t‘/Tz .

Because of this property (equatioh-3.4), the

- received signal éye diagram rn(t) will have no

»

ISI at the sampling point.

Fig. 3.2 shows the received signél'eye diagram of a TSI-

. . N .
OQPSK signal prior to the threshold detector, when a

zero-forcing filter is used . in a linear channel
environment. The roll-off factor, o« , of E received
filter used in Fig. 3.2 is equal to 0.4. FXom .

Fig. 3.2 we can see that the received eye'diagram

has no intersymbollinterference at the sampling péint.

(*)x is equal to +A if the input data at the time
(t-kT) is high and x is equal to--A if the .input -

.. data 1is low.

’

T 'is equal to Ts: symbol duration

B l"'-".‘;'.,'_ / .

e

. et
’- EI A
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Sum 6f Approximate Eve fiiter .

In thls sectlon we are g01ng to introduce a new

type of f ltering strategy called Sum of Approxlmate.

. Eye (SAEr» he 1nvent10n of thlS fllterlng strategy

+  is based on the results found in Chapter Two (Fig. 7
2.19 and Fig. 2.20)-. This strategy is described

~y

- as follows:

Examine the received signal eye diagrams (Fig.
2.19 and Fig. 2.20}. We can separate these signals¥
" into two .overlapping eye diagrams, namely the con-

tinued and dotted eye diagrams as shown in Fig. 3.3.

—

The odd and even elements of the continued eye'
diagram v(t) and the dotted eye diagram u(t) ,can:-:

be approximated as:

v, (t) = sin --(;—) lel < Ts
) 2
ve(t) = (1{) }——)COS( t) |t1_<_T_5_
o . T, ' 7
. é t . T
ug{t) = = sin (%i—) |t|5 EE ,
H i ' o
. 2 T
sg(t) =73 Iths 52

. -
- <. . . - o ('3 R Kk .

.Using equation *(2.11}), the.m- of v(t) and

u(t) are found to' be.

B : L
_e L G.
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3 4

v{t): continued
lines

uf{t): dotted
lines

s .l\ - L r 2
; \
_Fig. 3.3: Sum of’ Approximate Eye (SAE) i :

construction concept:

’

Two overlapping eye diagrams can be separated

from a received eye dlagram of a hardlimited- )
TSI-0QPSK signal
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2 sin(2 rfTé) l 1 ‘ sin(2 = fTs) ?
|lvig) = + .B5p-.15 fT . ————=
‘ 2 mfT 1-4f£7T ? 2 7 (1-f*7? )
s s . s
) (3.5)
, sin{2 r £T_) ? o
|U(f)| = i 5 X ____l__ -
2 r fT 1-4f£2T1?
S s {3.6)
[N
" “ Since the probability ©of occurrence for a “+A"
6r a "=A" in the transmitted Sata stream are the
same and equal to 0.5, therefo:e} the probability )
of occurrence for v(t) and ul(t) are the same and '
equal to 0.5. Based on this assumption, the PSD'_ ‘
of the sum'of approximate eye signal is' defined by
. 2 2 . 2 . .
[wie) = |vier] + |uin| ~(3.7)
" The normalized PSD of the SAE eye signal,|W(f)|?,
L : . - 3 N
is ' . . -
|7 ez W) v -
lW(f) " oS Wi T - | : (3.8)

Where-W(0J is the value of W(f} at f = 0.

'
The rgceivg.filter, which is formed by the ratio

of the'raiéed—cogine-filtéf—transfér-éﬁnctiéd
(H(f)) and the square root of SAE-PSD, is call?d
the ‘Sum oﬁ.Appnoi{Mata Eye filter. It is expressed

3

as:

ar,
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CH(£)

&) =—fwmoT S .
N

The shapes of H,(f) for different values of a are

shown in Fig. 3.4. ) l\)’

For the cases investigated,the implementation of

‘the SAE filter is simpler than that of the zero-

'forcing filter because ;he attenuaticn of.the

zéro—forcing filter is sharper than-that of the SAE fiitgr.
To demonstrate the advantages of the SAE fil%er

over thé zero-forcing filter, we will examiﬁe the
résulting ISI and the carrier to interference nower

ratio (C/I) caused by these filters in thé néxﬁ.

section.
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’

Advantages of the SAE filter over the Zero

Forcing Filter

‘ 3.3.1 Pe Performance

To examine the ISI Jenerated as a result of a selected—.

filtering strategy, we use our s;ngle ehannel model
as shoﬁn.in Fig. 3.5. Thg_ISI—OQPSK modems were
diigﬁssed in Chapter qu'and the hardlimiter i§
used as our nonlinear amplifier. The compufér
simulated signal eye diagrams of TSI-OQPSK signals
in a noise free channel are shown in Fig. 3.6 (for
n = 1) and Fig. 3.7 (for n = 2). .From Fig. 3.6a
and Figqg, 3:7a we can see that the SAE filters

introduce less ISI than the zero forcing filter.

~ .

We note that the roll off factor « also affects

the performance of the system. Fig. 3.8 shows
the ‘required Eb(ﬁl of TSI-OQBSK system (n = 1, 2),

for dlfferent values of o« ," to obtain a Pe per- &

formance oﬁ4§0 . The best Pe performmance is

obtaited when a is ih'the.region\of 0.4 to 0.8.

Ead

' We also notice that the Eb/N requlrements for -

zero forcing filtered systems is 1arger than for

the SAE filfered system.

A N
Vg ’
v v

e : L ..' .

»
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Hardlimiter . '
. White Gaussian Noise
{‘\
)
TSI-0QPSK :flﬁ RCV BPF -
'MODULATOR L -
id . -
Amplifier
TRANSMITTED DATA “
(64 kb/s) . . :
—
PRBS GENERATOR RECEIVED DATA TSI -0QPSK
AND BER DEMCDULATOR
MEASUREMENT (64 kb/s)

FIG. 3.5 Pe MEASUREMENT AND SIMULATION SET-UP FOR A
SINGLE CHANNEL TSI-0QPSK SYSYTEM

~ ¢

3

* RCV BPF: Receive BPF: Linear-Zero-Forcing-Filter or SAE Filter

* Carrier Frequency = 512 kHz t

* Bit Rate =

64 kb/s
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b/. SAE filter is used as received BPF

‘Fig. 3.6 Computer simulated eye diagram of hardlimited T

TSI-0QPSK (n = 1) Signal (at the threshold detector input)

.
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Zero forcing filter is used as received BPF

a/

i
v

b/ SAE filter is used as received BPF

-

o

Computer simulated eye. diagram.of hardlimited _
TSI-CQPSK (n = 2) signal (at the threshold detector input)

3.7

Fig.

-
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Degradaticn frc

S I I S S S S S S S S R S ideal theoretic
b n . ! ) ngde
- —e— (£} (SAE filter) J
12 " -4 36

. ——
g Hy (£)

{Linear zero-forcing filter)

8,4 " 2 PO Uy PO | e " 4 ] A A A | A 2 r o

Fig.3.8 E,/N_ requirements of hardlimited TSI-OQPSK systems
, at P_ = 1074 in a single channel and additive white @
gausSian noise environment. & is the roll-off factor
of the receive raised cosine filters., I,. and 1,
Yepresent the SAE filter improvement for the n="1
and n=2 cases respectively.
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A

3.3.2 C/I'power ratio

\__ .
In the previous section {(3.3.1), we demonstrated that the

SAE filter imp;oved the Pe’performénce of our TSI-
OQPSK signals iﬁ a single channel environment. In
this section we use the modeltshown in Fig. l.é
to examine how the C/I power ratio. is affecged'by
. differént types of filters. 1In this model three
_hardlimited TSI-OQPSK signals having different
cgrrier ffeduencies,namely fl' f2, f3 with equal
power are added ahq filtered bylthe'bandpass filﬁer
-(BPF) centered at f2 (Fig. 3.9). The chanﬁel
spacing Af is defined ‘-by Af = f_ - £, (also

2 1
‘o F

3 2)" ;2>

The signal power after passing through the filter

eqﬁal“to‘f

is

+ @

c= [52 (£). | Hp(£) | T:
T

‘and the total interference due to the two adjacent

channels is

+ @ -
2 2

I = [{sl(f). | Hg (£} [t S3t£). [H () }ar
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the zero-forcing filte; in the intejval

76 PR ’
Therefore the C/I ratio is
@ - .
f s,00) . | Bpee)| e
-@ : - d

) -+ ’ 2 ; FERE LA
S s agnn | e s [ugeer | Var

-

where Si(f) is the PSD of the moaulated signal

(i = 1, 2, 3) at the input of the filter.

Using equation (3.9} and the two types of filters
mentioned in the previous sections, the C/I ratio'for
TSI;OOPSK signals n = 1 and n = 2 is found and

shown in Fig. 3.10. From these resulﬁe, we?can

see that by using the SAE filter (H (f)) as the

receive filter for hardlimited TSI -OQPSK signals,

the ratio C/I has been improved significantly.
This improvement is obtained because of tﬁe

attenuation of the SAE fllter is much greater than
r{\-

S LAf.T_L 1. . w

Ml

-

hardlimited TSf—OQPSK signalsfor the cases

7

:n =1 and n = 2. ‘For both types of filter, the

C/I ratio of the n = 2 case' is better'than that of the
: by "

n =.1 case.

(3.9)

Fig. 3.11 shows a comparison of the /I powerm;atids‘of_
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From the P, and C/I power ratio results, we can
_conclude that the SAE filter improves the per- BRNCH
formance of hardlimited TSI-OOPSK modems more .
than the zero forcing filter.
= T -
s [ - N . 0 -
» \\
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a/ PSDs before the receive filter
T

‘0 dB , AHR(E) ,

- o dB
o, 9
[ \ rd
{ f2 5 £
{.
b/ Receive- filter (SAE filter or Zero Forciﬁﬁ Filter)
Interference

Carrier

X U .‘ —
A .

c/ Adjacent channel interference after the receive filter

. ﬁ . ) . o At
- . .- .

Fig. 3.9 Model to examine the C/I powe{'ratio - PR

N
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.28
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14
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SAE filter

—e—eo— Zero Forcing filter

di::LB,/
L 1

1. 1 [ 1 1 . 1 1 i 1 1 =1
1 1.1 1.2 1.3 1.4 1.5 1. 1.7 1.8 1.9 2
o~ !
Fig. 3.10a2 c/I versus Af for TSI-0QPSK (n = 1) signal using
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. " CHAPTER FOUR

'P_ PERFORMANCE OF TSI-OQPSK MODEMS

In this chapter the performance of TSI-OQPSK modems in an
adjacent channel intefference, additive white Gaussian
noise and nonlinear amplifier channel environment is

inVestigated.‘

o

We use computer simulations to evgluate Ehe probability 1
of error (Pe) performance of different systems (TSI;OQPSK,
QPSK and OQPSK). The accuracy of our computer simulationé
was verified by comparing the computer generated Pe = f(Eb/NOY
‘results with our measurement results.

-

In this chapter we assume that.the carrier and symbol timihg
recovery. circuit degradations are negligible and that the.éﬁénnel
filters are equalized. In the last section of this chapter,

we will show the ﬁe performance of QPSK, OQPS?, IJF-0QPSK

(N=1) and TSI-OQPSK (ﬁ=2) resulted from different values

o¥f fade gepth and channel spacings.
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Simulation Model

-

The system model used in our adjacent channel
. . 4
satellite system simulation is shown in Pig. 4.1.,
B +
The modulated signals in.our system can be .

represented by complex baseband signals (4,13,
24,25)]. Filtering is processed -in the frequency

domain with the aid of Fast Fourier Transform

(FFT) technigues. The receive bandpass filter

. of the main (desired) channel is representéd by

-its iowpass'equivalent’transfer function HR(f).

signal, Ro(f), is
RO(£} ="Hp(£) = F{x (t)} (4.1)

and the Fourier transform of the received inter-

ference signal is:

R, (f) = HR‘(f') - X (£ t.Af). ) - (4.2)

-

~

-

o



85

- BER

CALCULATOR

WBITE GAUSSIAN
NOISE

carrier‘fl

MOD -
BPF " DEMOD
$2
carrier fz
f3 = f2 + Af
carrier f3 NON® LINEAR AMPLIFIERS fl = fz- £§f
fb = Tl = bit rate of individual modulators.
: b .
. Note: TS = 2 Tb = Symbol duration.

NON-LINEAR AMPLIFIER MODELS USED IN THIS STURY

a) Ideal hardlimiter (ldw power hardliﬁiter)

b) Saturated earth station HPA. AM/AM and AM/PM
l coefficients are specified by INTELSAT (10}

c) « Low power hardlimiter in cascade with an

INTELSAT type of HPA.

Fig. 4.1 Simulation model for probability of

error computation and measurements

-
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ﬂr;\\\”‘;

where X (f) = F { xi(t)}

go(t) is -t omplex baseband signal of the main
channel at the input of the receive BPF, and

xi(t) is the complex baseband signal of the adjacent
channel at the input of the recei&e BPF.

Carrier incoherence between the interfering channels R
and the desired channel is assured by the multiplication
of R, (f) by eIPi where ®, is a random variable un-
iformly distributed over (0, 2J0). The lack of bit
synchronization between the interfering channels and
‘the desired channel is introduced by .-rotating the
interfering complex baseband signal ri(t) by Hi where

Hi is a random variable uniformly distributed over

(0, TS) and where TS is the symbol interwval (Ts = 2Tb).
" The interferring complex baseband signal is given by

ri(0) = 7 { Ry (6) ej¢&} | (4.3)

The noise free received signal is given by

M
r(t) = r (t) + :Z: r, (t) (4.4)

i=-M

where r (t) is the receive signal of the desired channel.
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“

As mentioned in Chapter Two, adjacent channel
degradation is due primarily to the immediate adjacent
channels. For this reason we use M =1, that is

only two adjacent channels are considered.

In our model Fig. 4.1, the transmit sources are
composed of six shift register arrays whick gene-
rate variable length pseudo-random sequences. One
sequence pair is used as the desired channel. The
other two are used as the upper and lower adjacent
channel interferencés reépectively. The filtering
process is performed by multiplying the Fourier
transform of the complex baseband signal by the
lowpass equivalent transfer function of the filter and
then transforming the result of the multiplication

process back to the time demain [13, 19]).

We note that no conventional transmit filter is
used for TSI-OQPSK signals, as the equivalent
filtering is achieved by the Two-Symbol-Interval

encoder {26-27}.

For the adjacent channel interference, the Fourier
transform of the complex interferind baseband signal

is shifted by +/- Af ( Af = f2 —f1 = f3 - fz).

The complex output of the receiver filESi\:s con-
verted into time domain original desired“sequences;
distorted by the effects of inter-symbol-interference.

-

*~
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The average signal power at the input to the
decision threshold unit is computed and for

each symbol, the amplitude at the sampling instant
relative to its decision threshold is determined.
For ; specified power of Gaussian noise at the
detector input, the individual_sym@ol Pe is cal-
culated according to theory (12-13, 19-20, 22, 24,
25}. The average of these calculated Pefs over

the total transmittéd>symbol sequence is calculated
to giv; éh; estimate of Pe for the given simulated
system. This average Pe is associated with the
ratio.of the ‘average signal power to the specified
rms noise’at the decision threshold input and is
- given by [52):

1. M o

e Tm X { Ple/r (KT )1 4R (e/r, ((k¥1/2)T )
where M is the length of the transmittéd pseudo-
random sequence. P(e/rI(ka)) and P(e/rQ((k+l/2)Ts)
are the conditional‘error prebabilities in an AWGN

environmeni_of'ﬁhe received in-phase (rI(kTs) and

quadrature (rQ((k+l/2)Ts)) signals respectivgly (s21.

The validity of the simulation results was care;
-, . :

fully tested by running and averaging several

siﬁulations with different values of ¢i and ﬂi

and by comparing some of these results to our
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measured results reported in {9, 11, 14) and

chapter 5.

The saturated ampiifier shown in Figure 4.1 was
modeled as an ideal hardlimiter and also as a
sé;urated INTELSAT V TDMA earth station type of
High Power Amplifier (HPA) {l10). For an idealr
hardlimiter, the equationé‘of the equivalent.
complex basebghd components of a hardlimited

signals were given in chapter 2 (eq. 2.22).

For the saturated INTELSAT V earth station HPA, the
equivalent complex baseband components are

represented by (28].

1

Yoy () = vy (£) poAx(t)) - Yoo (€} @ (x(t))  (4.5)
- i . . ‘
Y on (t) =Yy (t) g (r(t)) + YQN (t} p (r(t)) (47?{
- 1/2
2 .
where r{t) = {Y.IN(t) + YZQN (t)} _is the

envelope of the input signal aqd'the polyhominals

rp(r) and rqg(r) are expressed as

rpir} (4.7{

]
1]
ot
’-l
|
[
H
3%
[
1
-

1
M=
o
X )

i )
1
=
"
[N
'-l-
1
[
=
"o
S

rg(r}
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where M is the order of the polynominal and

all even coefficients are zero. The coefficients

1

- la;, bi) are determined by using polynominal

fitting.

In the following sections, computer simulaticn
results are presented that are based on the

following filtering strategy:

FILTERING STRATEGY

. TSI-0QPSK

No conventional transmit filter is used, as the

.equivalent filtéring is achieved by the TSI pro-

cessor. Receive filter: SAE filter («= 0.4)

‘ cosine filter with

and linear zero forcing filter ( x = 0.4).
QPSK and OQPSK. (*)
Transmit filter: 4/ X = .4 square root of raised-

X amplitude compensation. -
sinx

-

" Receive filter:vct = .4 raised cosine.

(*) This filtering strategy was sglectea as an
illustrative example as it is identical with
the INTELSAT V TDMA/DSI filtering requirements

[10}.
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4.2 ‘Performance of TSI-OQPSK Modems in’a
Ha¥dlimited Channel

In éhis section, ideal hardlimiters are used as
simplified models of the saturated amplifier

shown in Figure 4.1. The computer simulated eye
diagrams of hardlimited TSI-0QPSK, QPSK and OQPSK,
signals in a noise free, egual power, adjacent
channel interference environment and priér to the
decision threshold are shown in Figure 4.2 (Channel
Spacing Af = .67 T ). The E, /N  improvement at

P = 10_6, of the SAE. filter, over the Linear-

e
Zero-Forcing filter operated in the AWGN and equal
power adjacent-channel environment is shown in

Figure 4.3.% The equation of Eb/No Amprovement

(Il) is:
.Il =D -D (4.9)

where DLZF = degradation (in dB} from the theoretical
linear channel model with a linear zero

forcing filter S

DSAE = degradation (in dB) from the theoretical
linear channel model with a sum of

approximate eye filter
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We define degradation as:

“Dx = (Eb/NO)p - (Eb/No)t (4.10)

sWwhere x is the type of filter or the type of non-

linear amplifier.

(Eb/No)P is the EB/No.rgqulred for' the practical

system in dB.

(Eb/NO)t is the Eb/No of a theoretically ideal linear

e

system in dB.

From Figure 4.3, it is evident that the SAE filter
improves the Pe performance of both the n = 1 and

n=2 hardlimited'TSI—OQPSK systems.

A comparison of the computer'simulated Pe per-
formance of hardlimited TSI-OQPSK, QPSK. and
OQPSK modemslin an AWGN and equal power adjacent
channel environment is shown in Figure 4.4. The
results indicate the TSI-OQPSK mocdems have the
best Pe performance in a hardlimited and narrow
bandwidth system ( AFf sl/Tb) . The’se re;ults
are in good agreement with the hardware
measurement results reported in ([11]. Among
TSI-OQPSK modems, the case n = 2 has the besthl

P, performance when Af < 0.67/Tb.
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4.2a EYE DIAGRAMS OF HARDLIMITED QPSK IN AN

" FIG.

ADJACENT CHANNEL ENVIRONMENT

)

Fsation

compe

e
e

(Af = _672/7

: {*z.4 Raised cosine
: [a=.4, Raised cosine «»inX

{(Tx filter
(Rx filter

FIG. 4.2b EYE DIAGRAMS OF HARDLIMITED OQPSK IN AN

“a

ADJACENT CHANNEL ENVIRONMENT ( O f = .67/Tb )
(SAME FILTERS AS IN FIGURE 4.Za)
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" EYE DIAGRAMS OF HARDLIMITED TSI-OQPSK (n = 1)

FIG. 4.2¢

IN AN ADJACENT CHANNEL ENVIRONMENT (SAE FILTER

IS USED AS ‘RECEIVE FILTER) ( Af = .‘57,4-rb )

EYE DIAGRAMS OF HARDLIMITED TSI-OQPSK (n = 2)

© FIG. 4.24

IN AN ADJACENT CHANNEL ENVIRONMENT (SAE FILTER - -

IS USED AS RECEIVE ' FILTER) (A f = .67/TbJ
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FIG. 4.3 E. /N  IMPROVEMENT OF A SAE FILTER OVER A LINEAR ZERO
FORCING FILTER (AT P_ = 10“6) FOR A HARDLIMITED TSI~
OQPSK MODEM OPERATED IN AN AWGN AND ADJACENT CHANNEL
ENVIRONMENT. (*) '

L.

Eb/No IMPROVEMENT A )

TI (48) '
I L v v v L ¥ L L L4 L L L Sl v L v v A v
’ Nn=2 “
—9— n:= ) i
L] . - ‘
‘. p .
' - ‘
1
S © 3
a e 4 & Y 5 P Y & " & 5 A i A " a3 AF
v v + 4 _f .
T .g -9- .'_Q _!,l_ 1 b (bit rate)
12

2 Y- 12

(Eb/No‘IMPROVEMENT) dB = (DEGRADATION IF A LINEAR ZERO
FORCING FILTER IS USED}) dB - (DEGRADATION IF A SAE
FILTER IS USED) dB .
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FIG. 4.4 Eb/No DEGRADATION (AT P'e - 10—6) OF HARDLIMITED
QPSK, OQPSK AND TSI-OQPSK MODEMS IN AN ADJACENT
CHANNEL INTERFERENCE AND AWGN ENVIRONMENT. (SAE

FILTER IS USED.AS RECEIVE FILTER FOR TSI-OQPSK
MODEMS) (*)

Eb/No DEGRADATION

- .

S b At

—— e s a ¢ (bit rate)
b

Lo

z
12

-~

I

e - 9 : 19
m - ES 12

* - (Eb/NO DEGRADATIdN) dB (Eb/NO REQUIRED FOR THE PRACTICAL

SYSTEM) dB.- (Eb/No OF THEORETICAIL IDEAL LINEAR SYSTEM) 4B
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This means that TSI-OQPSK n =2 has a better Pe
performance than SQORC [15-17) or .IJF-OQPSK

N

1 {11 & 14, 46] (equivalent to TSI-OQPSK

Il

n 1) in a narrow-bandwidth and hardlimited
channel (Af < 0.67/Tb). «However, we should
noté'that in this region;the Eb/No degradation
caused by the spectrai spreading of the equal -

power-saturated adjacent channels is very signi-

‘ficant, i.e. more than 3 dB. If the permissible .- .

_system degradation is in the order of 1 dB, then

the n = 1 case with SAE fiftens leads to the most

spectral efficient system design.

“If one or both adjacent channels are highey than

the desired'chénnel,then'the n

2 system has

.the best perfotmance. This is a realistic

»

situation if the uplink of the desired channel
is faded. An illustration of different values
of fade depth is shown in section 4.4

7 o
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Performance of TSI-0QPSK Modems in a

Saturated INTELSAT V Type HPA Channel

In this section, the simulated INTELSAT V type .
earth station HPA (10} is operated at 0 dB input
backoff and used as the saturated amplifier shown
in Figure 4.1. The PSDs of TSI-OQPSK, pre-
filtered QPSK.and OQPSK, after passing through

the saturated HPA INTELSAT V were shown in

Figure 2.17. As in the case of hardlimiter, the
PSDs of the saturated HPA - TSi-OQPSK modems

show a significant spectral density advantage

over gaturated HPA - QPS§ and OQPSK. ., Figure 2.17
alsé itdicates-that TSI-OQPSK n = 2 has a lower
spectral restoration than SQORC or IJF-OQPSK N = 1
(TST-0OPSK n = 1) in the most significant PSD
region, ((f-fc). Tb)s 1. The SAE filter also
improves the Pe perform;nce of saturated HPA
TSI-0QPSK ﬁodems compared with that of the Linear-
Zero-Forcing filter. Thé Eb/NO improvement at'
-6

P, =10

o is shown in Figure 4.5.

Figure 4.6 shows the Pe performance of the
saturated HPA TSI—OQESK,_QPSK and OQPSK modems

in an AWGN and equal power-adjacent channel. ’

‘interference environment. The results indicate

*
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that TSI-OQPSK modems have the best Pe pé}fo;mance
in a narrow bandwidth channel ( Af < 1/Ty) .
_TSI-OQPSK n = 2 thas the best P, performance when

Af < 0.67/T, and TSI-OQPSK n = 1 has the best
0.67 '

< Af < /Ty . .
b

Pe performance when

'p&h;
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FIG. 4.5 E,/N, IMPROVEMENT OF A SAE FILTER OVER A LINEAR
ZERO FORCING FILTER (AT P = 107%) IN A SATURATED
HPA-TSI-OQPSK MODEM OPERATED IN AN AWGN AND ADJACENT
CHANNEL ENVIRONMENT. (*)

Eb/No IMPROVEMENT

-

I (4B) -
—Pp— M=2
—8— n- )
[+ -
i L
2 f
| -
—> ]
. d —
025 3 C C y A_‘F_.
P S P S S : fb (Bit Rate)
7 8 S8 1o ' 1!
i % ! T L '

(Eb/No IMPROVEMENT) dB = JDEGRADATION IF A LINEAR ZERQ
FORCING. FILTER IS USED) dB - (DEGRADATION IF A SAE FILTER IS USED)dB
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FIG. 4.6 E_b/No DEGRADATION OF SATURATED HPA-QPSK, OQPSK
a AND, TSI-OUPSK MODEMS (AT P, = 10~5%) IN AN ADJACENT I
. CHANNEL WITH AWGN ENVIRONMENT. (SAE FILTER IS : [
- USED AS RECEIVE FILTER FOR TSI-OQPSK MODEMS). (*)

E,/N_ DEGRADATION : _ . \
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(d&)' . ‘ ]
[D- v v A v L L L v hd v
[ —p— "2
3 '—e__ ned o
8 5 —— GQPSK
— — = — OHAPSK|
¥
6
5
I
4 i
3
2
1
—
- ] of

I
E

* (Eb/No DEGRADATION} dB

—

1% \

fb (Bit Rate)

= (Eb/Né REQUIRED FOR THE PRACTICAL i

SYSTEM) dB - (Eb/No OF THEORETICAL IDEAL LINEAR SYSTEM) dB
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Performance of TSI-OQPSK Modems in a Cascaded-

"HPA, the Pe perférmance of TSI-OQPSK modems

Hardlimited and Saturated HPA System

In this section we show,that by introducing a
;bw—pdwer hardlimifer (having a negligible AM/PM).

prior to the input of the saturated earth ‘station

S dimproves significantly. However, this improvement

does not occur for QPSK and OQPSK modems. The

-6

E,/N, improvement at P, = 10 of TSI-OQPSK modems,

when a hardlimiter is placed prior to the input ‘r
of the saturated HPA is shown in Figure 4.7. The
Eb/NO improvement (12) due to the hardlimiter is

giéén by:
12 - D saturated HPA -D hardlimited-saturated HPA

where the definition of the term “Degradation”

D has been given in eq. (4.10).

The SAE filter also improves the Pe performance of
TS5I-0QPSK Modems compafed with Linear-Zero-Forcing
filters,when a hardlimiter is placéd prior to the
HPA input. However, this improvement is almpst
the same as the improvement in the hardlimiﬁeq
case given in Figure 4.3. A.comparison of ﬁhe Pe

performance between saturated HPA-QPSK and OQPSK
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Eb/No IMPROVEMENT OF SATURATED HPA-TSI-OQPSK MODEMS

WHEN A HARDLIMITER IS PLACED PRIOR TO THE HPA INPUT
(AT P, = 107%) IN AN AWGN AND ADJACENT CHANNEL INTER-

FERENCE ENVIRONMENT (SAE FILTER IS USED AS RECEIVE FILTER)

Eb/NO IMPROVEMENT
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L ——r—r
3

e A 'Y

I 2
|2 12

* (E, /N IMPROVEMENT)dB = (DEGRADATION OBTAINED FROM AN HPA-
b o

TSI-OQPSK MODEM) dB - (DEGRADATION OBTAINED FROM A HARD-
LIMITED - HPA-TSI-OQPSK MODEM) &B’

I fb

(*)

Rate)
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FIG.4.8 E,/N_ DEGRADATION OF A SATURATED HPA-QPSK, OQPSK
AND CASCADED HARDLIMITER - HPA-TSI-OQPSK MODEMS
IN AN ADJACENT CHANNEL AND AWGN INTERFERENCE EN-

VLRONMENT. (SAE FILTER IS USED AS RECEIVE FILTER
6

FOR TSI-QOQPSK, MODEMS) . (*) ( AT P, = 10 ) ~-
Eb/N0 DEGRADATION
(48) _
i . ' . + ﬂ.:'?.. h
i + 'TI\:= i ]
o - ]
8 o —— QPSK
¥
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L . —
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. PR 1 Py : . A $ — 3 i " A A fb
7 8 9 o z L
2 i 2 12 T3

* (Eb/No DEGRADATION) dB = (Eb/N0 REQUIRED FOR THE PRACTICAL
SYSTEM) dB - (Eb/No OF THEORETICAL IpEAL LINEAR SYSTEM) 4B

>

(Bit Rate)
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v
modems with cascaded hardlimiter and saturated

HPA TSI-OQPSK modems is shown in Figure 4.8.

Tﬂe results indicate that TSI-0QPSK modems have

the best P_ performance in a narrow bandwidth
channel { Zlf.Tb < 1). Among the TSI-OQPSK modems,
TSI—OgBék,rlé 2 has the best Pe performance in

this class when Af T_< 0.67, TSI-OQPSK n = 1

has the best Pe performance when O.67/Tbézlf L l/Tb'
In chapter 3, we showed that the C/I power ratio

of TSI-OQPSK (n = 2} is greater than for TSI-

OQPSK (n = 1). The higher C/I advantages of the

n = 2 case become more evident when the received
modulated carrier power of the main channel is
below that of the adjacent channels. This situation
may occur in the case of an up-£ink {ade of the
desired channel. Figure 4.9 presents the Eb/Né
degradation as a function of the fade depth of the

" desired channel. As the main channel is attenuated,
the adjacent chaﬁnel interference becomes pre-
dominant and for this reason’éhe modulation
‘technique which creates less ACI provides better
performance. As an example, for a ¥ade depth of

12 dB of the desired channel, the TSI-OQPSK mode
exhibit only 2 dB degradation; the performance

degradation of QPSK modem if more than 7 dB (see
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Figure 4.9.b). These results indicate a
significant performance improvement of the
saturated HPA-SCPC system with TSI-OQPSK modems.

© -
3

Also from Fig. 4.9, the P, performance of

}
TSI-0OQPSK (552) modem is improving and better

than that of the other modems as the channel

. spacing is smaller.
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Fig. 4.9.a Eb/No degradation versus fade depth of the desired
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CHAPTER FIVE

DESIGN AND EVALUATION OF A TSI-OQPSK MODEM

This Chapter highlights the design and the basic operating
principles of the TSI-OQPSK modem. One may find it useful’
to refer to Chapters 2, 3 and 4 occasionally to help in

understanding the modem and its operation.

- I

The TSI;OQPSK modem enables the user to transmit and receive
digital signals over a nonlinearly amplified channel without
significant degradation. The modem uses a type of phase
modulation: Offset—ouadratdre Phase Shift Keying, and the
digital signals are encoded by fST encoders prior to
modulation. It is the aim of this chapter £g verify-the-
coﬁputer simulated results énd describe the philosophy of

the design.

5.1 " TSI-0OQPSK Modulator

The block diagram of a TSI-OQPSK Modulator was
presented in Chapter 2 (Fig. 2.3). The input data
is. converted into two data streams I and O which
represent the in-phase and quadrature channel

.respectively. The data stream of the Q channel is
b
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‘delayed by Tb' Two TSI encoders are used to shape

the binary data of the I and Q channels. The TSI
;ignals can be generated using the Nan—linear

Switching Filter [7, 9, 18] or Pulse Overlapping
concepts [7; 15, 35]. The second concept has more

advantages because it can be used in a flexible

rate mode. (*)

. Nonlinear Switching Filter Concept {NLSF)

Fig. 5.1 shows the block diagram of the TSI signal

encoder using the NLSF concept.

The input to the encoder is a Non-Return-to-Zero

data (NRZ) stream and the output of the TSI encoder

is the encoded TSI stream.

As we described in Chapter Two, the encoded signals
are the combinations of two DC signals and two
sindsoidal signals. From Fig. 5.1, the data input

signals are synchronized with the sinuscidal signals

by referencing to the "CLOCK”. Some delay may be

'* Note that there are some other hardware

.implementation technigues such as in Ref.[29].
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added so that the trangitiéns'of the data stream
areeiactly at the maximum or minimum of the
sinusoidai signal. Two digital signals controlled
the analog switch to select one of the four input
signals. The cutput signals oﬁlthe'TSI enquer
are amplified to meet the input level requirements

of the modulator.

An example of TSI (n = 1) signal generation using the

-

NLSF concept is described in Fig. 5.2. 1In this

example the four switching signals are:

T
s
3 4 T lt] <=
. s 2
Vie can see that the maximum and the minimum of the TSI

encoded signals occur at the transition points of

the input data. By triggering the encoded signals

,w1th>the synchronized CLOCK, the measured TSI

signal eye diagram is obtained and shown in Fig.

5.2b. - . . _
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1 . Sai b&)
A .
!
! , |
! . 1 — t .b \.
-Ts Ts
z 2
T . Tfﬁ Ts
.. A e |t|$75 Asln T It|$7
Sy (£) = | : C sgy (B) = s
_ 0 elsewhere ¢ elsewhere
—'——-_--'- +A
l- input data
> =4
[ [ Y
output data ‘
. -
7 8 9 10 t/Ts

a/ example of NLSF
concept

..

' b/ measured eye diagram of y(t)
. ..for the n = 1 case

300m volts

4 - -

An example of a TSI signal encoding using the NLSF concepf
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l

The schematic diagram of a TSI encoder {(n = 1) b
using the NLSF‘chcept is shown in Fig. 5.3.

Ul, U2 and U8 are used to synchronize the input
data -and the CLOCK:. Both the input data and the
CLK must satisfy the TTL level definitions.

U3, U6, U9, Ull are used to generate two control
signals. These control signals are dependent'

on the present and previous iﬁbut dafa signals
(pin 5 U3f. In order to synchronize the input
data stream with the sinusoidal signal, the .
Filter and Amplifier circuit (Fig. 5.3) uses

the reference CLK signal as the—input signal
{pin.3.U9). Uv22 are-used‘to buffer the sinu-
soidal sigéals and DC siénals piior‘to the analog
switch (Ulé). U7 and Ul4 adjust thelpositionsr
of the contrel signals sc that the mgximum and
minimum of the encoded signals occur at the

data transition points. Ul8 eliminates the

harmonic signals and buffers the output signals. -
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. Pulse Overlapping Concept’ ‘ !

The bleck diagraﬁ of a practical implementatidnibf‘
a TSI signal éﬁcoder,using the double interval
pulse overlapping concept is shown in Fig. 5.4.

The input data is convertediﬁtoeaBipolar wayeform
(BIP), delayed and multiplied by the weighting co-
efficients bm and then added together. The total_
delay time (d) for each step and the total (2N+1l)
delay elements must satisfy the equation dN=TS.

The output signal prior to the lowpéss filter is

“

. N |
. s'(t) = Z box' (t)
o m==N B

where b_ is the weighting coefficients of S(t) at
time tm and tm is the sampling time. Fig. 5.5
shows an example ofa TSI signal enceoder (n = 1)

using pulse overlapping concept.

Due to the sampling and adding of the delayed signals,
‘the harmonic signals are generated. These‘harmopic
signalé can be eliminated by using a simple low

"pass filter called "REJECT FILTER . Note that the

3 dB cut off frequency of those filters must be

smaller than the sampling rate. The schematic
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INPUT : (2N+1) delay elements
pDATA NRZ signal |x' (¢) =
_.TOBIP ' d x d |— e oe — d - d
x(t) ENCODER. .
d= S
N
- i\;"' . sen * N
L J
e =
i = 1
s (t) bm X (ts)
m= -N -
. ]
s'(t) Lowpass S(,t)
- Filter
- ' Fig. 5.4 Block diayram of a TSI signal
: : encoder using the pulse overlapping concept
. s (t)
| P
/ s(t)
- b bi = s(ti)
b
. b :
| - bg oy
e =5 -4 -3=-2 ~-101 23 &5 (a)
Fig. 5.5 An example of the encoder pulse response - .

N=25

- | §(t) =% (1+ cos 75 (n = 1)
R . B s

. L . ol “te .
i : .
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‘diagram ofra TSI signal encoder (n = 1) using
Pulse overlé%ping concept is sho?n in Fig. 5.6.
The value of N in this circuit is equal to 8 and
the sampling CLK is 8 £imes larger than the data
.rate.' U9 to Ul2 are used to generate‘%he BIP
signals. Ul to U4 and U5 to U8 are used to
generate the delayed pulses. Ul3 is used to
overlap (add up) the positive and negative TSI
pﬁlses to generate TSI signalsfi The circhft
_shown in Fig. 5.6 is designed for 32 kb/s data -
rate and the éoefficients bm are the ratios be-

tween Rm (m =20, 2, 4, 6,...) and R(1050n ).

We note that by changiﬁg the values of Rm in

Fig. 5.6, (m =0, 2, 4, ...} the output pulse
shape will vary. Fig. 5.7 shows the measured TSI
pulse shapes before and after the “‘reject” filter
"(LPF) for ;he n=1andn =2 case (N = 8). The
input of the‘TSi encoder is a single pulse with

duration Ts. -

Fig. 5.8 shows the encoded waveforms before and
after the "reject” filter for TSI signals (n = 1
and n = 2) (N = 8). The input of the TSI encoder

is a pseudo random data stream, T, = 1/32 (msec).
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Ver:

Hor:

Fié. 5.7a. Pulse Shape Sl(tL before Filtering(*)

* Note that: Input of the TSI encoder is a single
pulse with duration T, = 1/32 (msec)

W

Ver:

Hor:

<
L4
\-

Fig. 5.7b. Pulse Shape Sl(t) after Filteriné(*)

20 usec/div
0.1v/div

20 usec/div

0.1v/div
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Ver: 20 usec/div
Hor: 0.1 Velt/div

’ © Ver: 20 usec/div
J Hor: 0.1 Volt/div

Fig. 5.7d. Pllse shape S, (t) after filtering(*)’

-
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- -

.

Ver: 10 usec/div
Hor: 0.1 velt/div

TR

Fig. 5.8a. Eye diagrams y(t) of- TSI signals (n = 1)
befere the “"reject” filter

* Note that: Input to the TSI encoder is a pseudo

.random data with T, = 1/32 (msec)

Ver: 10 usec/div
Hor: 0.1 Volt/div

Fig. 5.8b. Eye diagrams y{t) of TSI signal .{n = 1)
. \
after the “"reject”™ filter (*)

-
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Ver: 10 usec/div
Hor: 0.1 Volt/div

Fig. 5.8c. Eye diagrams y(t) of TSI signal (n = 2)

before the "reject”™ filter (*}

Ver: 10 usec/div
Hor: 0.1 vVolt/diwv

L Fig. 5.8d. Eye diagrams y(t) of TSI signal (n = 2)

after the “reject™ filter
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Modulator

The block diagram of the modulator is_shown in

Fig. 5.9. The i@put ip-phase and quadrature TSI
siqngls are amplified and multiplied by cos w.t
and sin w_t respectively. The summation of "the

two mixer outputs is called the TSI-OOPSK signal.

In this design we use 64.kb/s as our data rate o
and 512 kHz as our carrier frequency. This dafa -

rate and carrier frequency havebeen selected to

use in INTELSAT SCPC (Single Channel per Carrier)

equipment. The schematic diagram of the -modulator

is shown in Fig. 5.10. The switches S2 and S3 are

set to select IN] and INZ2 respectively. The

measured in-phase and quadrature TSI signals {(shown

in Fig. 5.1l1) are connected to input INl1l and IN2.

o

respective;y. The input level is approximately
300 mvolts peak to peak. We also note that the
transitions of one signal occur - at the maximum
or.minimum level of the other. The measured PSD
of TSI signals at the input of the modu{ator is 'in
close agreement with‘thé computer simulated results

shown in Fig. 5.12.

. The IC Ul is used to adjust the input 5ignal level

of the mixers (SRA-6). The signal level at the
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mixer's input must be about 300m volts peak to
peak. A 512 kHz sine wave is split and modified
by U2 to generate cos w.t and sine wot signal
respectively (w, = 2r x 512 kHz). The level of
the sinusoidal signals must, be about 2.5 volts.
The two modulated signals of the in-phase and
quadrature channel are added to generate TSI-OQPSK
signals. Fig. 5.13 shows the PSD and time domain

signals of TSI-OQPSK (n = 1) signals. These figures

confirm our theoretical derivation in Chapter Two.

In our hardware design we use the LM31l as the

,hardlimiter which has a threshold at approximately

0 Volt DC.
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Ver: 5 usec/div
Hor: 0.1 volt/div

:Symbol rate =
32 kb/s

Eye Diagram of I Channel (at INI1)

ver: 5 usec/div
dor: 0:1 vVolt/div

Symbol rate =
32 kb/s

Eye_Diagram of Q Channel (at IN2)

1

Fig. 5.11. Transmit baseband eye diagrams of I and Q
channels (prior to modulation) (TSI signal (n = 1))

- . -
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NRZ

TSI n=1

=
(=]
(a1}

Symbol rate
= 32 kb/s

TR - SRS, N e
|

Fig. 5:12. Measured PSDs of NRZ and TSI (n = 1) signals

L




130

Ver: iO dB/div
Hor: 20 kHz/div

64 kHz
g a/ PSD of TSI-QOQPSK Signals

Ver: 0.1 Volt/div
Hor: 10 usec/div

b/ TSI-OQPSK Signals in Time
‘Domain (Triggered by 64 kHZ CLK)

-

Ver: 0.2 Volt/div
Hor: 0.5 usec/div

c/ PSI-0QPSK Signals in Time
Domain (Triggered by 512 kHz
Carrier Frequency)

Fig. 5.13 The Modulated Signals from TSI -OQPSK Modulator (64Kb/s) (n=1)
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TSI-OQPSK Demodulator

The block diagramof a TSI-OQPSK demodulator is shown
in Fig. 5.14. We note that this demodulator may bé
the same as.a conventional OQPSK demodulator. The
carrier and clock sigﬁals are hardwired to our
demodulator circuit and some delays must be added

to these signais to synchronize with the received
signal. The schematic diagram of the TSI-OQPSK

demodulator board is shown in Fig. 5.15.

The transistor MPSA-12 is used to split the receivéd
signal. The carrier ;ignal is amplified and

split to generate_coswct and sinwct signal

(using US). The received TSI-OQPSK signal and
carrier signal levels must satisfy'the'requirements

Specrfied in section 5.1 (300 mvolts for the

TSI-0OQPSK sigﬁal and 2.5 volts for the carrier

-signal). U6 to U8 are used to délay and generate

the I and Q channel clock. The output signals of
the mixers are filtered (by the RC circuits) and

amplified (using Ul and U2} before connecting to

-

the,input of the threshold comparator (U3 and U4).

U8 to Ul0 serialize the pdrallel datan

»
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The received signal eye diagrams and PSD of hard-
limited TSI-OQPSK signals (n = 1} are .in close
agreement with the computgr simulated resultsAand
are shown in Fig. 5.16. The PSDof ahardlimited

TSI~ QPSK signal (n = 1) is also shown in ?ig. 5.16.

However, the spectral regrowth 'of TSI-OQPSK signals

is much less than that of TSI-QPSK signals.
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M

a/ Measured hardlimited TSI-0OQPSK
signals (n=1) prior to the
threshecld detector (no receive BPF)

hardlimited TSI-
QPSK signal (n=1)

hardlimited TSI-
OQPSK signal (n=})

- - b/ Measured PSDs of hardlimitel
TSI-OQPSK and TSI-QPSK signals (n=1l)

Pig. 5.16 Measured results of hardlimited TSI-OQPSX signals
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Pe Performance of TSI-OQPSK Modems

The following measurements are obtained by using
our available eguipments and from our TSI-OQPSK

modem (n = 1). Théﬁblock diagram of an adjacent

- channel experiment is shown in Fig. 5.17. Three

TSI-OQPSK modulators (n = 1) (Bit rate = 64 kb/s)
with the éarrier frequencies 512 ng and 512 kHz +/- Af
are passed through the hardlimiter and added
together. A wideband wz}te Gaussian Noise (WGN)
source is added to these summed signals prior to the
receive BPf. The receive BPFnis a 7th order Butter-
worth filter with center at 512 kHz and a noise
bandwidth'of 35 kHz, (this filter has been used

in SCPC équipmentsandisaquigglent to zero forcing
filter with a = 0.4). The reéeived output signal
from the demodulator is fed back into the Bit

Error Rate measurement device (as shown in Fig.

3.5) to measure the P_ performance.

The measured Pe performances of hardlimited TSI-OQPSK

(n = 1) signals when Af = 45 kHz, 64 kHz are shown

‘in Fig. 5.18 and 5.19 respectively. Computer

simulated results are also shown in those figures.
The Ré comparison between measured and computer

Simu;ated'fesults show an E,_/N_ difference of
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approximately 1-d4B to 1.5 dB. This is due to

the imperfections of the hardware and the filte:s
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Fig.

1
2
3
4

5.18 Performance of TSI-OQPSK (n = 1)
in an adjacent channel environ-
ment Af = 45 kHz (hardlimited)

(BR = 64 kb/s) -
Theoretical :
Single Linear Channel
Single Hardlimited Channel
Adjacent Channels.of Hardllmlted
TSI-OQPSX, Equal Power
Same as 4 but one of the Adjacent .

Channels is 7 dB higher than the

others !

computer Slmulated result of the

case 4 and zero forcing filter
( %% =0.4)

11 12 13- 14 15 16

o%e”
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i * Fig. 5.19. Performance of TSI-OQPSK
. {n = 1} in an adjacent channel
. ‘ o ) " " environment ANF = €4 kHz

jhardlimited) (BR = 64 kb/s)

Theoretical

Single Channel in Linear Channel

Single Channel in Hardlimited Channel

) Adjacent Channel Hardlimited TSI -

_3 7 OQPSK .one of the AC is 7 @B higher
than the others ‘ :

’
F- Ry S

10

Computer simulated result of the
case 4 and zero forcing filter
( < =0.4)
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CHAPTER SIX

CONCLUSION C

The basic concepts of TSI-OQPSK system wére described in

this thesis_‘and the performance of TSI—QQPSK modems was
evaluaﬁed. The spectral spreading characteristic of

TSI~0QPSK signals is their most attractive property. Less
spectral épreading means more bandwidth efficiency. Since

the HPA‘of a TSI-OOPSK system may be operated in saturation with
minimal degradation, the cost of the HPA is reduce@

‘significantly.

A new filtering strategy called Sum of Approximate Eye was
introduced in this thesis. This filter imprqves
significantly the performance of TSI-OQPSK Jmodems in a
nthinear‘channel eny;ronment. We 5150 ngte that.the SAFE
filter can be used as receive filter for\all TSI-0QPSK
modems (n =1, 2, .:-). In this thesis TSI pulse shapes

n =1 and n = 2 were given special attentiocn because tﬁe
TSI-OQPSK (n = 1) -signal has been published extensivelyi
(TSI-OQPSK (n = 1) is equivalent to SQORC [15-17, 35] and
IJF~-0QPSK [11, 14, 46]) and.TSI-OQPSK (n = 2} has the
lowest spectral.sp;eadiné in a nonlinear and narrow band-

width channel environment. '

\

e ———

———— b
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Two types of nonlinear amplifier (hardlimiter and
saturated INTELSAT V HPA) were used to examine the per;
formance of TSI-OQPSK, OQPSK and OPSK systemsMost of the
system comparisons in this thesis are between TSI-OQPSK
signals and QPSK, OQPSK signals. We did not include the
pefformance of MSK signals becéuse many recent phbliqations
" indicated that the perfo?mance of OQPSK signals 1S better
than that of MSK signals in a narrow channel spacing

environment[ 2-5 J.

The Power Spectral Density of TSI-OQéSK signals aftér passing
through a saturated amplifier, were examined. The resukts |
indicate that TSI-COQPSK signals have significant spectral
advantages over other conventional signals such as QPSK,

. OQPSK and MSK. ‘ - ‘ v

Two different TSI pulse generating circuits (NLSF and Pulse
Overlapping} were presented and implemented. Due to the speed
limitation of analog switching ICs-(Integrated Circuit), the
Pulse Overlapping circuit has more advantages than the NLSF
circui; in high speed apélication;. The hardware design

of a TSI-OQPSK medem (n = 1) Qaé.ﬁrésgnted and iﬁpiemented. ~
Qur hardware measuremen£(results are in clpse‘agreement ‘
‘with computer simulated results, It is shown that TSI-

OQPSK modems have better P, performance than conventional

QPSK, Oopék and”MSK modems in a saturated HPA and narrow channel

spacing system configuration { l}f.Tbs 1).

-
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Cost considerations would presumably favor TSI-OQPSK modems
since the hardware implementation of TSI encoders and SAE

filtersare simpler than the conventional raised cosine

filters.

Having these attractive spectral properties and Pe per-
formance, TSI-OQPSK modems are expected to find
application in power and bandwidth efficient satellite

and terrestrial microwave systems.

-+

EXT e
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APPENDIX I

Derivation of the PSD of the TSI Signal

The Fourier transforms of even and odd pulses

and so(t) are

* T5/2
So(£) = S, (£) - 2] . s {t) cos 2Tft dt:
0

"T

s/2
* - 0
S,0£) = -5, (£) = —23‘/; s, (t) sin2JCftdt:

T —

From the definition of s;(t), i =1,2,3,4, in

Eg. (2.2 ) it follows that

* ) * .
i * - *
s3(f) = —S3 (f) = —S4(f) = 54 {£) = So(f)
From transition matrix
1001
0110
- P =1 1001
0110

Se(t{
real
(Al.ia)

imaginary

(Al.1b)

(al.1c)

(al.1d)

it can be shown that the n-step transition matrix

has the form

P" _ P xpx ...XP « 1}

HHHH
=
el

e

n times

hence

for n=2,

30eces



Pl

145 ' , -

N +q:
- {(n) -j2 xXnfTs
- Six= z: Pix~ ©
n=1 oo -
-j2X£fTs o .
- » ° +3 Z: g J27%niTs (a1.2)
. ik n=2

Substituting Egs. (Al.lc¢,d) and (Al.2) into Equation

(2.10) the PSD funtion of y(t) is obtained as

~ . -

- 2 2 2 .
_ 1 _ y -j2 thTs}E
vin = | s 0] s 0] T+ pe {(s 0 - s (Ene
. s .
(Al.3a)
From Egs. (Al.la, b)
) , ,
[soer] = s (6 .s ey =s_%(g)
e e * Ve e . -
2 <, o,
lso(f)l - 5.8 . 8,76 = s s
Hence Y(f) can be rewritten as - . ) )
Y(f) = 1 Re {s 2(f) - 5 2(£) + (5_(£)-5 (f))ze'JznfTs}
—_— e O e (@]
2T
S i .
=115 2(£)-5 (£)%+ s 2(f)cos2 MET + S _2cos 2MET + 245 (£)S. (f)sin2 JCET
2T | e o e s o ’ s I8¢ o Sts
=1 1s 2(f)cos? mET -5 2 (£)sif WET + 23S (£)S (£)sin TLET cos JUET .
Tg e -7 " s o ErgT €395 1H 0 o sT . s

L 2
gSe(f)cos TCfTs+ jSo(f)Sln 'l'l.'-f'I'5 _

- o
E
=

!
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[+
The Fourier Transforms of S _(t) and S§_'{t)
en _ on
Sopn (t). = 1 .
T .
_ s/2 .
§en(f) =2 f : _cos 2Tft dt
. 0 .
2 Ts/2
- T f 27 f.cos 270 ft dat
0 .
‘ [ :} Ts/2
1 .
= sin 2 JU ft .
. TE o 1w
Sen_(f) i sin JNfT
.. Ef -
i) A . f"g..’
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}

Sn(t) = sin(Ft/nm)/sin( T/2n) let A = 1 )
- : sin( 7t/2n)
then
Tg/2 :
Son (£) = -23 A sin 7Tt . sin 27ft dt
S T
0
Ts/2
let a= L and b = 27Nf then Son(f)i/~ sin(at) sintbt)dt.
n% 0
_|sin (a-byt _ sin (asmt | T2/%. (-23m)
2(a-b) 2 (a+b) 0
sin(% - 2TWf) T_/2 sin (JL+ 2TE) T /2
= Soptf) = -23a { nTg _ nT ¢
2 (T -2 TUY) 2( T + 27C £)
nT ntT
S S
sin ( X - R  sin (T + TCET)
= —jAT%{ 2n - 2n
T -2 7nfT JT +2 AnfT,
sin (7 + Jf sin ( MWEL ~ T/2n)
= jAng{ 7n ¥ ks l
. TL(1+ 2nE) 7 -2 TUnf 5
/ y7 .
) / / :
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APPENDIX I , e

' COMPUTER SIMULATION PROGRAM

.
This computer program was originally developed by

Dr. Arunachalam and P. Vandamme at the University of
Ottawa. A number of subroutines have been modified,

added and deleted to incdfporénp tHe TSI OQPSK signals -
-and SAE -filters. ~
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