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e ABSTRACT o

CONVENTIONAL AND OFFSET QUADRATURE PHASE-SHIFT~KEYING (QPSK & 0-QPSK)
FOR DIGITAL COMMUNICATIONS BY SATELLITE :

( - Elias Psarras
Conventional ;nd offset phase-shift 'keying (QPSK & 0-QPSK)
modulation téchn{ques aré often éonsidered for use in nonlinear bandlimited .

séte11ite channels, because both techniques have efficient detection
perfprmances: ’ . r ' :
The objective of. this report is to examine the performance of *

1 >
QPSK and O0-QPSK modulation formats for nonlinear thannels having band-

widths approximately equal to the data }ate bandwidth. Theoretical

"aspects of both modulation schemes are ana1ytica11y presented. Non-

<

filtered and filtered modulated waveforms, bandw§dth~occupancy, band-
limiting and non-linearity effects on both signals, carrier recovery

\ .
techniques and phase ambiguity resolution are treated in particular.
ed

. The behaviour_of.QPSK and 0-QPSK in nonlinear bandlimited environments

. _
is examined extensively. Although 0-QPSK has less overall amplitude

§ ) ) v
variations than QPSK, and seems to behave better, it has larger amplitude

variations at the sampling instants. Thisﬁimplies that 0-QPSK suffers .
more from nonlinearities than QPSK, and consequently its overall per-
formance degrades more. ' .
L Y

The paper is enrichéd with :;ﬁputér simulatién and test results

[1], [2], [3], [4], on the comparative’ performance of QPSK and 0-QPSK

'along with,MSK. The results indicate that the " bit error performance'

[
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_slightly better
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f\han QPSK and
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MSK.
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a narrowband chénne1. In a widéband/channe], hbwéver,

of QPSK 1is superior to the others, when the signal is t
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CHAPTER ONE
1. INTRODUCTION
- o : G ) -
Digital communications via digital satellite system¢’is
expanding at’'an ever %ncreasing rate. The reason is that satellite
_ communications offers efficient'andlecqnqmic megfj)of communicating
digital data, ‘when it is éompared with terrestrial microwave and cable
systems. The desire also to use more efficiently thé power and band-
width of available chanﬁefs, and the eJBlution of integraded circuit :
)\\ techno1ogy as we11 as the case of transmitting signals using d1g1ta1 ,
techniques, have contr1buted to the initiation of intensive work, during
the past few years, towards the improvement of satellite communications.
" 1In the -past, ana]og‘FM techniques have been used on satellite
commuﬁicafions systems. To accommodaté\a large number of simultaneous
-messages frequency division multiplexing (FDM) has been used from any
given ground station. Such earth terminals produce FDM/FM signals.
Early commun1cat1ons sate111tes were severely power limited but the
occup1qﬂ bandwidth was more than sufficient. Thus, the use of 1arge
modulation index FM was a good trade-off of power at the expense of
bandwidth. Modern high capacity satellite system§ were considered to be -
bandwidth-1imited,%ather.thaﬁ power® Timited [5]. In these systems, a
large number of ground stations, Q{th a different volume of messaée
traffic, simultaneously access a satellite channel or transponder. ;This

is known as a mu]tiﬁ1e access satellite system. Two well-known digita]K

multiple access fechniques are, the Time Division Multiple Access System

4
.
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(TDMA) and the SingTe Channe1 Per Carr1er System (SCPC).
The ever increasing demand for digital transmission re§;:2:§

the imp1anentation of transmission techniques that can handle as high

and as accurate a data rate as possible, This implies the necessity of

"developing transmission systems which can transmit a given data rate over

a 1ohgpgistance, using as little bandwidth as possible while. achieving

a small bit error rate for‘a.given transmitted power, which is limited

in satellite communicat{ons systems. This ever increasing demand for

more efficient digital transmission channels has stimulated the investi- -
gation bf advanced modul;t;sn techniques.

As Qi11 be seen in Chapter Two, Phase.Shift-Keying'(PSK) is the
optimum digital modulation method. For this reason, Binary Phase Shift-
Keying (BPSK) 1is a very popular Higitaﬁ transmission technique that is
most frequeq}]y used in its quadrature format. Quadrature Phase Shift-
Keying (QPS&) is a combination of two BPSK data channels that results in
the ability to transmit two information bits/sec (theoretically) in a

unit of the occupied bandwidth.

Studies have shown that the use of either BPSK or QPSK modu-

) 1at1on is part1cu1ar1y~;h1tab1e for d1g1ta1 data transmission via a

sate111te 1ink. The power spectrum of PSK signals, howe&er, contain

sidelobes that may interfere with other communication systems. To

" suppress the out-of-band interference, the sidelobes must be removed by

:

f11teriﬁg at the transmitter.

“

‘As a result of such fiitering, an AM component arises which

produces undesired results when the signals pass thrgugh nonlinear devices -

such as a Traveling Wave Tube Amplifier (TWTA) in the satellite trans-

ponder. .Because of the limited available power in the satellite

]
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transponder, the TWTA is usually operated ét, or near, saturation wﬂere

its maximum peék output exists. In this cperéfing mode, the TWTA exhibits.

two types of nonTinear effects.  First, there is 2 nonlinear output
envelope versus input envelope re15tionship (AM/AM conversioh) and secondly,
there is a‘'nonlinear output phase versus input envelope relationship
(AM/PM conversion). Owing to the aforementioned amplitude fluctuations,
the performance of the PSK systems deteriorates, especially, if AM is
converted into PM.. Moreover, if after a conventional PSK hodulifor
followed by a suitable filter, a hardlimiter is inserted, the power
spsctrum of the PSK signal at the output of the limiter appears to be,
about the same as that before the filtering.~ ance, after the signal®
has passed through non]jnear devices,; additional filtering will be 1
required to reduce interference into adjaceg; channels.

In conventional QPSK, the in-phase and’quadréture data streams

- are synchronously aligned. An instantaneous carrief _phase shift at 180°

occurs when both binary components change state simultageously. Such

transitions. of 180° in the carrier phase plane results in{the most

severe amplitude fluctuation of the carrier envelope caused by band1imit1ng:

This envelope amp]iiude fluctuation’of a QPSK s%gna] calses distortion

and ‘power spectrum spreading when it passes through a nonlinear device.
Recently, modglation formats similar to QPSK-format have

. evolved, (Offset-Quadrature Phase Shift-Keying (0-QPSK) and Minimum Shift

Keying (MSK) have gakneé ingreasing popularity for use in band-limited

nonlinear channels as alternatives to conventiona QPSK format. Both of

them have the same/bandwidth efficiency wfth QPsSK, thaé is, theoretically
!

2b/s/Hz, and their envelope fiuctuation is wmaller in cémparison with'that

W'éf fhe QPSK signal. As a result, less power spectrum spreading occurs

o ‘ ! ‘
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keyed modulation with spectral spacing between the two transmitted tones
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when they pass through a nonlinear device. Thus, it has been foreseen
that the use of 0-QPSK and MSK over nonlinear satellite channels will’
improve transmis;ion berformance over that of QPSK.
0-QPSK 1is defived from conventional QPSK by app]ying a de{zy - ‘
of half the symbol_period (T /2) to one of the data streams. By this
method, the 1nstantaneous phase shift of 180° is avgﬁded and the -band-
limited O- QPSK’§1gnals ﬁoes not go through zero. Thus the enve]ope
variation is smaller in comparison with that of QPSK signal and therefore —
less spectrum spreading widl occur when it passes through a nonlinear .>

device. The same advantage is met with MSK signals.

MSK can be viewed either as a form of coherent frequency shift-

(mark and space) equal to half the bit rate, or as a special case of
0-QPSK. In the latter case, MSK is simply an 0-QPSK modulation with “ °
sinusoidé1 weighting of the symbols which modulate the two quadrature

carriers. Thus, the difference between 0-QPSK and MSK lies in baseband

»

" data pulsdghape. The shape of the baseband data pulses are rectangular |

in 0-QPSK, whereas tﬁey are half cosine in MSK. Due to its sinusoid
pu]ses, MSK( has a smoother phase transition than the 0-QPSK signal.
However, its main spectral 1;be is 50% wider than that of QPSK ;r 0- QPSK
and its transmitted spectrum would have to be severely filtered in
applicatiops with £losely spaced channels (narrowband channels). Thi§
would reintroduce signal envelope fluctuation and because of that its
use fn narrowband nonlinear channels is not prefe;red.

Although 0-QPSK and MSK have less overall envelope variations
than QPSK, they have much larger envelope variations at the times it

matters, i.e. the sampling points. Because of this, 0-QPSK and MSK

U~



s - o

«5-

v

signals. suffer more from nonlinearities: than QPSK signal, and.as a result,

their 6vera]] system performancefwill Begrade more.

The sdqjéct'of this report focusses on the presentation and

-

analysis of QPSK and 0-QPSK signéls in non1%near channe]g. It is organized
around the principles of PSK signa]‘*ng, the analysis of the QPSK and
0-QPSK waveforms along with their filtered envelope fﬁuc}uationr*%he~

implementation of.a_quaternary PSK modem and finally the presentation

A

of computer simulation and test results on the comparative performance of
. , ' u . .
QPSK and 0-QPSK for systems including nonlinear device.

-
——
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CHAPTER TKO

2. PRINCIPLES OF PHASE SHIFT-KEYING (PSK)

2.1 SIGNAL OPTIMIZATION

2.1.1 Optimum Receiver Structure and Error Probability

w When a bit stream is-to be sent over a channel, it is either

transmitted directly or indirec;]y (1.8 dsing a modulation process),
depending upon the application.

/‘ Since in this report only binary digital communication systems
'are considered, it imp]ies'that the message signal consists pf only two
Tevels, Tth, it will be assumed that thé‘message signal (data) is a
bit stream of a b%t rate R, related towthe bit period T'by R = 1/T, and

is of the form

. V] for logic "0". . .
U (t) = _ , (2.1.1)
\ V2 for logic “1" . : Co
\  The tkansmitted signal $;(t) is of the form
\ ) .
O 51(t) forlum(t) =V, o
\ : Si(t) = ' ‘ (2.1.2)
\ ) S,(t) foru (t) =V,
Qﬁth the only restriction that both S](t) and 52(- dve finite energy
in\the bit period T. The bit energiés E and
\ ’ N
\ (k)T >
By = ] 5,°(t) dt
\ KT \
\ ' ’ (2.1.3)
\ CN . :
Vo (e, )
' ) LEy = ! LS, (t) dt
\ KT g
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" a threshold device, which decides about the value of the bit by comparing

putput of the sampler (refer to Fig. 2:1.1)‘and o, is the standard b
. s

° M ¢

-7- - '
s -

The transmitter structure is such that it can generate and t:ﬁhsmit the
signals S](t) and Sz(t) as requested by (2.1.2) and (2.1.3).
The receiver should detect the messagelJm(t) from the received

5 3

signal in the presence of noise with the minimum possible probability of , ‘

-

error. f%us, it must be capable of miniﬁizing\the effect of noise in the, .

-

s ]
first place. Therefore the first stage of the receiver should be a

T e

detection deﬁﬁce with noise redugtion properties. This device is ca]ied
a' "Receiving Filéer". The output of this device is identical to' the
transmitted data stream, Um(f), except for the resulted errors owing to
noise corruption on the received signal. To further minimize the
pfobabi1i;y of error, P(e), a sample of each detected(pit is taken, at ‘ T

. 3o
a well defined instant of eagi bit period. This sample is then fed into

it with a threshold value Ko' Such a receiver is depicted in Fig. 2.1.1,
. J

in which the input (receiVed) signal is
r(t) =5.(t) +n(t) : (2.1.41

where the noise is assqmed white with power spectral density N0/2.
The error probability for such a generalized system has been derived [6]
and is given by

Tsgm -som] -
P(e) = % erfc [ 022/2 0] } , (2.1.5)

of
0

where erfc(.) is the complementary error function which equals to 1-erf(.),

SO](T) and SOZ(T) are the .transmitted ‘signals S](t) and Sz(t) at the - \\\

deviation of the signal at the sampler output.

»
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‘Evidently, the argument of the erfc in (2.1.5) should be
maximized in order for P{e) to become minimum. In other words, minimi-

zation of P(e) can be obtained by optimizing the characteristics of the

Feceiving %i1ter. which is then called a Matched Filter, and the rece%ver

is called Optimum Receiver. It can be shqwn that the optimum receiving
filter may be implementee as illustrated in Fig. 2.1.2. This implement-
ation is sometimes referred to as a Correlator Receiver.

Referring to Fig. 2.1.2, it can be shown that the output of

the receiving filter U(t) can be written in the form
oo T i ;
u(t) 0 Si(t) [sz(t) S](t)] dt (2.1.6)

which in turn can be expressed as

[

Uy (T) = 55,(T) =,p¢E;Eé - By for S,(t) - 5,(t)
and 0 : (2.1.7)

. /
where o is the correlation coefficient of S](t) and Sz(t) defined by

1 (2.1.8)

T ~ ’
p = VETEE é 51(t) Sz(t) dt ‘

Since S](t) and Sz(t) have equal probabilities and the conditional

probability density functions of the filter output are symmetrical, the'

¥ optimum thresho1d\va1ue;~Ko,is

K= [5gy(T)+ Spp(MT) , (2.1.9)

Applying equations (2.1.7), K,s can be rewritten.in the form

- gy b
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‘ Ko =35 [E2 - El] 3 : , (2.1.10) -

N , . ’
The bit error rate performance of the optimum receiver in a
White Gaussian Noise environment and for infinite bandwidth is given by
[6] :
' 1/2
E, + E, - 2/EE, p :l

21 1 ,
P(e) = 5 erfc {j ) (2.1.17)
where N0 is the power spectral: density of the noige.
By 6oting
E, +E, . )
Ee—tmr? (2.1.12)
as the average received bit enérgies,\and
'E .
Y2 =.E..2_ (2.1.13)
1
as the bit energies ratip, eq. (2.1.11)_ becomes
) 172 - _
pPle) = l.erfc _E (1 - 2y 0) (2.1.14)
2 2No = 1ty 2

-

2.1.2 QOptimum and Suboptimum Signalling

N

Once the receiver optimization is accomplished and the bit

¢

error performance for the optimum receiver is evaluated as in Equ. (2.1.14)

N

“the values of the parameter y and p, which affect P(e),are then optimized.

By doing so, the Signal Si(t) is actually optimized and therefore the
4§;nsmitter itself. (
First, the parameter YZ can be optimized by differentiating .-

the term




'

be equal

From the definition of o, equation (2.1.8), it becomes pvideht that,

-1- ' . 1_ o
1 ' T

of equation (2.1. 14), with respect toy and equating the derivative to

zero. Thus, ;he optlmum value of-y2 is found to be unity . ) . j
‘ . ' L J : I
Yo = 1. ' ‘ (2.1.15)

This means that for optimum‘performance,the bit energies E] and E, should

2

B, =€ - - o L (2.0.)

14 : . N
As a result the value of the optimum threshold, Ko’ from (2.1.10) becomes °

L4

LR WS

% LU

Obtimum thresho1d:<éO =0 ’ (2.1.17)

Applying (2.1.15) to (2.1.14) the bit error performance of* the optimum -
.

receiver can be written as

3 - , .
P(e) = erfc>[ ZN (1- )] (2.1.18)

}

’

It is apparent from (2.1.18) that P(e) also depends on the similarity .

. between S](t) and Sz(t) through o, and the value of p that minimizes P(e) |

is S ' i | ;
) Po = -1 ' (2.1.19)

for which the optimum bit error rate is obtained as

1 E Y ‘5
= erfc (\/— )

2 No - i

1 lfva o ‘ |
= erfc —_— (2.1.20)
2 ZNo .

[y

P(e)

shouid'p be -1 when E1 = Ez,rthe fo]]owjng relation must hold:

|




a o regeat

l¢~°

“type is: . - ol

JEFS x —
* o N . f
’ ] R N
E= -1 S,(t) - S,(t) dt , J (2.1.21)
o ‘ . .
which is satisfied only when
5,(t) = -5,(t) : e - (2.1.22) -

!

This signal pair consists of two signals, S{(t) and Sz(tj, identical to

. each other but they'différ by a phase reversal of 180°. Such signals - -

are said to be "Antipodal” between each other and constitute the optimum s

signal pair for the matchéd filter receiver. A rea]izab]é/;;ir of this

S](t)f= A cos uw t : .o
' . . L (2.1.238)

Sz(t) =sA cos (mct +1) = -A cos wt

& N

The transmitted signal Si(t) is, therefore, a signal of constant carrier
frequency and of phase 0° or 180° to represent themark (binary one) and
space (binary zero) states respectively. Such a signal can be generated o

by multiplying a carrier by a Non-Return to Zero (NRZ) data stream at the

o

. transmitter. This signalling is referred to ag Phase Shift-Keying (PSK).

Figure 2.1.3 depicts the transmitted waveform Sift) in refatioﬁ the message

o

signal Um(t).g o . ‘ R v

*

Although the optimum signal choice is that of PSK, there are

[}

some practical reasons which raise the necessity of employing other
,

suboptimum techniques. These techhiques result by assigning different

values to the paraheters p and y, and maintaining always the relation c ‘_’

o«

f1 = nR, with n an inteder, which is very critical for the threshold

stability: This constraint allows only three values of p, namely, -1,

0 and +1. Following the same procedure and using different values Jf
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Fig. 2.1.3 The PSK System Naveforms :

) A . la p |Signal Type Error Probability P(e) o Comments
. : ASK { O 0, Orthogolnal —er%c V rfc \}BN ’ . | Suboptimum

{ Q -1, 1 VE 116 v . 4

p FSK _ 1 0 Orthogonal 5 erfc -Z-N-o = -Z—erfc E’K Subopt1m\w&/ |

2,

» | ‘
| b e o |
, -/ PSK -| 1 =1, | Antipodal Eerfc T §erfc N Optimum
. o 0 - 0

Table 2.1.1 Basic Digital Signalling Schemes’
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p and v whose value is restricted to 1 (optimum value) and 0 (E1 £ 0,
E2’= 0), the bit error performances of Frequency Shift-Keying (FSK) and !
Amp1itude Shift-Keytng (ASK) are also obtained from equation (2.1;15). '
The error probabilitiesﬁof the three basic coherent digital signalling
schemes are shown in Tab]e 2.1.1. ' \

From this tab]e, 1t becomes evident that coherently detected
PSK osystems require exactly 3 dBﬁ’ess Signal-to-Noise ratio, for a%
error rate compared to coherent FSK systems. This represents the advantage
.of using antipodal siéna]s, as. opposed to orthogonal signals. In addition,
since coherent FSK involves essentially the same circuitry complexities
as coherent PSk, the latter is considered as the most popular modulation
method. Actual systems .performance results havg also proven that binary

FSK requj»€S an excess of 3 dB signal-to-noise ratio.than binary PSK, for

any specified bit error rate.

2.2 BINARY PHASE. SHIFT KEYING (BPSK) MODULATION :

In the previous section, it was seen’that the PSK system is the
optimum binary system using two signals which have a crosﬁ-corre]atton
coeff1c1ent of 1, or: the two signals are the negatlves of each other,
which means that in a carrier system the two signals d1ffer from each
/other only by a phase reversa1 of the carrier. .

/(
A generalized PSK waveform can be represented by

S

| ps(t) = Asin {u t +'8(t)} kT st (k)T (2.2.1)}

The dfgita] modulation is carried in the'angle of the carrier W, by .

8(t), which aesumes discrete values from a set of M equally spaced points -

in [b;zn] at the simple times. Thus, the kth message or baud is v
, : C

——



P M <

1

modulated by ‘

, o¥t) = brt HL.d L 0,1,2...M-1 - o (2.2.2)

where ¢, is the random phase of the carrier wh1ch is constant ard .
A
1ndependent of time. It can assume any discrete value in [0 2n]’ without

loss of generahty. The assumptmr\hwh. will be used throughout this -
b ’ R

report is-that .

(2.2.3)

=|=2

1

" M represents the modu]atwn levels'which are assumed to be equa]'ly probable,

dk =+ 1 the b1po1ar‘§ata being transmitted at a rate R = l/T and A is

the amphtude of the carrier. Hencq,

Spei = A Sin {wct + % +,£;—1 dyls kT < t < (kfl)f (2.2.4)

This general expression of a phase shift-keying(PSK) signal can be

expanded, using well-known trigonometric identities, as follows:

_ PSR Y AL 21ﬂ . T
S = A sin (—M-— d,) cas (w t +-—) + cos( dk\ . S'l‘n(wct + ﬁ)]\

. (2\2.5)
KT <t < (R+1)T ) : ,

psklt) k)

By substituting the modulation 1evels for b1nar-y PSK signalling, it can
be seen “that any such signal i%s composed of two ant1poda1 components

ds was mentioned above “

3

§ =9 (t) = A ['sin(dK - qn) - cos (“’ct +\%) + co_s(dK. h)

|P5K(t)[M=2] BPSK

L. T\Y - g o L
sin (wct + 7 )] = Ang cos (i) - Cos mct
° o (2.2.60

kT<t< (k)T

-
-
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The information, d,, is conveyed in the phase of the carrier, as the{va]ug

of d * cos (in) =+ 1.(4=0 for d; = +1 and i =1 for d =.-1). Thus,the
last expression can be rewritten as: ‘ | ‘

Sgpsk(t) =A d coswt kT <t (k)T (2.2.7)

I

| From equation (2.2.7),it follows that for a bit of +1 the modulated °

BPSK signad équa1s Acos«»ct and for a bit of -1 equals -A cos'wct =

A cos (w t'+180°), and equation (2.1.23) is verified. It is obvious
that one matched filter or one correlator receiver, as shown in Fig. 2.2.1,
is required to detect the data optimally in additive white noise

»

environment.
Since the term cos (ir) is invariant in a baud interval, the
‘modulating signal can be represented by a "square-pulse", and equation

(2.2.7) can take the form

SBPSK(t) =A T 4 p(t- KT) cos wt . (2.2.8)

|

where (

, rectangular pulse for | t| < T
p(t) = {

/ 0 ‘ elsewhere

The normalized (one omnirésistance5~power spectrum of a BPSK signal is

given by: ‘ , ' ' : \\

' _ 2. [ sin x(f-fc) T] , .
Spsk(f) = AT [n(f-fc) T (2.2.9)
where, '
o fc = carrier frequency .
and . v
/ f = frequenq% offset from- the carrier. .
¢ \ ’



T—

R T

17~ .
- * J
/
& \ . ’!i o '
\ -
‘ i
\‘
._12__. MatChed; Sampler =« Decision L" Out
‘ Filter
\
Triggering

at kT
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It is known that the operation of a matched filter ishto
‘coherentTy combine the spectral components of the recgived signal, so
that ihe ratio pf the peak output signal voltage to the rms noise
output voltage is maximized at a specific instant in time. By definition,.
a matched filter has an impulse h(t) wﬁgch is the time reéerse of the
input signal s(t). ‘ ‘ _
. The Putput signal of‘the matched filter for the Kth sent pulse
is given by:

) : ' k+1) L. \
A 4 - u(t)L ka( T (1) - S(t-kT + 1) dKr - (2.2.10)

where t is the independent variable in thé convolution integral.

—

Equation (2.2.10) also represents the autocorrelation func{ion of the
input signal S(t). .
v . ) o

Evidently, at time t = kT and while the kth pulse has been -

accommodated in the'fiTter, the input autocorrelation function has'its

maximum value. The output autocorrelation function always has twigé the
duration of the input matched signal. However, although the output |
matched signal is dispersed in time over twice the duration of the 1nput
signal, there is no intersymbol 1nterference (1SI) between adjacent ‘
signals (pulses) This is due to the fact tha\\g\g envelope of the
output autocorrelation functlon is decayed to zero when the subsequent

signal is sampled at its maximum value, which occurs at t = kT and is
given by i

()T | . |
: Cou(t) = kr $°(x) | . (2.2.11)
. T g

w

3

Therefore, for optimum BPSK detection sampling must occur at the symbol
rate. Differentially coherent detection is assumed for the purpose

of this report. ) i :

} \
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2.3 BANDWIDTH CONSERVATION NEED - QPSK

In most applications the transmission system is considered
to be more cost effective if in a, given bandwidth more bits/sec'are
transmi tted. Usually, the system pfficiency is characterized in terms

of transmitted bits per second per ﬁertz (b/s/Hz).

In binary transmiSsion,'as was mentioned previously, one
transmitted ‘symbol conveys only one information (source) bit. Hence,
the data rate in bits per second equals the keying rate in bands,. that

\
is f_ = fs. In a quaternary PSK transmission system each transmitted

b
symbol conveys 2 information bits. This signal format may use phase
conditions of 0°, 90°, 180° and 270° to represent the 11,01,00 and 10
logic states respectively. This is'shown in Fig. 2.3.1. Substipq;ind

four modulation levels in equation (2.2.5), that is M = 4, we get:

i ) - indn gy . I

SPSK(t) = S4¢-PSK(t) = A [ sin (2 dk) cos (wct'+ 4)
[M=4] L o

\ + cos (i% dk) * sin (@Ct * %)} (2.3.1)

Kl<ts< (k1)T and § = 0,1,2,3

-

zirhe 1'nformat1'9n,'dkr is ¢tonveyed in the angle of both carrier components

"6ﬁ‘é fifty-fifty basis. Thus, both parallel quadrature channels havel

. the same symbol rate, yhi&h means that their bandwidths are equal. As®
a result, the QPSK efficiency is twice that of BPSK. The quadrature
relation petwpgn its two components allows fér detecting them separately,

+

using two correlator receivers as shown in Fig.-2.3.2.

Assuming that an\idea] Nyquist channel is available, the
receiver will, detect the 11 pha;e state correctly if the received carrier
plus noise/in—the sampling instant is within the e-%-to e+% region
(Fig. 2.3.1). Otherwise, the transmitted phase state would be erroﬁeougly

{



o

- -20-

Phase Decision, cd
Threshold

/4
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detected. :

The received QgSK signal at the receiver is given by

x(t) = A cos [w t +0(t)]+n(t) . (2.3.2)

where n(t) is the narrowband additive white Gaussian noise which may

be written as:

i

n(£) = ny(t) cos(u t + 8) + ny(t) sin (ot +0)  (2.3.3)

while n](t) and n2(t) are statistically independent zero-mean Gaussian

random variables having the joint function

2 2 :
1 Mot
p(n],nz) = ) > exp - '—'——2—— (2.3.4)
8o} 20 .
Hence,
' ‘ ]
2 ~ 2 2 54l
E{n“(t)} = E{ns(t)} = E{n, (t)}=N . (2.3.5)
1 'Y 2 o]
E{n](t) nz(t)} = 0 ' (2.3.6)

- The received signal may ﬁhen be rewritten as:

x(t) = A cos (wct +08) + n](t) cos (wct +9) f n2(t) * sin hug +0)

\ (2.3.7)
In Fig. 2.3.1, the vector diagram of the composite carrier plus noise
wave is also depicted. It is evident that at the receiver an-error

takes place outside the region

e LT L4 |
8 -7 <6 cB+g (2.3.8)

where ¢ is the phase of the received signal p]ué noise and is given

/
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by: ) ’ : R
n,t .
6 =0 + tan‘1 2 (2.3.9)
. A+ n,(t) :

The bit- error probability of a QPSK'signal, bécause of the circular

symmetry, is then given by:

. i
| 0+ -7 : m
K‘ P(e) = 1 pleddp + 7 . ple)de =27 p(e)de  (2.3.10) .
9+z -7 , "n/4 : :

where:p(¢) is the probability density function of the phase in gquhtion

(2.3.2) and is given by [7].

g 2
.P(¢) = %; e'p[1+ Vo + cos ¢ - e? 05 % - 0(v2p cos $)]

(2.3.11)

-m<d <

where
Yo Az
p = signal to noise ratio = —, (2.3.12) ‘
. ?o . ‘ . '

and

" 1 -t?e

Qu) === T e dt . (2.3.13)

From equatidn (2.3.10) it is difficult to evaluate the bit error rate of |
.a system. However, a useful estimation of this formula is used for high
S/ﬁ‘ratios. This is,
_ . 2T \ ’
P(e) = exp [-p * sin T ] ‘ (2.3.14)

.

/ * ' | .
The bit error rate of a coherent QPSK system is also approximately given
_ 4.

: B ) | .
P(e) = erfc -§ = arfc L . , (2.3.]5)
V 2N 2N, ‘

*

by::
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Comparing BPSK and QPSK on the basis of both systems transmit-
ting equal ngmbers of symgo1s per secona, it is concluded that the E/N0
ratio requirements for both systems are identical. However, comparing
QPSK and BPSK on the basis of average energy per character to noise
spectral density ratio, an increase of 3 dB in S/N ratio is required

for QPSK to maintain the same bit error as the binary system.

2.4 BANDLIMITING REQUIREMENTS - NYQUIST . .

The power spectra of PSK signals, as shown by equation (2.2.9)
contain sidelobes that may interfere with other adjacent channels. To
suppress this out-of-band interference, in most applications, it is
required to bandTimit the theoretically infinite bandwidth (sin x/x)2 of
the PSK spectrum. The sidelobes can be removed by post-medulating band-
pass filtering at the transmitter. However, it is known that narrow
band-pass filtering rounds and widens each individda] pulse of a digiﬁa]
waveform.1 As a result, it might cause more intersymbol-1nterference.and
degrade more the performance of the system. Based on the interchange-
ability of Tow-pass ana band-pass filters and thé Nngist's theorem, the
minimum bandwidth of a PSK system can be specified.

- Nyquist proved that it is possible to transmit fs iﬁdependent
symbols in a low-pass filter channel having a bandwidth of only ? = fS/Z,
without~distortion in the sampling instant, that is without interﬁy@bo]
interference [8j. In binary transmission systems, one symbol contai*g;
only one information bit. Hence, as discussed previously, the bit r%te\\
f, is equal to the symbol rate fe. In QPSK, f; = fb/z. Thus, a minimum.—-

bandwidth of fb/Z is required in order to have distortionless transmission

in QPSK systems.
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//// - To design the ideal Nyquist minimum bandwidth filter, with the
4/// . - required amp1iﬁude and phase,character{stics, as shown in Fib. 2.4.1,
o would require an infinite number of sections, which practically is not

possfb]e,ﬂ\ﬁbwever, the same theorem continues, alleviating this problem
by stating that, if a real valued transmittahce fun;tion which has
_symmetrical skew about the cut-off frequenc} is added to ;he transmittance
of an ideal 1ow-pas§>fi1ter, the Same ax%s crossings of the impulse
response persists. .

To manufacture fi1ter§ which approximate the raised-cosine
characteristics of the Nyquist channel and have the sm§11ést Possib]e

bandwidth (dashed Tine in Fig. 2.4:1), today is feasible. Filters with'

an approximation of a = 0.15 requiring only a 15% excess of Nyquist

*~ bandwidth are realizable. Hence, the practical ef%iciency of a QPéKa
system can be 2/1.15 =1.74 b/s/Hz. |
Figure 2.4.2 illustrates the time domain r;sponse of a |
minimum bandﬁgdth Nyquist‘LPF. If the input to the filter is a random
binary Non-Reiurn to Zero (%RZ) sequence, then the output signal-at the
saﬁpling instants Qifl'attain its maximum val&e for each transmitted b{t.

Thus, the filter does not introduce ISI. However, if the LPF does not

*  have the required amplitude and phase characteristics, such as shown in

= © Fig. 2.4.1, then thg output signal Vo(t), shown by the’ﬁashed:1ine in Zl ‘ -
B \Fig. 2.4.2, depending on the value of the.previous bit, dogs not always
attain %ts maximum value, and ISf is introduced.

The*channel imperfections are usuaTTy‘eva1uated by means. of
the "eye pattern" obtained by an oscilloscqpe, The signal to no%se,

. degradation, then, contributed by .ISI is giVen’by;

[3
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. (S/N)degradatidn = 20 ]og[jex1st1ng $%e%open1ng)%][dB]

I 2 : / C T (2.8)
Thus, if a inen binary system, has to haintain 5 specified bit error
rate, then its S/N ratio must be increased by an equivalent amount

taken from equation (2.4.1).

Al

2.5 REDUCTION OF AM MODULATION'dN THE QPSK WAVEFORM - OLQPSK
f ﬁhe Q?SK signai ﬁaS'a time invariant constant envelope when

it 1"nof”f{1gered. Bg;, since its power spectrum consists of sidelobes
'that cause out-of-band interference, the signal is band]imited.[ As-a
result of such fi]tering an AM (amplitude moduTatiqn) component arises
and the QPSK signal envelope becomes time variab\é. Especia?ﬁy, in some
applications where %ight fi]teridé is ‘required, the envelope variation
might go throughlzero and 1ts max imum steady state value, dur1ng bne
symbol intefval. This 1arge envelope fluctuation is produced in QPSK,
due to the synchronous alignment of both blnary sequences. When both
data stream channels change state s1mu1taneous1y an 1nstantanedus
trans1t1on of 180° occurs and the envelope passes through zero amplitudé.
The envelope fluctuations does not cause,any problem in linear systems.
However., when this type of signal passes through nonlinear deVices, such

M - 1 . .
. as limiters, up-converters, TWTA, etc., which operate for economic

reasohsrclose to saturation, the envelope fluctuations are reduced but

PR &

the bandlimited spectrum spreads. Today, a large number of communi-
" cations systems emp]oy\;on-1inear devices. Thus, the QPSK signal at

the output of a nonlinear device "regadnsﬂ the sdecsrum that it had
"béfore filtering, and consequently an undesired amount of out-of;baad '
3 in{erference'is again‘introduced into adjacent channels.

o N , . . ,‘/J

< o
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Offset QPSK (0-QPSK) is a format of the conventional QPSK

‘that'alleviates this problem. In 0-QPSK thé two binary modulation
' \

—_

sequences are shifted in the relative alignment of an amount equal
. [ °

to one-half of a symbol duration, thus avoiding 180° phase shifts. While -

the minimum of ‘the envelope in a QPSK signal is zero, in the 0-QPSK

the signal is 1/2 of the steady state value. Therefore, with respect to

QPSK system, 0-QPSK Has a 10wér AM component.

If an.O-QPSK format modified to avoid phase transitions all

' together, then fdrther suppressfon of out-of-band interference can be

obtained in bandlimiting-hardlimiting applications. Such a modulation
scheme is MSK (}ome;imeé called. Fast Frequency Sh{ft-Keying - FFSK)
which has continugus phase. . ‘ -

A coﬁparativé performance of QPSK and O-QPSK‘with‘MéK is

presented in Chapter Five‘? \

»

»

o

-
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CHAPTER THREE

—

4

3. QPSK & 0-QPSK STGNALLING

- < 3.1 MATHEMATICAL PRESENTATION AND ANALYSIS
3.1.1 QPSK & 0-QPSK Signal ‘ ~ V)

I

- " The quadrature‘PﬁK signal was derived in section 2.3, and

given by:
C : . 1'1r‘" o T
S4¢-PSK(t) = A s1n‘(§—-dk) cas (mct +'1) |
) + A cos (%1 dg) - sin (wct + %J (3.1.1)
‘ L. KTt (DT, = 0,1,2,3

This presentation of Rhe quaternary PSK éignal can be viewed

as being composed of two quadratiure data channels. Since sin (%1 dk) and
cos (%1 dk) are orthogonal and take on only the values +1, it implies
that the data are conveyed at a rate of one'bit per 2T seconds in each
quadrature channelﬁ Thus, in order to si&p]ify the four-phase PSK signal

| expregsion let $in (%ﬁ dk) and cos-(%i dk) be replaced by two streams
dI(t) and dQ(t + 1), consisting of even and odd bits respectively, that
the input binary bit stream dk is separated into.

Assuming that the symbol weighting shape of the two Quadraturé7

data chanriels has a function ' -
S Wz 1t] T | s |
.. o oplt) = B : (3.1.2)
’ 0 elsewhere
N i i

Nt A e, O i s . - e ey e
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The last equation becomes: : o

b

Sgspsk(t) =J§ d;(t) - cos (ut + 5 )+ /% dyltee) .7 \
. ) | ‘ * sin (mct + %—) / 53.1.5)
where D
d‘l(t) =+ 1, 2Kk <t'c 2(k1)T
d%(t) =+1, ZkT"l'T/StSZ(k'F])T + o1 |

and

0<t <27

!

N Thus, a four phase PSK signal is viewed as two orthogonal q;nary channels,
| where antipodal symbols x§ 2T seconds are used in-each channel, as shown
in Fig. 3.1.1. The first term of (3.1.3f represents the in-phase channel,
. or I channel, yhere cos (wct + %) is the in-phase carrier term. The

second term of (3.1.3) represents tﬁe quadrature channel, or Q channel,

where sin (wct + %J is the quadrature carrier term. Due to orthogonah’tyv7

of cos (w t + %) and sin (w_t + %) the two binary channels can be detected

independent1y. - \

_ ' Settingt =0and 1 =T in the last equation we get the
expressions for standard quadrature PSK (QPSK) and offsget quadrature PSK
‘(O-QPSK) signalling. Thus,

S, (t) = A d (t) - cos (ut+ D)+ Ad(t)
QPSK /3 1 o a4 /7 Q . \

. ' .
+ sin (wct *7 ) , (3.1.4)

for kTgte2(ke1)T N |



} ) 4
,dk(.t) \ d;(t)

a9 [ [T Fo] [sp . P
: 2 d Iiﬁ d8 t’| Converter

, : doft)
* T 1dgit-1)

L_ 4 \ J

\ A . w
- h Esm(mct 7 ) ,
.« daroes(t? - 1
'y ( . i |
dq, d. dg g
d dg t
0 2T 4T 6T 8T 10T - , |
doro-gesk3(t) ' , S @ .
[ . )
. /
‘ \
j
} , d]J dr dg . \
| d vod t »
: [l - ’ - ] '
. ( . 0 2T 4T 6T 8T 10T e
o ‘ ” '

}

|

l ‘ \ ' \ Fig. 3.1.1 Mechanization of a Quadriphase Modulator )




and .
s (8) =R d(t) - cos (wt+D)+ By (t47)
0-QPSK s c .4 50
* sin (wct + %) * (3.1.5)
v‘lhere. - “ \—/

dI(t) = +1, 2KT<teg2(k+1)T
| ,

d.(t+T) = + 1, (2k+1)T <t (2k+3)T

Q

From (3.1.4) and (3.1.5) it is seen that the distinction between the
two modulation techniques is only in the a]iggment of the tﬁo binary
streams. The odd and even bit streams, transmitted at a rate of 1/2T
baud, ar2 synchronously aligned in conventional QPSK modulation so that
their transitions coincide. Offset QPSK modulation is obtained by a
shift or offset in the relative alignment of dI(t) and dQ(t% binafy
waveforms of an amount equal to T (or equal to one-half of g sympo1
duration, Ts/2). The relative alignment of the binary waveforms dl(tj
and dQ(t) for both modulation techniques is shown in Fig. 3.1.{. Due
to the shift of T seconds in the quadrature binary stream the offset

QPSK is sometimes called staggerred QPSK.

3.1.2 Cér?ier Phase Changes

,/

Sincexthe only difference between'convengiona1 and offset QPSK

signalling is the alignment of dI(t) and dQ(t) streams, their four
1§ -
carrier phases must be the same according to their mathematical present-

~ation. Using wel1-known trigonometric identities equation (3.1.3) can

bé written as:
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}.
) A . t
S(t) = 3 dI(t) {cos wct - sin mct]‘+ 5 dQ(t);cos mtt + sin wct]

o

>

/ | o (3.1.6)

"
- /

Substituting the four possible combinations of the two binary

| streams dI(t) and dQ(t), the four permitted phase values of a quaternary

/

system are obtained at bit intervals:

=.d (t) = +
- S(t) = A éos wct _ .
" b) dI(t) = 41, dQ(t) = -]
S(t) = -Asinw t = A cos'(mct + %) N
(3.1.7)
c) dI(t) = dQ(t) = - : .
S(t) = -A cos w.t = A cos (wct + 1)

'd) dr(t) = -1, do(t) = + \

A
= i = \ X
S(t) = A sin mct A cos (wct 2)

The carrier Qhase depends on the values of {dI(t), dQ(t)} and is any one

of the four phases shown in Fig. 3.1.2. In conventional QPSS, due to

the time coincidence of the two data streams the carrier phase changes

occur every 2T seconds. If neither binary component change$ sign in

the next 2T interval, the carrier phase remains the same (phase transition

of 0°). If one gombonent changes sign (state), then a phase shift of
R ~#90° occurs in the modulated siéna]. A switch in the states of both

é;ﬁbpnents ;esu1ts in a phase shift of 180°. The state diagram of

'&pn entiqna] QPSK signalling is shown in Fig. 3.1.3 (a), while the QPSK

- waveform for a specific input data stream is illustrated in Fig. 3.1.4.
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cos(wct + %-)

-sin w_t = cos{w t+s)
. C oy c 2

N\
("] ,])

(19,'])

N\
u

- - 1 - - 1
-cos w t = cos(wct +m ), sin w .t cos(mct 5)

l ‘ »
Fig. 3.1.2 Signal Space Diagram for QPSK and 0-QPSK

bN t
——— —
t /| N\t —~ }

(a) QPSK | '- (b) 0-QPSK

Fig. 3.1.3 State Changes in QPSK and 0-QPSK Signals
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d, (t) +1 -1 -1 1. -1 +]
dot) +1 -1 + +1 4, -1
%
&4
cos(w t+—
A
= d.(t)
vz U

180° °90° +90° -90° 3180°

NN

Fig. 3.1.4 (QPSK Waveform
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| }
i
| . 0-QPSK |
Waveform

Fig. '3.1.5  0-QPSK Waveform

5

10T



. ' o -3

In 0-QPSK, the two binary components cannot change state
simultaneously because a delay of Ts/2 (half symbol period) is applged
to one of the two bin;ry streams. Thus, one componént has transitions
in the middle of the other symboivand hence only one component can
change states. /Nith¥this method, only +90° transitions are allowed and
180° phase reversals are made in two steps at +90° eaeh, This is ,

»

illustrated in Fig. 3.1.5 where a typical 0-QPSK waveform is displayed

“wWith phase transitions occuring every T seconds™ The state diagram of

0-QPSK signalling is shown in Fig. 3.1.3 (b).

3.2 POWER SPECTRAL DENSITY AND AUTOCORRELATION

The general way of obtaining the power spectrum of any signal,

is to figd the Fourier transform of a sample of the signal on a finite
time interval T. Then, the magnitddelsquafe of this Fourier transform
is d?vided by T and averaged over all possible values of the signal. The
power spectrum is finally obtained by taking the 1iwit of the previous
result as T tendg to infinity.

Thehdifference in time alignment in the two component streams
does ot alter the power spectra]‘density'and hence both QPSK aﬁd 0-QPSK
spectra are the.same. Thus, the power spectra (shifted to basgband) of

both madulation techniques are obtained by eyaluating the Fourier

transform X(f) of the "square-pulse" symbol shaping function x(t),

given by (3.1.3), over a symbol interval and the magnitude squared of

1

this Fourier transform is then divided by 2T (symbol interval). Evidently

from (3.1.4) and/or (3.1.5) the quaternary PSK spectrum is the sum of .= .

two BPSK spectra centered at the carrier frequenéy fc. The gourier

transform ﬁ(f:kT) of the two binary components can be separated in two
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parts which correspond to the positive and negative -frequencies “;_

. (
respectively. . .
X(fys KT) = 5 oI x(t) exp(-j2nft)dt T {3.2.1)
. kT o
XT_, W) =5 1 x(t) exp (j2nft)dt (3.2.2)
. 0 T

3

* B .
Note that X(f_,kT) = X (-f+,kT) [* indicates that -j is made +j in
(3.2.2)].
The Fourier ‘transforms relative to positive frequencies of the

_in-phase and quadrature modulating signals, whose rates are fb/Z;and

S [

, modulate the carriers cos(wct + %0 and/iEh (mct + % ) , are given.by:

(fom = LA \T )
. X, (f, ,2T) = % - = exp (-j2nft)dt N
S S 20 ¢ *
AT [ sin 2nf T ’
= — | >——-—| exp (-j2rfT) (3.2.3)
/7 2nf T 3
(rem = A T o :
CXA(F,,2T) = — exp {-jenft) dt = = exp(-j2nft)dt
¢+ ° TOVZ
- f‘/—T_ [_____51;“?.; T ] exp (~32nfT) =.XfF,,2T)
Y -0 (3.2.4)
Also, . . T2 .
o CRp[stnam(efOT]
Xplf=fy) = X (f-f ) = —-/;[ R FT T exp[-jan (f-f )T]

2
' (3.2.5)

-

Thus the Fodrie} transform of the QPSK or 0-QPSK signalling relative to ’
. the positive frequencies, is:

sin 21r(f-fc)T
zn(f-fc)‘r_.

° X(f;;Zf)~= 2 AT [ ] exp[-jZn(f—f )T]
: V2 i ¢ - D
: : (3.2.6)

P
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" Yaking the square magnitude of the last expression and divide it by the®

symbol interval, the one sided QPSK or 0-QPSK spectrum is obtained:

_ '] 2 AT o Sin Zﬂ(f‘f
: 6(F) = 77 l/z— [ ZFT) T ]

5 [s’in 2n(f-f‘C)T ]

= AT

Zy(f-fc) T (3.2.7)
Since the averaged value of the modulated signal fs: .
T 1/2 T 1/2
I LI Y S L R Y
Vrms(t) [T o U (t) dt } ; [T 0 A® cos wct dt‘

1/2 > . o ) k

.o 2, T
‘ ' =[AT;C|0] iz‘_ (3.2.8) -

- and the normalized (one ohm resistance) mean power of this signal

is: Cor
‘ P[
c

the spectra] density G(f) for QPSK and 0 QPSK 1is g1ven by

2 .
2 2
A _ A \ ,
: } - 4 o ) (3.2.9)

/ . [sin‘2n(f-f)T ’ e
6(f) = 2P T [ 71T fc) T J (3.2.10)
where,
© f = frequency offset from the carrier
T = unit bit duration

Pc = Power in modulated waveform

The autocorrelation function is the inverse Fourier transform of the

power spectral density G(f) and is given by [8]:

‘ 2 T . - )
o olalg) o7 - ,
/® ={ Mo SR . (3.2.11)

0, Jx]-> 2T
/

(s

ta g -

Y
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The power spectral density and autocorrelation function of Minimum Shift ‘ <« L
Keying (MSK) are %?Ven by [9]: s e

8Pc T{1 + cos[4n(f-f )T}

6o (f) = _ . (3.2.12)
‘ | MSK . 1102{1-16(’f-f 12 1% 2 o (.
1; L4 . . ] . "\é_“ ’
- N el b
o g : Ly [1_ 7T ] cos [ ] + sin [—i%l]}, |<] < 2T «
TR ) =T ‘ i I
MsK' T/ { . . b
e Lo - : . <] > 2T B

" {3.2.13)

Equatidn (3.2.10) shows that the?QPSK or 0-QPSK spectrum has its nulls at

““multiples of the symbol rate, namely,at :

o ) fb
] ’ o f-fe = ¥ k7
. with k=-1,2,3,8....(i.e. k7 0). For k= 0, that is at f = f_ the -

v .
' numerator and denominator of (3.2.10) become both equal to zero, and G(f)
takes the value of 2 or 3 dB using 1'Hopital rule... In a similar manner,
from equation (3.2.12) it is observed that the MSK spectrum has its ndl]s

A /'l _at . ‘ . . ‘. . !
7 | o '*\fb o <
- , f-fc=(2kt'|)T k=1,2,3,...(k £ 0) , \

l § Q L . énd for k = 0 the main lobe becomes equal to lg or 2.09 dB. The spectra
,g .~' | o, ’ of 3.2.10 and (3.2.12) are plotted in Fig. 3.;.1 as a function of (f-fc)
5, normalized Jto the data bit rate’R =.1/T. The rates of fa11-off of these
: . . spectra are different owing to the difference in the pulse sﬁapes of the
n moduIatf/; signals. The QPSK or 0-QPSK spectrum fal]s off at a rate

proportfonal to [(f—f )/f I whereas the MSK spectrum falls off at a '

L4 X

° a
- i o Rk IR ot e b bt e

7.
o B . o
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rafe proportional to [(f-fc)/fb] '4; This can be ekp]ained on’tpeibasiéz
.that the smoother the pulse shape, the fasfer_ie the drop of the spectral
sidelobes to zero. ans, since MSK has sinusoidal modu]ating pulses, it
also has 1ower sidelobes than QPSK and 0-QPSK. Howsyer, the main spectral
Tobe sing]e-sided bandwidth of a MSK signa1 is 50%w:T32> than that of a
conventional QESK or an 0-QPSK signal. ‘

v 4 H
A measure of the compactness of a modulation waveform's
‘v

\

‘Lpectrum is the bandwidth B which contains 99 percent of the total power.
From Fig. 3.2.1 it is observed that the 99% radiated bandwidth for QPSK or
0-QPSK is at f = ( 4 to 5) es 2/T [9] The bandw1dth B wh1ch contains
99 percent of the totai,gg;zzﬁfor a MSK singal is B = 1.2/T Th1s and
the*factgthat the mainlobe single stated bandwidth of a MSK signal is 50%
wider than that of a QPSK or 0-QPSK, indicate that, in narrow-band satellite
1inks conventional QPSK and d-QPSK are more preferred methods. than that
of MSK. '

Figure 3.2.2 [9] shows Eb/No (energy per bit to additive noise

: spectral density ratio) performance degradation versus BnT with respect
to ideal antipodal PSK as a-function of cascaded filter noise bandwidth;
with error probability as a parameter for 0-QPSK and MSK systems. The
‘performance curves show a crossover:* po1nt such that for cﬁannel bandwidths
B <1.1/T the performance of QPSK is super1or to that of MSK and for
B > 1.1/T the bit error rate performance of MSK is’ super1or to that of
0-QPSK. Both ‘modulation techniques begin to severely degrade when the
channel bandwidth becomes of the order of their spectral mainlobes.

However, as channel bandwidth decreases, the MSK signal degrades sooner '

than the 0-QPSK since its mainlobe is wider than that of 0:-QPSK.

s
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Equations (3.2.11) and (3.2ﬂ4§; are plotted in Fig. 3.2.3 for

comparison. It is easily seen that both autocorrelation functions are
zero)for'time exceeding the symbol duration. This can be explained as
for independent binary data bits, the signs of qﬁadrature components in
each in-phase and quadratbre channel are independent from one symbol
interval (ZT) to the next. Owing to their similarity and their edua]

zero crossing time-length autocorre]atioﬁ functions, the 0-QPSK and MSK

have equivalent bit error rate performance.

3.3 BANDLIMITING AND NON-LINEARITY EFFECTS

3.3.1 Envelope Fluctuations

In Figures 3.1.4 and 3.1.5 the envelope of the modulated

gigna] is coJZtant because bandlimiting was not considergd. As described
in the previous section, however, the power spectra of PSK s%gnals are
composed of sidelobes that may intérfere with other communication systems.
Hence, bandlimiting is applied at the transmitter to remove the sidelobes
and subpress the out-of-band interference.

| The effect of such filtering is the introduction of enve?ope
variations, near bit transitions, which go through zero amplitude
whenever'the carrier changes phase by.180° [10]. In general, bandlimiting
of a digital waveform causeS'réunding and -widening of every pulse. Thus,
in a QPSK signal, when both the in-phase channel data and the quadrature
channel data change state, which results in a car}ier phase change of
180°, the binary symbols can be taken as having the same pha;; but
opposité amplitude po1ar{ties. Consequently, due to the opposite polarity
overlap d% the binary symbols,the envelope of the composite signal vanishes

1

where its phase changes rapidly.

-~

Rapid phase transitions of/180° produce high frequency power

A

| o,

o
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b components that result in large amounts of out-of-band interference.
However, as shown in Fig. 3.3.1, because of the envelope droop of a :
filtered QPSK signa], very little power is associated with the high
frequency content at"the region of 180° phdge transitions.. At the + 90°

J phase fransitions, which occur when one dﬁannel data changes phase at
the keying instant, the phase transition does not producg high frequencies
since the slope of the phase isysma11'in the traﬁsition region. The
envelope fluctuation in this‘cake is of the order of 3dB.

In 0-QPSK signals, as discussed in section 3.1, because of the‘
one bit period de]a} between the two data channels, there is no ]80°'
- phase transitions. Such transitions are made in two steps of 90°. As a
result, the envelope fluctuations of the modualted signal arise only
due to 190° phase transitions. Evidently, the overall envelope variations
of a 0-QPSK signal are smaller than those of a QPSK signal. \
From euations (3;1.4) and (3.1.5) the QPSK and 0-QPSK signals

' can be written as: #

/

P dg(t) p(t-27) cos(w t +3)

k..oo

_A
Sgpsk(t) = =1

‘ + E-w dQ(t) p (t-2K1) sinfw t +%)l, / (3.3.1)
SO-dPSK(t) =/%'[ ki—m d(t) p(t-2kT) cos (u t + %)
» / 7
v+ L dQ (t4 p{t-(Zkfl)T}- sinfo t + %—)]

K=

(3,3.2)



-48-

cd [T AT 7 a1 7 1+ I I S ™ I
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" where,

rectangular pu]se,~\for [t] < T
W) {

0 elsewhere ;"
}

If the above signals pass through a bandlimiting device whose

impﬁ]se response is h(t), then, the filtered quadrature modulated s%gna]

537

is given by:
' N

V2

?’stg(” - & {Jz— i,[dl(t) R IP(t-2kT)*h(t)} - dp(t) Im{p(i-zkr)*h(t}]}-

. s
cos(mct + 4)

14

-/% [%i [d,(t) Im{p(f-sz)*h(t)} +'dQ'(t)-Re{p(f-ZkT)*h(t)}]J'

‘ ’.

sin (mct + %) j (3.3.3)

\ | ' ’ ’
Uo-gpsk(t) =/% [—12— E [dy(t) R {p(t-2kT)*h(t)} -dQ(t)“Im{p[t-(zkH)T*h(t)}]]

T
cos (mct + T)

-/—2; [in [d;(t) 1 {p(t-2kt)*h(t)} + dQ(t)-Re{,[t-(zkn)f*h(t)}]] |
| sin (v t + ) - (3.3.4)

The amplitudes of the filtered quaternary Signals are given 'by:
: o , 1/2.,
= .A_. 2 * 2 - * ]
VQPSK(t) 5 [i[Re {p(t-2kT)*h(t)1+ Im‘{p(t 2kT) h(t)ﬂ . ‘

(3.3.5)
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Vo.qesk(t) = = [ EIRE (p(t-2KT)*h(t)) * 12 {plt-(2k1)T]*h( 1))

2V2 | k 1
/2

+ 12 (p(t-26T)*h(t)} + B {p[t-(zk+1)T]*B(t)ﬂJ (3.3.6)

Letting ez(t) = Ri {p(t)*h(t)} + 15 {p(t)*h(t)} where e(t) is the envelope

of the filtered signal, equations (3.3.5) and (3.3.6) can be written as:

&

Al 2 N
Vopsk(t) = 2 [i ook (3.3.7)
b} A 2 2 ]/2 . T
Vogps(t) =, | [e(t-2kT) + e*(e-T-2km 1| (3.3.8).

“From the last two expressions it becomes evident that the
QPSK envelope goes through zero amplitude when both data streams change

siate simultaneously, whereas the:0-QPSK envelope does not have any zero

.crossings because of the time delay between e{t-2kT) and e(t-T-2kT).

»

Thus, as shown in Fig. 3.3.2, the overall envelope variations of an

0-QPSK signal are smaller than those of a QPSK signal.

3.3.2 Nonlineari;y,Effects on the Quaternary PSK Spectrum

A

~ In satellite communications because of.the 1imi§gd~§vai]ab1e

power in the transponder, the TWT amplifiers, are usually opéﬁgted at its’
maximum peak output power. In this operating mode, as was mentioned in
chapter one, the TWTA exhibits AM/AM and ‘AM PM conversion effects. A
quadrature model of a general nonlinearity which takes into g;count these
conversion effects has been developed [11] and shown in Fig. 3.3.3.

' If the input signal to a nonlinear powéf7amp1ifier is given
by: - . :

V,(t] = r(t) - cos [o t + 6(t)]
jw” t :
SR IIK(E) ¢ S y(T e €Y (3.3.9)
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where r(t) and 6(t) are the envelope and phase function respectively, and
x(t) and y?tﬂ are the real and imaginary parts of the complex baseband

signal:

©

Thenthe output of the nonlinear pbwer amplifier is given by

©V(8) = Rer(£)cos [u t + 0(t)+ 4{r(t)) ] (3.3.10)

i

" where R {r(t)} is the amplitude distortion and ¢{r(t) is the phase

distortion introduced by the TWTA. Equation (3.3.10) can be readily
. . [ Y ~
rewritten as:

k)

-V (t) = Rir(t)} - cos ${r(t)} - cos [w t + o(t)]
- ROF(E))- sin ¢ (r(£)) - sin [w_t +8(6)]  (3.3.1)

e

- The terms cos“¢{r(t)} and sin ¢ {r(t)} represent the nonlinear input
amplitude to output phase‘conygrsion effect (AM/PM) while the term
R{r(t} represents the nonlinear input amplitude to output amplitude
conversion effect (AM/AM). The in-phase and quadrature nonlinearities
of Fig. 3.3.3 are described by the -envelope nonlinearities:

_ R{r(t)} * cos¢{r(t)} and R{r(t)} - sin ¢ir({)?}.

- / . From equation (3.1.8) the quaternary PSK signal can take the
! form:- '
. sQPSK(t) = A ki‘.; p(t-2kT) cos [uw t + ek'l (3.3.12)
- |
where,
° By equiprobable transmitted symbol selected from the set
n, 2niy . _ )
,{Z+T}’? = 0,1,....,M-1.

Equation (3.3.12) can be expanded as:

—

ptell o 53 MNP T A g LA e ABEEGRL D b ks W, b AL n e e e Ceata ew " - et - w e o ws d a
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SQPSK(t) =Af ki—i)(t-ZgT) cos 6" coS wt
- ki_mp(t-zm sine, - sinuct ] (3.3.13)
or
; Juct = . y
SQPSK(t) =R, e z A(cosek-+ j sin ek) p(t-2KT) ,

k )

- (3.3.14)
- Assuming, as before, that h(t) is the low-pass equivalent of the impulse
response of the filtering betwéen the modulator and the TWTA, the

filtered equivalent signal at the input of the TWTA is:

4 o _ 'I jwct o . . . ' .
UQPSKEF) = E-Re{e k)i_wA(cos 6+ J sin BE) [p(t-2kT)*h(t) ]}

(3.3.15)

Putting, the respective in-phase and quadrature components of the pulse

response of the filter as:

1

R(t-2kT)

%Re{p(t-ZkT)*h(t)} o (3.3.16a)

and

1(t-2kT) = 3 I (p(t-2kT)*h(t)) " (3.3.16b)

T

then, «

k]

-]

'
\ d

I Alcos ek sI(t-2kT) + sin 0, R(t-2kT)] sin w.t

" (3.3.17)

Equation (3.3.17) can be rewritten as:

Ugpsk(t) = X6t} cos wt - y(t) sin b . (8.3.18)

A

-



-

-
G ]
'
rs

EAY

’ ’ -

or ’ ' ’

hUQPSK(t) =‘J£2(t) + ;z(t)-cos[wct + arc-tan %%%;] (3L3.18§)

where, ’
7 k() = I A [cos 8 RIL-2KT) - sine -1(t- ZkT)] (3.3.19)
k== . > P ‘
» . y(t) =& Alcos o, I(t-2KT) + sin e, - R(t-2k1)] (3.3.19b)
. . . k:,w )

If the amplitude distortion (AM/AM) and the phase distortion (AM/PM)
functions are assumed to be g(-) and f{:), respectively, then according

to equatio? (3.3.10) the output of the TWTA is given by

LN N

¥

where, L ( : .o : -

A= x2(t) + yz(t)

" From the last expre551on it becomes evident that due -to the

non]inear1ty effect of the TNTA large enve]ope fluctuat1ons at the lnput

of the TWTA are trans]ated to more s1gna1 distortion at the output The

Q

power spectrum at the output of the TNTA is given by [12]

T
. Z I JO’T ]
Ho(f) -w d 2T =T

Lo e dF [x(v), y(£hx(t) g yltr)] dt
- L ' S @)

) ‘
. L} o v

,where F[x(t) y(t), x(f+1),y(;+1)] represents the probabi]iti/gfstribution

function of x(t), y(t).'x(t+r) ‘and y (t+r).

Vo(t) = g{A(t)} - :ps [mct + arc.tan %%%} + £ (A(t}](3.3.20).

P2 (R TH Cx(8) sy (£ Hex( )y (£4e))
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Figures 3.3.4 a,b and c show the power spectrﬁm of quaternary
PSK‘signals at the output of the TWTA for various symbol rates aﬁd input
back-offs. It is seen that for a given symbol réte, the spread of the
power spectrum which is primarily caused by the amplitude nonlinearity
rather than the phase nonlinearity of the TNTA,. decreases és the satellite
input back-off ifPreases. '

The AM/AM coﬁ&ersion effect, in other wofds; produces new
.generated sidelobes which a?e superimposed on the low-level sideiobes of
the bandlimited spectrum which resu]tsuin adjacent channel interference.
‘Tighter filtering is therefore required’at the saf¥1lite output and/or at
the earth station input in order toﬁ}educe tpi; undesired interference
or at least to keep it within acceptance 13&915. However,.tighfer f%]ters
will produce large amounts of ihter§ymbo] interference (ISIB. Thus,
trade-off is requi%ed to provide reduced adjacent cHanne] interferencé
-while at the same time maintaining manageable ISI so .that optimum system
performance can be achieved. The AM/PM conversion effect.is the cause
for excessive_phase‘errors at the reéeiver causing the performance of the
s&stem to degrade, as-shown in Fig. 3.3.5 [13]. Both conversion éffects
are proportional to the envelope fluctuations r(t), as i]]ustratéd by
equation (3.3.20) and modulated sigﬁa]s with small envelope variations
are requjred for use in.nonlinear channels: This is obtained by hard-
limiting the siéna] prior fouthe_TWTA. waever, in QPSK, while hard-
1%mi£ing regtores~the constant enve]ope'to the modulated signal, at the
same time restores e;sentia11y all the frequency sidé]obes back to their
' origiﬁal level prior to ba;dlimiting. This is shown in Fig. 3.3.6(a).

"On the other hand, hardlimiting does not produce the aforementioned

/
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deleterious effects on an O-QPSK signal. When the bandlim%ted O-Q§SK '
signa] passes through a hard]im;ter, the 3 dB envelope droop is removed
withoutvaffectiqg the phase.}Consequent]y, the absence of }apid phase‘
shift; (and hence high frequency content) in the regio; of a 90° phase
change means that hardlimiting wilj not generate the frequency sidelobes
that the spectrum héd prior to bandlimiting. Thus, with O-QPSk signal
out-of—bapd interference is suppressed when the signal passes through a
hardlimiter.

Tests [10] indicate that, as &iscussed previouslyy the ﬁower
spectra of conventional and offset QPSK signals are iden?ica] up to the _
output of the filter. However, after limiting, unlike QPSK, the spectrum
of 0-QPSK remains essentially unchanged and seems to retain approximately
its fﬁ]tered value in the hfgh frequency Fegion. Thds, it becomes evident
that 0-QPSK signalling is more advantageaus than QPSK in nonlinear channels.
Fig. 3.3.6 illustrates the spectral spreading of QPSK and 0-QPSK signals.
As can be seen, at the ou@put‘of the TWTA, the bandlimited and hardlimited
QPSK retains its filtered spectrum. A lowpass BTsyprdduct of 1 was used
for the tests in Fig. 3.3.6, while BT, products of 0.75, 0.625 and 0.5

were also used by Rhodes [10]. 1In all cases the results showed that the

. spectrum of the 0-QPSK signal after hardlimiting remains. essentially at

its filtered nature. Therefore, the out-of-band suppression by 0-QPSK
signalling seems to be achieved for any practical bandwidth restriction.:
Fig. 3.3.7 i11ustraté§ the filtered as well as filtered and limited spectra:
of 0-QPSK with BTS equéls to 0.5, Fig. 3.3.8 shows that the power

spectrum of MSK signal after filtering and hardlimiting is 9pproximate1y

the same as that after.fi{tering alone. This is because ;he MSK §igna1

has a smoother phase transition than 0-QPSK. MSK, therefore, is more

%

" immune to out-of-band interference.
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CHAPTER FOUR ' ’ '
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\ : -

4. THE QPSK AND 0-QPSK MODEM

!

\

3.1 "MODULATOR

>

\u Since,'as discussed in section 3.1, the only difference between , A
\

- L)

QPSK and 0-QPSK is the time delay of half the symbol period (TS/Z) applied
to one‘of the data streams in the latter system, the block diagrams of

both are the same. Such a functional diagram is depicted in Fig. 4.1.1.

-

4.1.1 Scrdmbler
Most of today's digital transmission s}stems employ scrambljng-
descrambling circuits inlorder to ensure that the transmitted PSK spectrum
is continuous and void of discrete frequency components, even tﬁough the
NRZ data input may cbnsist of repetitive patterns.
. The principle of scrambling is illustrated in Fig. 4.1.2 [{4] .
\yhére a 5-stage self-synchronizing scramb]ey i§ shown. The output data

is given by:

bk=akC)bk;C)bk5 . L (M1.)

where the symbol{(3¥)denotes mod-2 addition.
The scrambling process adds a pseudolrandom pattern to the
input binary sequence by converting the binary pulses into a long term

.recurring sequence. The scrambler is basically a pseudo-random binary

>

sequence (P.R.B.S) generator against which the data is exclusive-NORed

to scramble it. Figure 4.1.3 shows a da%a scrambler. The P.R.B.S.
‘ N |
generator consists of a binary linear feedback M stage shift-register..

-
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Fig. 4.1.2 Scrambler Principle
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Fig. 4.1.3 Data Scrambler
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" This is illustrated in Fig. 4.1.1.

-65- .

. ! .
Certain output steges of the shift regiseer are modulo-2 added in an
exclusive-NbR gate. The output from the adder is fed back into the input
of the shifs register. The so generated pulse sequence is well-known as
maximal length sequence (m—sequence). The maximum period of the m-sequence
M'] bits, M being the number of stages in the sh1ftrreg1ster The
higher the number of stages used in the sh1ft -register e\E’hwgher would be
the "randomness” in the scrambled signal. During normal operation, they

scrambler produces an equiprobable output, that is, an average p(o)=

p(1) =

4.1.2 S/P Converter - ‘ -

o

The serial to para]1ei converter transforms the incoming data

binary stream whose bit rate is f_ into two parallel symbol streams, I

b
and Q, with rates f = fb/z, as shown in Fig. 3.1.1. The converter
alternates between its two outputs, the even bits of the binary 1nput
"stream being present at the in-phase output while the odd bits being

présent at the quadrature phase output. The baseband spectrum of the

individual I and Q channels has'the same shape as that of the incoming

. data stream but since the symbol rate of both channels is half the bit .~

rate, the nulls of the spectrum become multiples of half the bit rate.

ri . A

4.1.3 Differential Encoding - . "

Differential encoding is employed to cohérent QPSK and 0-QPSK
systems to resolve the phase ambiguity of the recovered data at the
receiver. .Ambiguity as to the exact phase orientation of the received

8 ' - »
signal is caused because of the carrier recovery network. Differential

¢
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. )
"encoding is discussed extensively in section 4.5. , o

4.1.4 (Qscillator and Phase Shift Network ‘ [ - . N

The two.encoded data streams {dI} and {dQ} are filtered
respectively by low-pass filters and are applied to balanced mixers. The -
oscillator in'conjunction with a 90° phase shift network generates ‘two S

carriers of the same frequency bﬁt 90° out of phase, the in-phase carrier
- [4 ) .

and the quadrature "phase carrier. The two carr%ers are applied to two

mixers, one carrier to each mixer. These carriers can be expressed by: -
. L, T . L -
C; = A cos (wct + 4,3 . .
= ; s
CQ = A sin (wct + 7 ) (4.1.2)

! /

4.1.5 Balanced Mixers and Summer

The_encoded: data stream {dl} qodulates°the in-bhase carrier ip
'F ba]anced‘mixer while the encoded data stream {dQ} modulates the quadrature
phase carrier in the second ba]anced'mixer."Multiplication of a carrier
by a logic state "1" which correspond§ to a positive rectangular pulse

-4

whose value is expressed by equation (3.1.2) does not change the phase

of the unmodulated carrier R !

-

.

ur:I(t) = /2_ cos {u.t +7) - ' (4.1.3)

However, multiplication of the carrier by a logic state "0" which
corresponds to a negative rectangularkpulse ofltbe same value, produces

a 180° change in the phase of the unmodulated carrier.
- * t )
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A N IA‘ 5"
0 () =:A i1y - A + I
' _ I( )] I cos (w t 4y ) = cos (mct +74 7) (4.1.4)

Thus, an a1ternate encoded logic sequence of ones and zeros shifts the
, carrier 1nstantaneous1y from 0° to 180° and vice versa. Thepower
spectrum of the modu]ated°s1gna1 at the output of the m1xer'is shown in
F]g 4 1.1,
The quadrature phase carrier, which is in @0° phase d1fference
_with the in-phase carrier is modulated with the second encoded data stream
. {n the second balanced mixer. Its phase changes~from 90° to 2f0° and
vice versa, by the a1ternate secdnd encoded logic sequenceoof ones. and
/ - zeros. Both mixers’ outputs are BPSK modulated signals and are said to
be orthogonal because there is'90° shift in the I and Q modulated signals.
- ’ The modu]ated carriers are linearly combined in the summing
network to produce a fourrphase PSK s1gna1 The QPSK signal consists of
-two signals in quadrature, whith occupy the same spectrum, but lndepen-
dently recoverable at the receiver.. a -
. Finally, the four-phase ﬁsk signal is bandlimited by the trans-
mit band-pass filter (BPF) to suuprees'the out-of-band interferehce.‘ ;
In the 0- QPSK modu1ator, a t1me delay equal to one half the
symbdl durat1on, IS/Z, is 1nserted into the Q data channel as shown in
Fig. 4.1.7. Because of this delay, the phase tran;itions in the O-QPSK,
wavetorm pccur every T seconds kFig..3.1.5), whereas the QPSK waveforu
has trans;tions only every 2T secopds (Fig. 3:].4) since both data channels

) ' . are synchronously aligned. ‘ ' e o

'

4.2 . DEMODULATOR ‘ _—

|

4.2.1 aptimum Detection of QPSK and 0-QPSK S

o g e o

As discussed in section 2.2 for optjmum PSK detection,usampling

’
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must occur at the symbol raté, becau§§"at this rate the signal has its -
maximum value for each specified sym%o1’interva1. Therefofe‘ since a
quaternary PSK signal consists of two binary data chahne]s where
components are antipodal, optimﬁm detection can he obtained by takfng
samp1e§~af times t = 2kT for both duadrature channels of a QPSK system,
or at times t = 2kT (I-channel) and t = (2k+1)T (Q-cKannel) for an
6—QPSK system, ‘

From Fig. 2.1.2 it becbmes\svidént that the reference signal :

which is required at an optimum correlator receiver must be

S(t) = 5,(t) - 5 (t) (4.2.1)

Since both éomppnents of the quaternéry PSK signal are orthogonal, £ﬁe-

_ use of a correlator receiver far detection will produce one component ,
of .the quaternary signal dépending on the reference signal that is used.-
This is explained by the fact that the orthogonal to the reference signal
component is cancelled at the output of the integrator, as the integral

of the product of two orthogonal signals is.zero. 'Omitting, the “,'
amplitude value A of the carrier (no loss of generality), the reference

signal required‘for the in-phase and quadrature phase channels are:

- < [

Sp(8) =5y () =5y (6) = Zcos (wgt e ) (4.2.2)
SQ(t)' s SQz .~(t) - 501(1;)3 = /2 siun (wet +3) (4.2.3)

. s
»

In QPSK recépiion, the 1n£egration_per16ds of both correlator
receivers must be from 2K to (2K +‘2)T, while in 0-QPSK reception the
* periods of ic}egration must‘be frsi 2KT to (2k+2)T fbr.thé I-channel and
. (2k#1)T to (2k+3)T for the Q-channel. Thus, at theqoufpgts of tﬁe,
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. 1ntegrators the signaTS are:. ' . :
' K . (2k+2)T e o
. ‘II(.t)r ' .;}{— d (t) cos (m t +\0, "
' ‘ ZkT V2 , "
L . . C S )
’ .
T R +1y (t)Sin(mthA)}\[—COS(mt‘P—)dt T,
o T ¥ , - \ -
B . J ' , 2y , o , c,
SR - . = dI(t-)‘ T, for the.I channel = . (4.2.4)
SR § . S \
if ' N ) k ~ .. ;
W , " () (2k+&)g 1 ( ( 1y . L
R t) = . {=d.(t) cos (u_t + SR
Q(QPSKl sz I ~H &'A I [ ﬂ (ot ‘a: . ‘ -
» " % . .
: . : 1 : ” ' N .ow ’ l
A — 4= dp(t) sin{w t + )2 pinw _t + F)dt
§ /‘\‘ 4 /2_' P . C I , C 4 [ R
. o . , s 4
| ) ‘ . and, ) ’
; ./ : v " (23T B ) cos | ‘ .
' D {—= d,(t) cos W, t+ —)
N i 00-qpsk) (2k+1)1 vZ 1
. > .’/ . . ' [’ » )‘
: L g (t) si E1))V2 sin (ot +q) dt. -
. ‘ r +/§ dq(‘t) 53131 (mct 7 sin (w .t +7 .
2 y t -
v & dQ(t,) T, for the Q-chdnnel (4.2.5)
‘, In order to regenerate the I and { channel symbols, the samples obtained
; ' . *  at the outht of“}f integ;'ators should be held for 2T sec. Such an ¢~
i optimum four ‘phase PSK recefver is shown in Fig. 4.2, 1 oo, i
[ - .
% ‘In practical appHcations, hov;ever, low-pass fﬂters aré
- ¢ .
. emp]oyed 1nstead of 1ntegrators because when the data rate 'is h1gh then
| the fntegrators do not have enough time to reset, before the next«symbol
. ¢ 7
c e proceeds too far. In such%case the products at the mixers outputs are:
* .'< . I . Po. .o A . . . . '
, . Y » * . o &
", v el ' ° ' :
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n bd : . . . l .\l‘
m,(t) = fl- d.(t)-cos (vt + 1’5 :
R /2— 1 ' C 4 e ) - !
n S - '
+ j%’ dQ(t) sin (dct + 3)}f§ cos'(wct + %)
d (1) d(t) a(t)
f = ;2 - 12 sin 2 t + —95- cos cht‘ (4.2.6)
and * s
. e w‘, . 1,
'mq(t) -,{/2' dI(t) cos (wct + -4) L )

. -f'+2% dQ(t) sin (wct‘+ ;J}J?'(wcf + %3
() 4V 4, (t)

= - Q ]
sin 2wct + > cos cht (4.2°7) -

2 2

. l * T .
At the outputs of the low-pass filters the I- and Q-data are recovered '

3 v

as: . -
. d‘I(t) Co ' .
mep(t) = —5— PR \ '
. . A . B Q ./ M-‘: ) ) R
and - '(‘ <7 ; \ (4.2.8)
" \ . d/ t) . .
.. m (t)=—g-—— ) R A
L\ o ) R
‘e < ) . . . AT

The detected(;ymbqls are then sampled at' their ﬁidp@jnts;
. = - [ “ v ' . v ] :
Where thg symbol maximum values are present due to band1imiting, and

the recovered data'are next decoded {n order to qptain the 1pitia1 data’

stream. - . -
A ¥ - . ' .
& * .
A ’ K 4
N4.2.2 P ecejver e :
. . ‘ , - s U R -
. block diagram of a coherent QPSK or 0-QPSK receiver_i%
. l‘. B . / .' . ;e LI
' 'y - NV N e
’P. * ‘o YN . (’ o * R - ’ 1 -
e N ‘ 'F
~ @ .‘\'_." . ”~ ¢ #
O oo : A : ~—y
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o ‘ shoﬁn in Fig. 4.2.2. The incoming four-phase signal is applied to

carrier recovery’circuit and to power splitter which provides the I

<

and Q channels with identical characteristics of the incoming signal

but half its rate. The.carrier recovery clrcuit'provides an accurate , i
, ‘ . R
and stable carrier reference for coherent detection of the I- and Q-

VORI

data ln the two balanced mixers. The t1ming recovery “circuit produces

o i

the proper clock1n§ for the threshold detectors which generate the data
pulses, and also for he parallel-to-serial converter, the differential

‘:decoder and the descrambler. The data descrambler perforns the inverse
loperation of that of the\scrambler and can be realized with a binary
linear feed forwatd (M stages) shift register. The feed forward connection
is efactly the same on the feedback connectlon‘in the scrembler and is

o made by a modulo-2 adder as shown in Fig. 4.2.5 for the case of M equal

e,
CIf bk and c, are the descrambler‘input end output respectively,
}/ ’J "then 3 ol |
. ‘\ c'k = bk@ bk-3®bl{-5 - ' ; . ?
{ T , ) s ’
| -\* A . ak®bk'3®bk15®bk-3@bk-5 ak . ( tg)'

I3 .

\ - ' 1\1‘ ’ ' . ’ . g.‘
- The* output of the descrambler is the"originel data sequence < !

" at the input of the scrambler at the transmittter

¢

P . A descrambler which ‘corresponds to the scrambler of Fig.

bo : 1s shown 1n Fig. 4.2. 4

| K . .
: . . TQF carrier timing, recovery and b1t timing recovery cerUlts 4':

. " are described analytlcally in the following twOusections.

B .~ o
1 /
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&.3 ‘CARd&ER RECOVERY CIRCUIT (CTR)’

 In digital modulation systems with four-phase PSK and coherent

_75- .

"detection, it is very important to realize an accurate and stable

synchronizer which will provide the carrieﬁ reference necessary for the

coherent demodulhtion of the I- and Q-data. The most popular methods of

" i -
recovering the carrier reference use nonlinear signal processing and

are described belgw. \

4.3.1 'Quadrupler

The four-phase PSK signal

&

S(t) = Acos (wt+e): . ' (4.3.1)

passes through a X4 multiplier, as shown iﬁdFig. 4.3.1 (a) and (b),

and the output is

S (t)

/

It follows that a narrow BPF hay be employed to separate the cos(4mct + 49)

signal which is th
Finally, a frequen
required s%gna] re

if= 0,1,2,3. Howe

difficult to realize and a1so'since the X4 multiplier inevidably degrades

"the signal-to-nois

as shown in Fig. 4

)

Al cos4(mct +g)

Aty cos (25t +20) + 3 A" cos (du t + &)

8

A4

N|—

)

T (4.3.2)

e fourth/harmonic of the desired coherent reference.
ce divider (Fié.“4.3.1 a) is employed to yield the
ference cos (uw_t + o) where 6 = gﬁi- = 1i/2,

ver, since the BPF'must be very narroﬁ whicb is

e rat%o, a phase-lock-loop (PLL) is usually employed

'3n](b)'- As one can see the carrier recovery.-circuit

can 1ock;on to anyone of the four transmitted phases represented by 0.

[
[
-
v
-
’

e oz msagaa Kl s e b v

.
v e = b

o o, oo 26 ATy 150 b e
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1

N

BPF ]€OS 4(mct+e) 'COS(mct+8)
4fc‘ Y »

o 9Q°
\ ~/-l\ Q-data
3 2 >
A \ X .
\ \
, ( - ’
. { I-data
(a) C
. Loop .
. Filter ‘
. cos 4(w _t+ 8)
c
A cos(mct +9) '
. X4
. " veo.
cos 4(mct+e+¢) \sin(mctﬂ)w)
(».
90°
@ . A I-data
—X) —
/ \
'f>1<\ ’Q-data '
(b). V 3

@ ¥

-

Fig. 4.3.1 Quadrupler Method [20]
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Namely, 6 =0°, 90°, 180°, 270°. This four-fold ambiguity is resolved .

by differential encoding as discussed in section 4.5, -

v

4.3.2 Remodulation:Method

Four-phase PSK carrier recovery using the remodulation method
* (sometimes called Phase-reverse modulation) is shown in Fig. 4.3.2 (15]. ‘
In this method, the demodulated I- and Q-data streams are used to re-
modulate the recgived four-phase signal produ;jng two-phasg signals at )
.\ the output of the second mixers. The two signals are then combined
using an adder and the resultant signal is the desired coherent reference.

Setting the delays of/each channel T, = T, = T, = T, the products on the

1 I Q

first pair of mixers are:

mp (t) = [dI(t)’cos wt + dQ(t) sin wct] x 2c0s (mct +¢)

- 1
. | | (4.3.3)
/o .
L ‘
g N . . . Ny
x | mQ](t)f [dl(t) cos w t + dQ(t) sin wct] X 2sin (mc +4)
T ( (4.3.4)
° These two sibﬁa1; at the output of the LPF's have thé form;:
\ | ) /
mFI](t) = dI(t) - C0S ¢ - dQ(t) - sin ¢ (4.3.5)
TFQ1(t) = dQ(t) - cos ¢ + dI(t) . si? ¢ , (4.3.6)

>
B [y

k Thus, the products of the second pair of mixers are:

o : ’ mlé (t—T)'='[dl(t—T) cos u (t-T) + dQ(t-T) sin wc(t-T)]

5 [dy(6-T) cos ¢ - do(e-T) - sinel . (4.3.7)

i Ko ke o
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\

mQZ“(t-T) = Fdl(t-T) cos “c(t'T).+ dq(t-T)- sin wc(t-T)]

_— X [dg(t=T) cos ¢ + d(t-T)+ sin o] (4.38)

, .
- . % A

j Defining © = t-T, and since dl(t:T) . dQ(t-T) =+ 1 =0Dt), the last

_ expressions can be rewritten as: ' ’ -

mI2 (x) = [cos 4- Cosyt - sin ¢+ sin wCT]

* + D(t)[cos ¢- sin T~ sin ¢ - cos(%r] (4.3.9)

' . > !
mQZ(r) = [cos ¢+ sin w.t + sin 4+ cos w.t]’
’ - + D(t) [cos ¢- cos w.T + sin ¢ - sin mcrj (4.3.10)

e
Tééfefore, the sum of the products is:

{

-~y
4

P s LU

2(t) =my (1) + m," (1) ‘
‘ I %
§/ " = 2[cos ¢* cos wx+ cos ¢+ sin w t] when D(f) = + 1
. . z (4.3.11)
= 2[sin ¢ cos T - sin ¢ * sin wct] when D(t) = -1
) . ' ., (4.3.12)
b, " . ’ ,
‘As a result, the resultant signal at the output of the combiner can
' ) “have the form: (
£(7) '= 2[cos( ¢+ 45°): sin w,T *+ COs ( ¢- 45°)¢ cos wcr]
. | " (4.3.13)
e \.
o o
- 3 « '

SNPPRRE
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T

Evibently, a clean tone 1; present.at w. rather than 4wc, as in the case
of the carrier recovery implementing the quadrupler. The combined single’
phase component is acquired by the PLL in order to generate the single

phase carrier. A

4.3.3 Costas Loop Method - .

This recovery carrier technique is very similar to the re-
modulation method. The two demodulated quadrature signals are used to
P cross-modulate each other and then by substraction of the resultants

a carrier reference is generated.

As shown in Fig. 4.3.3 the filtered product outputs of the first

pair of mixers are:

mFI](t) =/%_[q1(t) cos wct + dQ(t) sjn wct] x 2 cos (mct +9)

Ay oy “
- [dQ(t) cos ¢ +d;(t) sin ¢] (4.3.14)

= A . n . . 1 \ ‘
mFQ]i(t) o [di(t) - cos w.t + dQ(t) sinw.t ] x 2e1n(mct +¢ )

=B 14 (1) - cos o - dglt) - sin ¢] (4.3.15)

The product outputs of the second pair of mixers are:

my (t) )é [d (t) + cos ¢ + dI(t) - sin ¢l - d(t) 1, .
2 )
“ . = A [cos ¢+ sin ¢] ‘ e . (4.3.76).
j : V3 : e

g () /-g [d;(t) cos ¢- dy(t) sing] * do(t) ~

LA \
. ‘QEJf [cos ¢ - sing¢]l . (4.3.17) .

. “ . oy .
a R -
. . | 4 o
N N ’ B A - - o B H +

o
8
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The resiltant signal of the subtractor is:
' N p i \
d1f(t) = VTR ¢ sin g . (s.3.18)

The Costas loop carrier recovery technique, as the remodu[ation

method, arises four-phase ambiguity which is resolved by coding as

discussed in section 4.5. » . >

" 4.4 BIT TIMING .RECOVERY (BTR)

~ \

Timing recovery is oee of“the most imporégg;/funciion perf;}hed
by a coherent modem. The objective i§ to extract a tone located at’
.the bit or symbel rate, depending upon the fed signal to the timing
B ‘recovery network, which is required in the operation of the threshold
detectors, the parallel—tofserial coeverter, the differential decoder

and the descrambler.

The timing recozery circuit usually employs a nonlinear ségnal .'
processing element which generates a discrete‘spectra! component .at
- .. the bit rate multiplé. This can be“achieveﬂ by theQNRZ to RZ digita)l
code conversion, shown in Fig. 4 4.1 a]ong with the waveforms which show
\how the timing tohe.is eéxtracted from the reée1ved data

- ’ " Another. timing recovery techn1que is the pre -demodulation

"

téchnfﬁue which is shown in Fig. 4.4.2. Let the recejved aignal be
i o ¢ s N
~ . S(t) = d(t) cos mct B . (4.4.1)

where d(t) is a'NRZ waveform with pef%bd of T. For simplicity, assuﬁing

: . . - —_ . — v » 4 o
' “

vy / ) . o - . “>’v
. dt) = Acosyt « (4.4.2)
e

=J ' =l . . ! ’ ’ ','n . °‘.
w,/2 2$F]9Fk rate . U '
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(a) Block Diagram of a Symbol Timing Recovery Circuit //i
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Fig. 4.4.1 NRZ to RZ Digital Code Conversion-
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Ad(t)ébs&c
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A
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_Fig. 4.4.2, Pre-demodulation BTR Method
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The product of the the two parallel sequences is: —

A

/‘ c(t)

a(t)-b(tf = [d(t) fos/mct]-[d(t + 1) cos mcl(t + 1)}
. | . .,
d(t)-d(t + 1) - % [COS(ZmCt + mc;) + cos ch]

-
\
]

; O (4.4.3)

where,

d(t)-d(t + ) = A cos wat - A cos (maf + mar)

2 .. :
A I “
E-[cos(ZNat + mar) + cos waTJ . (4.4.3)

! ) \
Therefore, . \(/f)

2 .
c(t) =-% [cos(ewat + gar)'+ cos waT] [cos(zwct +rQell+ cPbs mcr]

I'd

. 2 ‘ : : 4

= £ Leos(2(ughu )t + (wotu,)1] + cosl2(ug-u, )t +(u -u )1 ]
2 2 .

+ g Cosu,t cos(2u tho 1) +'g oS wr - cos(2w t )

Co) x>

!

+ % €O w,T- COS waT] : - (4.4.5)

\
The -output UF(t) of the filter does not contain the ferms of frequencies

ZmC, 2(wct wa) nor the terms which are.d.c. components.,
N Thus,

2 i
U (t) = COS w T COS(Zwat + war) (4.4.6).

The frequency of this output UF(t) is:
wb ‘
Zwa 2-5— = wp = clock rate

It is clear that when the recovered tone is located at the

symbo] rate, then it is applied ditectly to the regenerator but 1t is

4 —
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‘multiplied by 2 before being applied to the€ various ;iﬁcuits fo1loﬁing

the parallel to serial converter, as is the descéEEbler.\ However,

if the recovered tone is located at the bit rate then it is divided—by

- 2 before being applied t& the regenator., : ' . ‘
4.5. DIFFERENTIAL ENCODING AND DECODING

4.5.1 Phase Ambigujty Effects .

>

When QPSK or 0-QPSK receivers employ coherent carrier recovery

circuits. différential encoaing becpmes ﬁecessary. This ie‘reg;ired

. because the cargier recovery network might introduce 180° or 90° phase ‘= .
ambiguity inte the carrier. The ph;se ambigujty effects can be | \
appreciated by considering 6., as the one of the four phases where the

refereece carfier resides and which is in pha%e w{th the original s |
carrier reference. Referring to equation 3.1.7 and Fig. 3.1.%hépe would

_ observe that the other three phase references, whjch are :62 =e] + 90°, -

+ 180° = - + 270 =.9, + 1802 =

37 % 1 4 =9 F 2 " Oy
derived but the I and Q channel outputs-do not not hdve a one-to-one

8, = 6 and 8, =8 can be '

correspondence to the~inputs. The.possibilities that may arise for QPSK
. and O-QPSK are i11ustrated in Table 4.5.1. %r‘m this table it becomes
evident that there m1ght be a four-fold amb1gu1ty in either QPSK or
' 0-QPSK.” In the latter scheme there is an additional ambiguity, that is, -
which axis (; or Q) is the delayed axis..
: To ensure the one-to-one correspondence between input and output,
the demodu]atep data in goth channels of the receiver must be coming out
“in correct fime sequence anp po]ar{ty irrespective of the eecovéreé

)
&

coherent phase reference This tan be resolved by employing differential

encodxng and decoding. L . ‘ _Z

~

st
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4.5,2 Coding for QPSK

Differential encoding is obtaﬁned by transmitting the change

“

in the phase between chcess1ve states, instead of representing the

‘data bits by the absolute phase of the carrier. The differentia) encoder
encodes the incoming dqta in both data channels (I and Q) in such a way |
that. phase shifts are taused at-the output of the transmitter under

pr rmﬁngg conditions. These conditions are; the state of the in-
m

T
co data streams and the previous state of the encoder, as shown in

( "X
Fig.-4.5.1. Referring to Fig. 3.1.2 and representing the counterclock- .
wise rotation from one state to another as positive change in phase and

the clockwise rotation as the negative one, the encoding truth table is
|

derived .as shown in Table 4.5.2. .Use of logic levels is made by assigning

logic 1 for +1 and logic 0 for -1.

From Table 4.5.2 the encodwng 1aws may be der1ved/r§

' : .

£ = QBCD + ABCD +‘ﬁo + ABCD + ABCD + ABCD + ABCD + ABCD

» (4.5.1)
F = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + AECD + ABCD

;o , (4.5.2)

Theéé’expressiods can be simplified and written as: . - \\\ L ‘

- y .

E = ABc + ABD + ABC + ABD ., ‘ (4.5.3)

F = A8 + TC + ABD + ABC (4.5.4)

It is seen from Table 4.5.2 that a 0 output at both outputs

i of the encoder will not produce any change in the phase of the trans-
mitted carrier. A Okat the in-phase output channel and a 1 at the

quadrature phase output Ehannel will produce a + 90° change in the

‘  phasesof the carrier. The inverse outputs at the encoder, that is a 1 o
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»

vable 4.5.2 DIFFERENTIAL ENCODER TRUTH TABLE FOR QPSK

ENCODED OUTPUTS

PRESENT INPUTS PREVIOUS INPUTS PHASE
ADVANCE .
CH.1 CH.Q CH. I CH.Q CH'I CH.Q
(A) ©(B) . (c) {D) (E) (F)
0 .0 0 r0 0° 0 0
0 1 0 0 -90° 1 0
1 0 0o 0 +90° 0 1
1 b 0 0 180° A ]
0 0 0 1 +90° 0 ]
0o 1 0 1 0° 0 0
- 0 0 1 180° 1 <1
1 1 0 1 -90° 1 0
0 0 1 0 -90° 1 0
0 ] 1 0 180° 1 1
1 0 1 0 0° 0 ‘ 0
] o 1 0 +90° 0 1
0 0 ] 1 180° 1 ]
0 ] 1 1 +90° 0 1
1 0 - 1 ~90° ] 0
1 1 1 1 0° 0 0




-~

Table 4.5.3 DIFFERENTIAL DECODER TRUTH TABLE FOR QPSK

PRCSENT INPUTS

_PREVIOUS INPUTS

DECOCED QUTRUTS.

_ PHASE

CH.I' - CH.Q ADVANCE CH.1 CH.N

(E) (F) (A) +(B)
0 T 0° 0 0
1 0 +90° 0. ]
0 1 1505 1 0
1 1 180° 1 1
0 1 0° 0 0
0 0 +90° - 0 1
] ] - 90° 1 0
1 0 i 180° 1 1
1 0 0° 0 0
1 1 +90° 0 1
0 0 -90° 1 0
0 1 180° 1 1
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i

V¥

— E = KBC + ABD + ABC + A%n
P
CF = ABD + ABC + ABD + ABC
.
. p -

Fig. 4.5.1 Encoder for QPSK - -

J . g -
\]
‘ Delay T
C
— Encoder
~e
D
-4
Delay T
"!‘. '
’ rs
Delay T ¢
[ \
i
Delay T D

Fig. 4.5.2 Decoder for QPSK

Decoder

4

A =FFC + EFD 4 EFC + EFD

- .B=EFD + EFC + EFD + EFC

A

H
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Fig. 4.5.3 QPSK Encoder Waveforms
) v

~Rjg. 4.5.4 QPSK Decoder Waveforms

[
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at theﬂin-phase channel and a zero at the quadrature phase channel will

produce a -90° change in the phase of 'the transmitted carrier. Finally, /

a 1 at both outputgg

bf the encoder will produce a 180° changé.

-

- o In a similar fashion, with.the assistance of F{gs. 3.1.2 and i

¥ ' 4.5.2 and Table 4.5 the decoder laws can bé obtained:

.
]

EFCD + EFCD + EFCD + EFCD + EFCD + EFCD + EFCD + EFCD
(4.4.5)

>
i

[o~)
"

EFCD + EFCD + EFCD + EFCD + EFCD + EFCD +.EFCD +(EFCD )
' 4.4.6

) . These expressions can be simplified and rewritten as:

. - . 4 o
4

FEC + EFD + EFC + EFD = (4.4.7) -

‘ A
R .

«
o
i}

EFD + EFC + EFD + EFC . (4.4.8) . |
A :

| - Figures 4.5.3 and 4.5.4 illustrate the encoder and decoder waveforms.
s - ’ ‘
B A : |
r 4.5.3 Coding for 0-QPSK : - 1

From Table 4.5.1 it ¥s realized 'that the 0-QPSK signals might .
suffer a 4-fold ambiquity too: However, the 0-QPSK receiver has an -
additional ambiguity to contenq with, that is, which axis. is thé delay
. ) axis. It is coriceivable that carrier phase Smbiguity resolution by

differentigl coding on pairs of bits, as in"QPSK, cannot be implemented.
However, referring to Fig. 3.1.5 and Table 4.5.1, it is seen
that an.O-QPSK signal is possible to’be differentially encoded. The
Qifferentia] encoder, shown in Fig. 4.5.5, performs twd logic operations
2 in a‘syﬁbol intérval. Namely, it encodes the I-bits by eiclusive-ORing
the preSentAI-bit with the previous encoded bit of the Q-éhanne], and.the
Q-bits by exclusive-NORing the present Q-bit with the previous encoded

bits of the I-channel. The reverse opgpation also holds. The-

b

N



- T
. Q'
oo 7)) > K -
C qf
0) D Qr—
. CLK c . Q
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differential encoder laws are given by: s e
i = 1 - . v . f
.= T ® %y L
and . . ' ' : (4.5.9)
O L I
or
# — T
I3 = O =
_and T ’ . (4.5.10)
T toe v B
Oy = 0y D1y -

.
G ,

whéfe Ii; and Q%k are the outhts of the encoder. } R

_Assuming the same dafa'strgam; as in Fig. 3.1.5; :%d assigning
logic 1 for' +1 and logic O for -1, the encoded I- And Q--waveforms are
iMustrated in Fig. 4.5.7. | |

The data decod{ng of a differential encoded cohérent b-QRSK
signal can be realized .from Fjg. 4.5.7. Alternate e*clusive-OR aﬁd
exclusive-NOR operations applied to the demodu]ate& I- and Q-.data
streams result in the recovery of the transmitted I- and Q- data, In.
order, however, to resolvé the additional ambiguity about the channel
.idenfification_uncertainty, the circuit of Fig. 4.5,6 is -implemented.
Clearly, thé exclusive-OR gate is not sensitive to which ﬁnﬁut is tﬁe
. I- and 6- data. Fig. 4.5:8 illustrates the relationship of the decoded
waveform with the two parallel detected waveforms. .

By this encoding-décoding process the 90° and 180& phase
ambiguity introduced by the carrier recovery circyif is removed as well

as the ambiguity of which channel is the delayed -one. d
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CHAPTER FIVE

Yy
- 5. COMPARATIVE PERFORMANCE STUDY

- : i
5.1 BANDLIMITING AND NONLINEARITY EFFECTS AT SAMPLFNG INSTANTS

L L
- As discussed in section 3.3.1, the envelope of 0-QPSK, Eécaqse

r
1

of the time delay between i and Q channels, doe§ not have zero crossing
and the overall envelope f1uctua£ion; are smaJ1er\thgy;that of QPSK as
shown in Figs. 3.3.1 and 3.3.2. However,'at the critical sampling
points 0-QPSK has much larger gmplitudé fluctuations than QPSK, that
\:esu1ts'intgreater s?nsitivity to degradatié; fhrough nonlinear channe1§
/making more difficult the design of an optimum receiver [2]. As the
above @odu]ation techqiques are’ four-phase modulation, at the receiver
the c;?rier recovery nétwork\usua]]y employs a hu]tip]y by four method
as described{in chapter four. Consequentlx, the large amplitude fluctu-
ations of 0-QPSK at the sampling instants igply much larger fluctuations
of the carrier recovery fourth powered.signal. | |
This pon]inear Qistortionaand its effects can be readily

»

conceived by studying the space diagrams of QPSK and 0-QPSK signals.

- Figures ijl and 5.1.2 [16] show the behaviour of thé two aforementioned

signals with 100, 50 and 30% cosine ro]]ioffs. As can be seen, with 100%'
ucosine roll-off the signal moves‘diréctly from one state to the other in

each channel. For QPSKFsigna1s, the | ;nd Q channels are co-timed and |
whén both change state simultaneously the amplitude of the modulated
signal drops to zero as shown by the diagonal paths in Fig. 5.1.1 (a).
éoth chénnels are sampled at the same time and even assuming that the
modulating signals co;sistsqof baseband impulses instead of rectangular

pulses, there are always signals at the sampling times at both channels.

¢
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aJ100% CRO b) 50%CRO

: Fig. 5.1.1 ,QPSk Signal Space Diagram
for Various Cosife Roll-offs [16]

2)100% CRO | b) 50%CRO

Fig. 5.1.2 E)-QPSK Signal Space Diagram
for Various Cosine Rol1-offs [16]

-

. 30%CRO

c) 30%CRO




L4

, ']OO‘ ‘

|
Iﬁ 0-QPSK signals, however, because of the half symbol period’offsett}ng
in the two quadrature channel streams., when for instance the I channe)
is sampled there is no signal in the Q channel and vice versa, ‘

When both QPSK and 0-QPSK signals are bandlimited the impulses
become shaped pulses. In the case of QPSK, if no 1?rge‘intersymbo1
‘interference effect from the filter is assumed the sample signa1 points
do not change but rather stay where they are: that is, I-axis = ¢ 1

‘ _
and Q axis = ¥ 1, as,i11ustragtd in Fig. 5.1.3 (a). For 0-QPSK, howéver,

v

whep both channels change state simultaneously the amplitude of the

signal ;emains almost constant as shown by the inner circ]e of Rig.5.1.2(a),
and when only one channel changes étate, the signal moves along the sides{
of the square, as in the casé of QPSK." Thus, the signal envelope at |
the sampling instants is no longer only a funcf{ﬁn of the sampled channel,
This is i11u§tratea in Fig. 5.1.3 (c), where if the I channel is samp]eg,-
Q channel may have the values + 1 (transition from +1 to +1 or -1 to -1)

and zero (transition f:}m +1 to -1 or -1 to +1). Therefore, the €amples

lie not only at- the corners of the square, as in QPSK, but also at the

centres of the vertical sides. Similarly, when the b channel is sampled

. I channel has its possible values in the horizontal sides. In other

-~

words, sample points in O-QP§K are located on four lines perpendicular

to I and Q axis, because sémpWing-points in I-channel are transitions

>
i

in Q-channel and vice-versa.

. Now, when the signal is fourth powered at the carrier recerry
network the four signal points of QPSK converée to a point‘on negative
real axjs, as ;hown in Fig. 5.1.3(b), assuming absence of noise and

intersynbol interference. This can be verified from the expression of

the received signal. } ' y

S(t) = Acos (w.t +8) - (5.1.)
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‘where 6 = + 45° or + 135°, Passing this signal, through a X4 multiplier,

the output is given by équation (4.3.2).

LY

P
s*t) = A cos'4(mct +0) -
= A4E§ + l-cos (2w t + 265 + l'cos (40 t + 49) -
8" 72 c- Tl Ty c
y , - .

; (5.1.2)
Then, at the output of the PLL whicb separates the fourth
harmonic of the desired carrier signal, as described in chapter four, the
s%gnal becomes |
4 ' ‘

- s*(t) =8 cos (du t + 20) / ©(5.1.3)

where 48 = + 180° or + 540°, Therefore, the fourth powered QPSK signal‘ \
converges to one poini.

| For O-QPSK.signals, however, since the sampling points'in one
channel are transition points in the other chaﬁne], ;he fourth powered
.O-QPSK signals at the samplingfinstants lie on a curve [1] as shown in
“Fig. 5.1.3 (b). :
As a result, the 0-QPSK has much larger amp]?tude fluctuations
atlthe sampling‘instants thaq QESK. These envelopé varia}ions can be
reduced by shaping the modulating pulses such that zero crossings occur
at half the symbol rate. By doing so, phase transitions are avoided
alpogéther. This happens in a MSK system, where the amplitude of the
pulses are constant, but the bandwidth of each individual pulse increases
signi;fcantly as shown in Fig. 3.2.1. This type of signalling if it is
used in closely spaced channels, because of its 50% wider transmit;ed

3

spectrum relative to that of QPSK or 0-QPSK, it must be severely filtered.

-

»
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This would re-iqtréduce,enve]ope fluctuations in nonlinear environment, ]
and for this reason; the use of MSK in narrowband nonlinear channels

mEy be the worsf‘of the three pébular modulation schemes. On the other
hand, the fact that the sampled signal amplitude of a QPSK signal is
still concgntrated about a fixed point even when it passes through a
nonlinear éﬁanne], suggests that QPSK‘suf}ers less phase jitter in the
recovered carrier than O-QPSK and MSK.. Thus, in narrowband channefsh

0-QPSK and MSK whose signal is scattering at the éamp]ing instants have

larger overall system performance degradation than QPSK.

5.2 CARRIER PHASE QFFSET EFFECTS

Anothen’important imperfec@ién, other than the nonlinearity,
that is present in a satellite channel is the offset in the phase of the
carrier recovered at the receiver. In the following, the probability
of error in one binary component is first calculated and the results a?e
then doubled. |

. kﬁt Ps(e) represent the symbol error.rate and Pb(e) the bit
y .

error rate. \ -

\
]

-

\ = 2 = - 2 -
\ Ps(e) =1 - [1-Pb(e)] 2 Pb(e) Pb (e) (5:2.])
i Since for practical values Pi (e) << 2Pb(e), Ps(e) can be

\

computed, in each symbol as the sum of the probgbilities of crossing the
two phase thresholds, as shown in Fig. 2.3.1 (a). That means, it can

be assumed\that

\\ ' - . ‘
. Ps(e) = 2'Pb(e) A (5.2.2)

\ | '
The probability of each quadrature component of crossing the threshold

/

is given by eq&ation (2.1.20): /

S ‘\_ . « .

. \



"is a further degradation due to phase error ¢ in carrier synchronization,
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1 V2T 1 T s L
P (e) = 5 erfc \[— =3 erfc\ 53
b 2 N 2 2N
0 0 ot
= % erfc %— (5.2.3) )
‘ e ' . ‘
where 7 = Ni . <, ,

)
If the introduced carrier phase offset is + ¢, then

\ .
1

Ph(e) = % erfc V% . r(@)} n (5.2.4)

The factor r{¢) represents any decrease in the demodulated signal voltage
that results fﬁom'a carrier phase saffset of ¢ radius. This synchrohization
error ¢ introduces a correfation loss [17] in the demodulated signal

that is equal fo cos ¢. When carrier synchronization is perféct, that is,
when r(¢§ =1 ( ¢= 6),the two components' of a QPSK“signal are detected
o}thogonally. The orthogonality between the two binary components 'of a

QPSK signal is lost by the introduction of a synchronization error Q\

(6 # 0). In addition to the correlation loss in QPSK signalling, there

" Interchannel interference is introduced by crosscoupling between the

binary symbol streams and it is proportional to + sin ¢.\ Therefore, for

a8 given phase error ¢ in carrier detection, the resulting decrease in the

demodulated signal voltages is in accordance with

r(¢) = cos ¢ + sin ¢ (5.2.5)
' ’ S )

Thusy foQ QPSK signalling the error rate in each binary component, that is, . ‘

the probability of crossing‘ghe threshold s
Ps(e) =-% erfc [V[_kcos ¢ + sing) ’ (5.2.6)
> \ . ‘ ,

hat

NN
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The choice of sign (+) in equation (5.2.6) is re]atéd to an increase
or decrease in the component considered.
"Assuming a random sequence, the Fwo values of Pb(e) have
equal probabilities and consequently EQE conditional probability ;;\jB "

decision error per-detected bit in conventional QPSK waveforms is given

¢

by:

Pb(e) = %—[Qrfc J%?(COS o+ sin ¢) + erfc[%}cos $- sin ¢ﬂ

]

) (5.2.7)

&

From this equatfézfit is seen thdt duriné each quaternary symbol
.interva1 in QPSK signalling, onL binary‘component suffers destructive
interchannel 1nterﬁerence ( cos¢+ sing ), while the other binary
component experiences constructive crosscoupling interference. It is
also understood that because of the coincident alignment in QPSK signals,
the interchannel interference is always c?nstant during & bit interval,

In offset QPSK modulation the bit alignments are staggered.
Because of the staggered alignment-of the binary channels, the inter-
channel. interference can change state at midbit. As a a result, the
interference during the first half of the.bit is cancelled by the
interference of opposite polarity during the second half of the bit
interval. Consequentiy, for 0-QPSK modulation two different situations
can occur: - -

a) One component is sampled while the other is changing. In
this case the spurious component sin ¢ is zerp at the sampling instant
because fhe crosscoupling changes state. Thus, the only degradation

as a result of a synchronization error is the correlation loss cos ¢,

and the bit error rate of each binary channel becomes:
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Pb(e) = 5 erfc |5 cos ¢ ' (5.2.8)

a4

b) One component is sampled while the other is not changing.

In this case, the crosscoupling remains constant over the entire-bit
interval, and the bit error rate of each binary channel is"given by

equation (5.2.7). .

Thus for a random éequence, the conditional probability of

decision error f§r detected bit, in 0-QPSK modulation, is: given by:

P (e) = -1'— [erfg:\/g(cos ¢+ sing)] + erfc [ \j% (cos ¢~ sing )]
+ 2 erfc (\]% cos ¢)] (5.2.9)

From equation (5.2.7) and (5.2.9) we have that:’

e

Pb(QPSK) - Pb(O-QPSK)r=,%[erfc[dgg(cos¢ + sing )]

+ erfc [¢g (cos ¢ - sin ¢ )]
- 2 erfc (\/% cos ¢)]> 0 , (5.2.10)

This concludes that 0-QPSK is more .resistive than QPSK in the

‘ /
face of carrier phase offsets.

o

’ )

5.3 PERFORMANCE STUDY BY COMPUTER SIMULATIONS

- Comparative evaluations, based on computer simulations, about

JE—

the behaviour of'GPSK, 0-QPSK and MSK over wide- and narrow-band nonlinear

satellite channels have been conducted in [1],[2],[31,[4] and [16].
A\ ) T

5.3.1 Comparative Performance Tests

A comparative evaluation of the performance of digital modulation ‘l///ﬁ\
techniques which can be used in data transmission at high bit rates over

satellite channels, has been conducted in [4]. A single carrier wide- ~

1w
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band channel was analyzed, .

;-
In order to evaluate the systems.performance deqradation taking

~

~—

symbol” interference dugwéb\tjme—spreadﬁng of filter responses, and

into account Me nonlinear effects of the TWTA transponder, the inter-

additive noise, digital computer simulation was used. The block
)
diagram of the system being simulated is shown in Fig. 5.3.1. The transmit

" and receive filters used were 4-pole, 0.5 dB ripple Chebyshev filters

with a fixed 85 MHz 3 dB bandwidth. Only down-link noise was considered
and perfect carrier ;eferences were assumed at the receiver. The TWTA
which is represented by the éombination of the two nonlinear effects,
that is, the AM/AM and AM/PM conversion effects was modelled in quadra-
ture form by the.circuit of Fig. 3.3.3. |

" Bit error rate performance test results indicated that 0-QPSK
and MSK are relatively insensitive to the TWTA nonlinearities, as it
would, be expected, since both techniques retain their bandlimited spectra ~
after passing through a nonlinear device. It was also found thap
;perating the TWTA at 12 dB inpat power back-off (1linear operation) the
performance of QPSK, 0-QPSK and MSK signals are closely identical to
that of BPSK ;iéna]: However, with the TWTA operating at 1 dB input
power back-off, that is_essentially at sathration, the BER performance
of 0-QPSK was found better than QPSK and stightly better thaa MSK. This
is.shown in Fig. 5.3.2, where the BER performance curves correspond to
65.5 pG?s transmission rate with the TWTA operated at 1 dB power back-off.

Another useful methoddto measure the performance of a digital /

modulation technique is the SNR degradation which is achieved by de-

creasing the B.T product for a given BER. Figures 5.3.3 and 5.3.4 show

S
b -
the SNR degradation versus BTS of different digital modulation schemes,

v
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for BER 10'4 énd with the TWTA operating at 12, dB. and 1.1dB ihpup pbwér

back-off respectively. These figures indicate that 0-QPSK and MSK
pé}form better thén QPSK for va1?es of BTS Tess than 2 with the supefiority.;.
becoming greater as BTS,is reduced. /The SNR(degFadatfon between O-QﬁSK
and.MSK is no£ significant whide QPSK‘iQ\;bout‘O.S to 1 dB worse than.the-

. .

previous two schemes. o

5.3.2 Comparative Performance in Narrowband and Wideband Channels

N In the design of an overall sa}e11ite system, two very important
constraints must be cnnéidered. Tﬁese are:first, the high powe% amplifier
(HPA) at the transmitting station and the TWTA at the satellite trans-
ponder are Usually operated as close to saturation as possible and second,
thé 5vaf1ab1e transmitted bandwidth needs io be restricted to reduce
adjacent channel interferencs. |

A typical block diagram of a saté11i¥e channel model with
upper and lower adjacent channel interferepcé,sourées is shown in Fig.
5:3.5. Figure'573:6 shows the channel spacing.ﬁf ihe two typical cases,
i.e. narrowband aﬁd wideband channels. The transmitter filters eliminate

. adjagent channel intérference sigﬁa1 components. However, since HPA

pperatés in ﬁonline;r mode, at its outpu£ some out-of-band spectra is
rép;oduc;d. This power spectrum spreadinﬁ intefferes with adjacent '
channels in the up-link,especially when HPA output fi]te}é are not
employed by the system. The interference in the down-1ink 1is minimal
becausg the satellite transponder is usually equipped with sepqration
fi1tefé; The combined signal passes thfgugﬁ the input separation filter
which suppresses the, interference from adjaceng channels. Noise is added ¢

at the TWTA output and the resultant signal passes through the receiver
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filter and demgdulator. N ‘

Based on comput®r simulation results, it was found_il] %hat
the best combination of filters for nonlinear channels is a sharp cut-
off filter at the transmitter and a Nyquist shaping filter with equalizer
at the receiver, . . Q
Equivalent power loss for various input back-offs for both HPA
“and TWTA is shown in Fig. 5.3.7. It can be seen that in narrowbind
nonlinear channels, QPSK is the best quulation technfque. In wideband
channels, 0-QPSK is the best for small input back-off, while MgK becomes
better as we move far from the saturation region. Fig. 5.3.8 shows the
equivalent power loss when the TWTA input of the center channel is
attenuated. It §s seen that in the narraw band model, MSK degrades
faster, fol]owed‘by 0-QPS§>$ﬁd with QPSK degrading slower. In a wideband
model, however, the QPSK degrades most quickly, with the MSK next and
with 0-QPSK degrading scarpe]y. The carrier phase rms jitter was found
to be 0.44°, 0.95° and 0.99° for QPSK, MSK and 0-QPSK pespective]y in
the wideband model with (6/4) dB back-off. In the narrowpand case, the
corresponding values are 0.98°, 4.0° and 4.3°, These values indicate
that the carrier recovery in 0-QPSK and MSK 1is much ﬁore difficult than
in QPSK if a multiply by four (X4) multiplier is emplgyed to recover
. the carrier, ‘II should be noted, however, that the carrier in MSK can
be also accomplished by squaring the received signal, and therefor%>the
carrier phase rms jitter would be expected to be less than the afore-
mentioned value. Figure 5.3.9 shows the rms phase jitter in recovered \
carrier for three back-off va]ués. The reason that‘O-QPSK and MSK' ’

suffer more phase jitter in the recovered carrier is their targe envelope

fluctuations at the sampling instants. This was explained in Section 5.1.
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5.3.3 Chanpel Performance With anduwithout/ACI

Aajacent Channel Interférence (ACI) occurs both on the up-link
and on the down~jink. Generally, it is caysed by nonlinear spectrum
sprgading. Up-1ink adjaceht channel interference can be controlled
by backing off the tran;mitter or by filtering its output. Down-Tink
adjacent channel int;rference'is caused by the nonlinéar TWTA ;pectrum
spreading. L

As discussed previously, when PSK signals aré'transmitted
through bandlimited nonlinear satellite channels, the modulated carrier
introducef amplitude variations 6f the envelope. In conjunction with thé
AM/PM conversions effect present in a nonlinear eﬁvironmenij/this envelope
fluctuation introduces spectrum spreadindiand’additiona] intersymbol
interference. Since the carrier and the clock in a coherent system are
derived from the }eceived spectrum, both are §ijected to phase jitter
caused by the spectrum distortion. A1l of ch;e factors «degrade more
the performance of a systeﬁ as nonlinearity increasés.

For a typicaT narrowband satellite channel at an error rate
of 10'4, with no adjacent channel interference and pﬁgse/timing jitfer;
and with an input back-off of (14/4) dB, the equivalent pbwer loss was ~
measured in [3]as a function of BT .. A Nyquist low-pass transmit filter and'
a receivé filter with 45% roll-off were used. Fig. 5.3.10 i]fustrates
the computed equivalent loss. It is seén that for QPSK the channel Toss
reaches a minimum of BT = 1.1 whereas for 0-QPSK and MSK the channel’
losses indicate greater performance degradafion than QPSK 1in the recefver ’
product (BTS) {nterva1 0.9 to 1.4. ’

faking into consideration adjacent channel interference the:

system performance degradation was also examined for three different

7
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BT products. The HPA and TWTA were operating at ( 0/63 dB input back-off.

S
Figures 5.3.11 to 5. 3.13 show the b1t error rate versus E//N performance
of the channel with and without ACI. With tight transm1t filtering,

BT=1, the QPSK has better performance with and without ACI, than 0-WPSK
and MSK. Oh the other hand, for wider channel configuration (BT>1.5)

and ACI the 0-QPSK outperforms the MSK and QPSK. Without ACI the order
for better performance is reversed. Thus, in any event QPSK offers
better performance in narrowband nonlinear channels. )

Lundquist [2] in his study for the Intelsat V 60Mb/s satef@ite
system through a 36 MHz bandwidth channel, with adjacent channels spaced
40 MHz apart, also concluded that in a narrowband nonlinear channel
'QPSK outperforms 0-QPSK. In the same study, it was found that 0-QPSK is A _
more sensitive to the pulse shaping (Nyquikp rol1-off) than QPSK. In the
study of the European bommunication Satellite (ECS) 120 Mb/s system,
Harris [16] showed that QPSK outperforms O-QPSK in the narrowband channel

environment of ECS. i .
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) CHAPTER 'SIX
CONCLUSION

“In this report, the two most popular modulation techniques of

the PSK family, that is, the conventional QPSK and the offset (or

staggered) QPSK have been analytically presented along with ;he?r behaQior
when transmitted through a bandlimited nonlinear satellite environment.

As was shown, QPSK and 0-QPSK consist of two quadrature
carrier components which are binary ﬁhase modulated by réctangu1ar -
pulses of rate equal to ha]f the data rate. The difference between the
twd[singalling techniques is that in 0-QPSK, the two bin;ry modulation
sequences are shifted in the }elative alignment of an amount equal to
thé data bit period. In QPSK modulation, the carrier can assume one of
the following phdse conditions at a given instant: 0°, 90°, 180° and -90°.
A carrier phase shift of 180°, however, results in the most severe ampli-
tude depression of the modulated signal envelope caused by bandlimiting.
When both quadraiure channel data chanbe phase simultaneously, the
envelope goes through zero amplitude. This envelope fluctuation .is .
deletérious to the system in a a nonlinear environment because it cau;ég
distortion and out-of-band spectrum restoration at Fhe output of the
TWTA by its AM/AM and AM/PM conversion effects./As was mentioned in
Chapter Three, this results jn adjacent channel interference. The 180°
carrier shifts are avoided i} 0-QPSK modulation, by delaying one
quadrature channel by one bit time interval. Thus when only one channel
data change phase at the keying instant and + 90° carrier phase shifts

arise the maximum envelope fluctuation in 0-QPSK is only 3 dB. Therefore,

. Y
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' ‘ less spectrum spreading will océur when the signai passes through a | -

[ -

v B
nonlinear device. This property is very desirable for communications in

nonlinear channels, and because of this, 0-QPSK has been foreseen to be
more acceptable than QPSK in a nonlinear enviroﬁmeﬁt.

One special case of 0-QPSK is MSK-{or. FFSK) which avoids phase

transitions altogether due to half- cosine shape of the data modulating
hu]ses, and further sdppression of out-bf—ﬁénd interference can be
obtained in bandlimiting-hardlimiting applications. Although, however,
MSK has ahsmoother phasg(traﬁsition than that of 0-QPSK, its main
spectral lobe, sing]e-sided‘bandwidth, is 50% wider than that of QPSK
or 0-QPSK, as illustrated in Chapter Three. Because of this, the best

‘way to utilize the spectral characteristics of MSK is to use wideband

filters, except that thfs is of no great use for communications satellites

'due to large number of applica;ions with closely spaced channels., ° . -
’ Afthough 0-QPSK: has smaller overall amplitude fluctuations
- than QPSK, at the critical sampling instants it has much larger amplitude .
> ( variations than QPSK. ' Tﬁus, after pé;sing through a nonlinear device the
faét that the I channel sampling point cojncidés with the transition of the
Q channel, and vice versé; causes scattering of#the signal at the sampi}ng . . ‘J
. T point, which inh turn is translated into intersymbol interféréhce.. 6n \
. . . the other hand, the QPSK signal due to.the re1aftve1y sma1ier amﬁlitude
| ' fluctuation at the %?mp1ing instant, after passing jthrough a non1iéear
"device, the sampling point is still concentrated'a£ a‘fixed point.and
hence correspondingly less intersymbol interferencefis caused. As a
result, larger dEgradhtions in the overall system ﬁerformaﬁce of/O-QPSKu T
) are inherent,\in comparison to QPSK.

¢ S “The geneﬁation and detection process for QPSKuand O-QPSK
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~signals were presented. The three most popular methods of recovering the

carrier referénce using nonlinear signal processing were also described
- . A 3
as well as the NRZ to RZ digital code conversion and pre-demodulation

methods for the bit timing recovery. It was shown that for QPSK the

«data coding which takes care of the phase ambiguities of the recovered -

sl

N

7

carrier references can be implemented by means of differential coding
on pairs of bits. This is not possib]e}for 0-QPSK where differential \g\\
encoding. can be performed by a1ternatingnexc1usive—0R a;a‘exc1&sive-NOR
operations applied to-the outputs of the-serial-to-parailel converter
whichyiﬂ‘orporates the one Ealf symbol delay to one of it%ntwo obtputsf
The data'décodipé in 0-QPSK is accomplished by éxc]usivé-OR%ng the
demodulated I- and Q- data, and then gating the output with a clock at
the baudrate the desired data stream is recovered. The use of an
exclusive-0R gate also resolves the uncertainty of the.I and Q channel ._
identification. C

The QPSK and 0-~QPSK signal d%a]ysis and behaviour in bqnd1iﬁfféd
nonlinear satellite chénnels was shown that in sevefély bandlimited

channels, 0-QPSK recovered carrier has much larger phase jitter than that

~ of QPSK, resulting in 1ardé'overa11 system performance dégradation. How-

ever,’ 0-QPSK is more resistant to carrier phase error than QPSK. Compara-

tive performancé studies based on simulation results indicate that QPSK
is the -optimum modulation format for. narrowband nonlinear channels.. For

_relaxed bandwidth channels 0-QPSK and MSK are more preferable.
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