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ABSTRACT : This paper is concerned with the analytical performance analysis and evaluation of 49-ary
Quadrature Partial Response Signaling when transmitted through nonlinear satellite channel in the presence
of Additive White Gaussian Noise and Co-channel Interference ; in both uplink and downlink channels . The
main source of the nonlinearities is the Traveling Wave Tube Amplifier on-board of the satellite. The
transponder nonlinearities considered in this paper are due to : input amplitude -to-output amplitude
conversion and input amplitude-to-output phase conversion . The cochannel interference results from
interferers  in the passband of the coherent receiver . The results in terms of the dependence of the average
symbol error probability upon the uplink and downlink ; signal-to-noise ratio’s and" signal -to - cochannel
interference signal ratio’s at different values of Back-Off from saturation operation of the Traveling
Wave Tube Amplifier on-board of the satellite are illustrated . The results showed that the Back-Off value
is the dominant factor in determining the system performance .The appropriate values of the threshold
levels ; d”s and compensation phases ; 0”s at the receiver are highly correlated and can only be arrived at
by minimizing the average symbol error probability .
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phases ; 6”s at the receiver and Average symbol error probability; Pe

I-INTRODUCTION

The duobinary " correlative coded technique® signal introduces a controlled amount of Intersymbol
Interference ( ISI) in order to simplify the filter design ; particularly the phase-equalization problem ; and to
enable the transmission at ; or slightly higher : the Nyquist rate [ 1] .

The 49-ary QPRS consists of two seven-level duobinary ; partial response baseband signals (PRS) which
are modulating  two orthogonal carriers. 'One of the main advantages of QPRS as compared to equivalent
schemes is that they are speed tolerant, i.e., it is possible to transmit at rate which is higher than Nyquist rate
without suffering significant degradation [1] and [2] = The 49-ary QPRS is expected to find increased
applications in the future communication by satellite or microwave radio link due to its spectrum efficiency
24 bits / sec. / Hz of the IF-bandwidth , its relative simplicity of implementation and good error performance
through linear Gaussian channels [3] - [6] . Performance of another schemes such as 16-ary QAM | 16-ary

.QAM/MSI‘( » 16-ary CPSK and 9-ary QPRS through nonlinear satellite channel in the presence of AWGN are
illustrated in [7] - [10 ] respectively .

* Author reccived the B.S from M.T.C ” Electrical Communication Engincering Dcpartment ” in 1975 ; the M.S.
Degree from M.T.C in 1985 and Ph.D. from Mansura University in 1996 - Egypt .
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The purpose of this paper is to present an analytical performance evaluation of 49-ary QPRS in the
presence of TWTA nonlinearities ; AWGN and CCI preceding and following the nonlinearities . In Section -1
the average symbol error probability : Pe analysis is presented . In section-111 ; computation aspects , results
and comments are presented . Section 1V is concerned with the conclusion about the results .

HI-AYERAGE SYMBOL ERROR PROBABILITY ANALYSIS

Assuming the system model shown in Fig.(1) ; the modulated QPRS | Si (t) during any  symbol duration ;
Ts may be written as:

Si(t) =i (t) Cos @t - Ai (t) Sinwet (1)
Where. @« =27 i, f: is the carrier frequency , P(t) is the pulse shape defined by :
. P(t) =A 0 <t <T¢ ; and
=0 elsewhere
. u(t)=aP({t) and A (t)=DbP(t) ; (2)

. Ts is the symbol duration , a and b are two independent random var.ables and are ¢
{-6,-4,-2,0,2,4,6} with probabilities & {1/16,2/16,3/16,4/16,3/16,2/16,1/16} respectively .
It is assumed that ai and aj or bi and bj are independent for all values of -ij .

The uplink signal Si (t) is corrupted with the uplink narrow-band Gaussian noise nu (1) . The resultant
signal at the input of TWTA on-board the satellite’s transponder may be written as :

Si(t) = R(t) cos [wc t+ i) ] (3)

Where. R(ty= [XZ () + YZ (1)] (4)
Xi (t)=ul (t) +  Nue (t) +Cuc(t) s and

» Y (t) =M (t) +  Nus (t) + Cus(t) (5)

codm =tan [ Yy ) /X0 ] (6)

- M (t) and Nu (t) are the uplink ; inphase and quadrature components of the uplink AWGN
, each are independent with zero mean and variance G2 ; and
Cuc(t)and Cus (t) are the uplink : inphase and quadrature components of the interfering

signal and are assumed to be originated independently of each other and of the transmitted signal or noise
sources . They are represented in [ 9 ] as follows -

Cc(t)ZZBiCOS[((omme)tJrYi(t)+ ] , and
i
Cs (t) = 2Bi Sin[(@it+ )t + yi(t)+ Ei ] (7)

Where. 1 =123, .. ,Ne represent the number of interferers (in this work i=1);
. Bi represents the amplitude of ith interferer ;
» Y: (1) represents the digital modulated phase : and
- &i represents the digital unmodulated phase which uniformly distrituted ( 0, 27t )

The signal Si (1) is degraded by the TWTA | the output signal Se (t) may be given as :

So(t) =F[R(®]cos { &t + di(t) -y [R(®)] +0 } (8)
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Where . F [R] denotes the AM/AM conversion function ;
v [R. denotes the AM/PM conversion function ; and
. O represents the compensation phase in radians at receiver to account for the

average AM/PM conversion .

The signal So (t)is corrupted with the downlink Gaussian noise nd¢ (t) and cochannel interference Cq (t)

to give the signal Sz (t) at the input to the coherent receiver as:
Sa(t) = X2 (t) cos (wet) - Y2 sin (wt) (9)

Where .  Xao(t)=p2(t) + na(t) + Cac (t)
. Y (D) =22(t) +ne(t) +Ca (t)
c o = ¢t -y [R()] +0 ;
- 1 (t) =F[R(t)] cos [¢o(1)] , and
. Aa(t) =F [R(t)] sin [do(1)] (10)
N (t) and Na. (t) are the downlink ; inphase and quadrature components of the
downlink AWGN | each of which with zero mean and variance 0'-% - and

Cu(t) and Cus (t) are the downlink ; inphase and quadrature components of
the cochannel interference

*

The receiver coherently demodulate the input signal Sz2 (t) to give the inphase and quadrature
components of the baseband signal X2(t) and Ya(t) . The later are sampledat t=1to + kT., 0

to < Ts . A decision is made to estimate the receiving symbol corresponding to the transmitted symbol |
Th diagram of Fig.(2) illustrates all possible components of the baseband received samples in the absence of

any degradation and the regicns for correct decision ; Ri corresponding to the transmitted elements Ai. 1 =
1,2,3,4,5,6,.. ..., 49,

Since each element Ai in the transmitted set has its specific probability of existence , P( Ai) and

conditional error probability ; Pe, Ai it follows that the average symbol error probability P for 49-ary
QPRS may be given as :

LTk
k]

P. = le(Ai).pe.Ai (]l)

Where. p(Ai1) =p(A7) =p( A3 )=p( As9 ) = 1/256 ;
P(As) =p(Ais)=p( Ase)=p( Aaz)=2/256 ,
P(Ais)=p( Az ) =p( A2 )= p( Ass ) = 3/256 :
P(AY) =p(A3)=p(A7)=p(Aau)=4/256 :
P( Ate ) =p( Aw) = p( Ao ) = p( Az ) = 6/256 -
P(A2) =p(As) =p( A4 )=p(Ads)=2/256 :
PCA3) =p(As) = p( Ass)=p( A )=3/256 :
P(Aio)=p(A2)=p(A3s)=p(Aw)=06/256 :
p(A17)=p(A|9)=p(A31)=p(ﬁu3)=9/256 :
p( A< ) =p(A22)= p( A2 )= p( A4 ) = 4/256 :
P( AN )=p(A3)=p( A27)=p( A ) = 8/256 :
P( A1z ) =p( Az4) = p( A2 ) = p( A2 ) =12/256
p( A2s ) = 16/256 (12)



'Procmding of the 15! ICEENG conference, 24-26 March, 1998 AC-5 492

. The conditional error probabilities Pe .Ai"s arc also cqual ; as given in (12); for example :

Pe. At = Pec, A7 = Pe, A3 = Pe.A49 3 and so on for the other equalities (13)

Substituting from (12) and (13) into (11) yields :
Pe = (1/64) [ 4 pe. A2s+12 pe. A2+ 8 Pe, Aw + 4 pe, A+ 9 Pe, Az + 6 Pe, Awo + 3 pe, Aer

+ 2 pe. Ass + 4 pe, A + 6 Pe, Ase + 3 pe, ass + 2 Pe. Ae2+ Pe, Azs] (14)

It is evident that the error probability assuming Ai is transmitted may be wr tten as -

poa=1 - g_pm(xz,Yz)dxz dY, (15)

Where . pai (X2, Y:2) denotes the joint probability density function : pdf of X2, Y2
assuming that element Ai is transmitted .

Using Bayes rules for conditional probability ; (15) may be written as -

P s =1 - LIJ__Ljp(xz,Yz/x. Y0 pai (X1, Yi) dXi dY) JdXa dY: (16)

Using the fact that : integration process are linear transformation or mapping , ( 16 ) may be written as :

Pe A =1 - LI [ g_p (Xa,Y2/Xi Y1) pai (Xi, Y1) dXe dY2 [dX: dY, (17)

Where. p (Xz2,Y2/Xi,Y1) denotes the joint pdf of Xz and Y2 conditioned upon X1 and Y
assuming that the signal element Ai is transmitted .

- Ri defines the region for correct decision when Ai is transmitted .
. pai (X1 . Yl) is the joint pdf of Xi and Y1 assuming Ai is transmitted .

Assuming sampling of the random processes defined by (5);both Nuc (’[) and MNus (t) are Gaussian
random processes , at specific time ( to ), may be regarded as independent Gaussian random variables Nuc

and Nw respectively ; each with zero mean and standard deviation Gue  whilst Cuc and Cls are the
inphase and quadrature components random variables associated with the uplink cochannel interference .
The joint pdf of X1 and Y\ conditioned upon Cucand Cus is given as follows -

pa (X1, Yi/Cue,Cu) =( 1262 Yexp-[ (Xi-mi-Cu) /(N2 Om )]
exp - [ (Yi-Ai-Cu) / (V2 om )]? (18)

Assuming sampling of the random processes defined by (9).both Na () and Na(t) are Gaussian
random processes , at specific time (to) , may be regarded as Gaussian raadom variables Na and Nas

respectively ; each with zero mean and standard deviation Ga. Thus the conditional pdf may be given as :
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2
p(Xz2,Y2/Xi1,YrandCuic, Cs ) = (1/27{0';‘:: ) exp -[ (Xz- 2 - Cae )/( V2 Ow )] ;
exp -[ (Yz2-2Az-Cs)/( V2 Ow )] (19)

Using Taylor series expansion about [(Xi- i )/( ‘\/2 Ow )] and [(Yi-A1) / ( \{2 Ow )] for

(18 ) and ;an(Xz- 2 )/( V2 Gw )and (Y2-22)(V2 ow )for  (19) . The conditional
pdf in (18) and (19) transform to the following forms :

pa (X,Y1)= (12n02) g”zn -nm" (/20w ) 22"

buman . €xp -[(Xi-u)/(N20m )]° . exp -[(Y1- A) /(N2 0w )]

H zm [(Xi-p)/(N26w)]. Han  [(Y1-2) /( V2 O] (20)
p (X Y2 /XY )= (12163 ) .g"; DR (20w ) Y
ana . exp -[(Xep)(V20m )]° . exp -[(Y2- A) /(V2 0w )]°.

Ha [(Xa-12)/(N26wa)] . Ha [(Ya2 - A2) /( V2 Gud)] (21)

Where . bamzs and Q2 are the coefficients of infinite double power series expansion of the joint
characteristic functions of the uplink random variables Coc and. Cus ; and downlink random
variables Cac and Cus respectively for one interferer [9] and [(107].

«Ham (.) and Ha(.) ;and Ha(.)and Hai (. ) are calculated from the recurrence
relationship for the Hermit Polynomial defined by :
Hon (X) =[2X . Ha(X) - 2m . Hmi(X)] , giventhat Ho (X )=1 and
Hi (X)=2X constitute the starting points for evaluating Hm ( X ) for all values of m

Substitute (20 ) and (21 )into (17); for element Ai ,i=25 asan example . we get:
Pe, Azs = 1-_£f F(Xi,Y1) pai (Xi, Y1) dX: dY, (22)
Where . pai { Xi, Y1) givenin(20) : and
CF(X,Y) = 'g,,P(Xz Y2/ Xi,Y)) dXe dY;
= (1/4) . [ exf (d-pa)/(V20) + exf (d+112)/(N26um) | . [ exf (d-Aa)/(V25a)
+erf (d+A2)/(V26m) ] - (1/4m) [ erf (d-Aa)/(V20m) +erf (d+A2 )/(V26w) | .

Z DY 020w ) P e { exp -[(ds)(V20m ). ceon)
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Ha [(d-}n)/(\fzo'nd)] + exp-[(d+ ) /( V2 G )]? . Ha [(d+uz)/(\/20nd)] }

- (/2. [erf (d-p2)/(V26m) + erf (d+1)/(N20m) ] Li:l 1) A1/(\20w ) 1

2

Jann - {exp ~[(d- Aa)/(V20m )] . Har [(d-Aa (N20m)] + exp -[(d + A2 ) (N2 0w )]
Hou [(d+A2 Y(V20m)] } + (1/ ). )é"g::l(-l)"“ ana {1/(120w ) P

Cexp -[(dr)/(20w )]* o [(A4u)/(V20m)] + exp -[(d + i) /(2 )]
Haa [(dHe)/(V26m)] ) . ¢ exp -[(d- A)(V20m )P Har [(d-he Y(N200)] +
exp -[(d + A) (V2 0w )]° . Han [(d+Ra V(V20m)] | 23)

Substituting (20) and (23) into (22 ) we get the error probability for one element Pe. A2s . The
Pe A, 13 25 are calculated in the same way, substitute into ( 14 ) to get the average error probability ;

p for 49-QPRS at specific conditions of back-off ; uplink and downlink signal-to-noise ratio and
signal-to-interference ratio

III-COMPUTATION , RESULTS AND COMMENTS

Each infinite-double integration defining conditional error probability is numerically evaluated using the
Cartesian products of Gauss-Hermit quadrature formulas [11] . The amplitude-phase model of the TWTA
nonlinearities represented in [7]- [9] by

(o {cos [log (R/R)/ B]-1})

F(R) = 10 R >R
= R R <R , and
WR)= Ki [ 1-exp(-K:R?)] + Ky R? (24)

A
Where . o, 3, R, R, Ki , K2 and K5 are constants chosen to fit the measured amplitude and phase

characteristics of the TWTA of type : A-TRW-DSCS-II with constant parameters above given to be
0.394, 0.475, 2. 317, 0.355, 0.605, 0 66 and 1/102.4 respectively .

The TWTA average transmitted power is given by :

— A2
[ Pilows. =R~ 12 at full saturation mod= , and
(-BO/ 10)

i A2
Po=(R7/2). 10 at any o-her operation mode  (25)

Where . BO denotes the degree of input back-off in dB .

The average power transmitted for 49-ary QPRS is given as -
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= 2 2
Pb= £ % [@ +b2 YA Ipla).p(b)=10A (26)
L J
From (25) and ( 26) we can get an expression for the amplification factor ; A given as :

R ( -BO /20)
A= (R/Y20).10 (27)

The uplink Gnu and Oc  and the downlink Gnd  and ©Ond  expressed in terms of uplink and
downlink Prnu and Pnd and Peu and pod respectively as follows :

o2 =P/ pm  and i =P / Prd ; and
2 =Pi/ pa and 63 =P/ pu (28)
Where . P: is the average power at the TWTA output , assuming noise and interference signal powers are

neglected compared with the uplink signal power Pt | is given by

Pr= T T[F{a® +b62 )" A7 pa) p(b) 29)
L J

It is found from the results that the later depend upon back-off , signal-to-noise ratio and signal-to-
interference ratio but the back-offis dominated factor ; a sample of the computed results are shown in Fig.
(3) and Fig. (4) . The appropriate values of threshold level ; d and compensation © «can only be
arrived at by minimizing the average symbol error probabilities; P . Fig. (5) shcws the minimum

average error probability ; Pe detection for different values of threshold levels d and different
compensation phases 0.

IV-CONCLUSION

In this paper we presented a complete analysis for the performance of 49-ary QPRS :hrough two link
nonlinear satellite channels in the presence of AWGN and  CCI preceding and following the TWTA
nonlinearities . An expression of the average symbol error probability has been derived and evaluated using
Gauss-Hermite quadrature techniques for infinite-double integration and Hermit Polynomial for double
summation . It is found from the results that Pe ; as a measure for the system performance ; depends
upon back-off | signal-to-noise ratio and signal-to-interference ratio but back-off is the dominated factor .
The values of threshold levels and compensation phase are found to be highly correlated and can only be
arrived at optimum by minimizing the average symbol error probability Pe. The results are useful for :
satellite ; data and information Networks and radio-relay communications . QPRS ; for mcre spectral
efficient ; is candidatd to replace the other modulation techniques in the near future .
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