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Abstract. In this paper, the performdnce of trellis coded M-PSK systems is investigated operating over Rician fad- 
ing channels with phase jitter. Thus the results reflect not only the degradation due to the effect of fading on the ampli- 
tude of the received signal, but also the impairment caused by the noisy carrier reference, which is usually neglected by 
the assumption of perfect phase tracking at the receiver. Analytical upper bounds on pairwise error probability for Ri- 
cian fading with phase jitter are derived using Chernoff bounding technique in both cases where channel state informa- 
tion is available or not. The bit error probability performances are evaluated based on the modified transfer function ap- 
proach. The numerical examples clearly demonstrate the error performance degradation due to both amplitude fading 
and phase noise process. 

1 INTRODUCTION 
The primary advantage of trellis coded modulation 

(TCM) [ I ]  over modulation schemes employing tradi- 
tional error correction coding is its ability to achieve in- 
creased power efficiency without the customary expan- 
sion of bandwidth introduced by the coding process. Since 
any channel that is both power-limited and bandwidth- 
limited, such as mobile satellite channel, would be ideally 
suited to TCM, there has been a growing interest in the 
design and performance evaluation of TCM schemes over 
fading channels. 

The pioneering studies on TCM schemes transmitting 
over fading channels mainly assume that the effect of the 
fading on the phase of the received signal is fully com- 
pensated, thus their results only reflect the degradation 
due to the effect of the fading on the amplitude of the re- 
ceived signal. Since phase noise occurs as a result of non- 
ideal carrier phase tracking, the combined effects of the 
fading and imperfect phase tracking should be taken into 
account for a more realistic approach. 

The sensitivity of trellis coded M-PSK schemes to the 
imperfect phase reference was examined over Gaussian 
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channels in [2,3,4,5,6]. Panayirci and Aygolii [7-81 ex- 
amined the performance of trellis coded M-PSK systems 
over Rayleigh fading channels with phase jitter. In 191, a 
code search was carried out among the systematic convo- 
lutional encoder structure to find out the trellis codes of 
optimum performance over Rayleigh fading channels with 
Tikhonov distributed phase jitter. Vucetic arid Du [lo] 
derived error performance bounds for trellis coded sys- 
tems in Rician fading channels with non-ideal phase 
tracking. However, their results are only limited to the 
case where no channel state information (CSI) is avail- 
able. It is also worth noting that the results reported in 
[lo] are, somehow, code-dependent (i.e. the Gaussian ap- 
proximation method adopted is valid only for codes with 
high effective code length -ECL- or for the codes with 
low and medium ECL in the range of low signal-to-noise 
ratio values). 

In this paper, the performance of trellis coded M-PSK 
systems in the fading environment is investigated for both 
cases where CSI is available or not, demonstrating the 
combined effects of the fading and the nonideal coherent 
receiver on the phase of the received signal. Thus, analy- 
sis results will reflect the degradations both due to the ef- 
fects of the fading on the amplitude of the received signal 
and of a noisy canier reference, each modeled by the Ri- 
cian and Tikhonov distributions, respectively. 
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2 SYSTEM MODEL 

The block diagram of the system under investigation 
throughout this study is described in detail [6]. Input bits 
representing data or digitally encoded speech are passed 
through a rate n/(n+l) binary convolutional encoder. The 
encoder output symbols are then block interleaved to 
break up burst errors caused by amplitude fades of dura- 
tion greater than one symbol time. 
The block of (n+l) interleaved symbols at time k are 
mapped into the M-PSK complex valued signal set q, 
where M=2"+'. The resulting M-PSK symbol sequence of 
length N is denoted by x = ( x ,  , x2 ,..., x, )where 

x k  =J2E,expbG,}, @k = o , ~ x / M  ,..., 2 ( ~  - ~ ) x / M . ( I )  

Corresponding to x, a noisy discrete-time sequence 
y = ( y ,  , yz  ,..., y ,  )appears at the channel output where yk 
is expressed as 

y,, =y,-r, + I l k ,  y, = p, expbea ) ,  k = ~ ,  2.. .  N .  (2) 

In ( 2 ) ,  n, is a complex additive Gaussian noise process 
with zero mean and a'variance in each dimension and 
pI represents a normalized Rician fading amplitude for 
the kIh signalling interval of which probability density 
function is given by 

where lo(.) is the zero order modified Bessel function of 
the first kind and K is the Rician parameter defined as the 
ratio of the power of direct and specular components to 
the power of diffuse component. 8, represents the phase 
noise for the kIh signalling interval which is assumed to 
have the Tikhonov distribution as 

1 Id < n  exp(a COS(O)) 

p(8 )=  2Kf" (a)  (4) 

wherea is the effective signal-to-noise ratio in the carrier 
tracking loop. 

At the receiver side, a maximum likelihood (ML) se- 
quence decoder employs Viterbi algorithm to determine 
the most likely coded symbol sequence x transmitted. The 
decoding process uses a metric of the %rm m(y, x; z) if 
side information z is available and m(y.  x) if it is not. The 
estimate of the fading amplitude is called Channel State 
Information (CSI) and in the case that ideal channel state 
information is used, the side information random variable 
21. is chosen equal to the fading amplitude. 

3 DERIVATION OF ERROR PROBABILITIES 

The pairwise error probability is defined to be the the 
probability of choosing the coded sequence 
i = (,i,,i2 ,.... i,) when in reality x = (.r,,.rl ,..., xN ) was 
transmitted. We derive the upper bound of the pairwise 

error probability over Rician fading channels in the pres- 
ence of phase jitter for both cases that the CSI is available 
or not. 

3.1 NO CHANBEL STATE INFORMATION 

When no channel state information is available, the 
metric is defined as [6] 

2 
" d Y k . X , ) = + Y , - x k l  ( 5 )  

Applying the Chernoff bound and taking the expectation 
with respect to Gaussian random variable yields [ 6 ] ,  

where R is the set of k such that x, # ik , A is the Cher- 
noff parameter to be optimized in order to find the tightest 
upper bound, d, is the normalized Euclidean distance be- 
tween x, and i, , and E~ is defined as &k = @, - @, . Af- 
ter the expectation with respect to 8,, which is assumed 
to be Tikhonov distributed, it can be easily shown that the 
pairwise error probability is upper bounded by 

for large values of a ,  using the properties of Bessel 
functions. It is not possible to find an analytical solution 
for the expectation with respect to pk which is Rician 
distributed using the exact expression given by (3). How- 
ever, inserting the approximation [ l l-p.5341 

I ,  (x) z exp(x)/& for x >> I (8) 

for the zero order modified Bessel function of the first 
kind which appears in Rician probability density function, 
(7) results in 

where Y , and x are defined as, 

2 

a 
(I + K)exp(-K) 2 2 d ,  , P = l + K - 8 A  E, - and 
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x = 2 ( q  d; - dqzx) ) .  
The definite integral in (9) can be found in the closed 
form in terms of Gamma function r(.) and degenerate 
hypergeometric function @(n,b;c) [ 12-p.337/1064]. 
Therefore, (9) yields 

where D[A, W ,  df ) is equal to 

r 1 

in which < and i’ are defined as 

(1 + K)exp(- K)  exp(4A20 E,d,?) 

dT -1 i 4 + 4 K  -32A’Eh 
ff 

v =  2(AE,dZ , - J-) 

3.2 IDEAL CHANNEL STATE INFORhlATION 

In the case of ideal channel state information, it is as- 
sumed that the perfect estimation of the fading amplitude 
is available. Thus the metric is defined as [6] 

2 
m(yl, 9 x k  = { Y k  - P k e T k  I (1 1) 

Applying the Chernoff bound, taking the expectation with 
respect to Gaussian random variable and denormalizing 
Chernoff parameter, pairwise error probability is upper 
bounded by [61 

where W is the signal-to-noise ratio and 

f(e,)=(r, cos(ek -sk) and gk =arctg 

Sincep, is Rician distributed, expectation of (12) with 
respect to p k  yields 

P ( x  + 2) I min n E [ 2(1+ K)exp(-K) . 
120 {o,} 

k E  R 

where A = 2AWf[f3)- 1‘Wd ‘ . Inserting the analytical 
solution in terms of Gamma function and degenerate hy- 
pergeometric function for the definite integral in (13) [ 13- 
p.350/12-p.l058], the upper bound is found as 

where 

It is not possible to take the expectation with respect to 
8, analytically, however it can be computed by means of 
numerical approach. Furthermore, the minimization of 
Chernoff parameter should be carried out to find the tight- 
est upper bound. But there also exists an analytical way to 
compute Chernoff parameter, which we call as “sub- 
optimum solution” [6]. In sub-optimum solution, the 
minimization is not carried out at the last step, but before 
the expectations with respect to pk and 8, are taken. 
Therefore, minimizing the term in (12) over A and taking 
the expectation with respect to 8,, the sub-optimum so- 
lution for the Chernoff parameter is computed as 

Antb-opr = I1 (ff ’ I0 (15) 

which is only a function of a and independent of signal- 
to-noise ratio. In order to verify the sub-optimum solution, 
the upper bounds of the sample code in the following sec- 
tion are evaluated by means of both numerical optimiza- 
tion on Afor each signal-to-noise ratio and the sub- 
optimum value of A .  It is observed that two approaches 
give very close results. 

4 PERFORMANCE ANALYSIS 

In the preceding sections, Chernoff bound was used to 
derive the upper bounds on pairwise error probabilities. 
The bit error probability upper bounds can be evaluated 
based on transfer function approach, using the nature of 
the product form of the pairwise error probability. In par- 
ticular, assuming ideal interleaving/deinterleaving, an up- 
per bound on the average error probability, PI, is obtained 
by Union Bound [6] as 

(16) 
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I I I 
L I I 

R .  I I j --t inf. k 

where T(D,f )  is the transfer function of the error state din- 
gram whose branch labels are modified from AWGN case 
as follows[6]: In the absence of fading each branch label 
gain has a factor D = expt- W/4). In the performance 
evaluation of the system over-Rician fading channel with 
phase jitter, D is replaced by D which is given by (10) in 
the case that CSI is not available and by (14) in the case 
that ideal CSI is available. 

In order to evaluate bit error probability upper bounds 
over Rician fading channels with imperfect phase refer- 
ence, we consider trellis coded 4-state 8-PSK as an exam- 
ple [ I] .  Upper bounds for several values of the parameter 
a (in dB) are illustrated for K=5 dB and K=10 dB in Fig- 
ures 1 and 2 respectively, for the case where CSI is not 
available. Similarly, the upper bounds for the same system 
with ideal CSI are plotted in Figures 3 and 4. It is worth 
noting that the curves associated with a = m corresponds 
to the case where perfect phase tracking is achieved. 
Therefore, the figures clearly demonstrate the degradation 
in performance due to the phase jitter compared to that of 
no phase jitter. In the case that CSI is present, a perform- 
ance improvement is obtained as expected. Computer 
simulations are also superimposed as dashed lines in the 
cited figures. A close investigation on results reveals out 
that there is a good agreement between analytical bounds 
and simulations especially for large values of Rician pa- 
rameter K in the case that CSI is not available. This 
mainly results from the fact that the analytical bounds are 
obtained for large K (>5) values due to the utilization of 
an approximate expression for Rician probability distri- 
bution. Also in the case that ideal CSI is present the 
simulation results confirm the analytical upper bounds 
well, especially for large values of Rician parameter. The 
discrepancy between analytical and simulation results in 
the case of small K values is essentially due to the nu- 
merical approach adopted for computing the expression of 
(14). 

5 CONCLUSIONS 
In this paper, the performance of trellis coded M-PSK 
systems in the presence of Rician fading and AWGN with 
a noisy carrier reference in the receiver is investigated. 
Error performance degradations due to the effects of the 
fading on the amplitude and phase of the received signal, 
each modeled by Rician and Tikhonov distributions, re- 
spectively, are determined by the bit error rate upper 
bounds. Chernoff bounding technique is used for the 
pairwise error calculations, combined with the modified 
transfer function approach. An example error probability 
analysis is carried out for the trellis coded 4-state 8-PSK 
system. The numerical results obtained clearly demon- 
strate the error performance degradation due to Rician 
amplitude fading and a Tikhonov phase noise process 
with parameter a:. 
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Figure I :  Bit error probability for K d  dB without CSI. 
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Figure 2: Bit error probability for K= I0 dB without CSI. 
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Figure 3: Bit error probubiliry for  K=5 clB with CSI. 
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Figure 4: Bit error probability for  K=IO dB with CSI. 
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