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Abstract— This work considers coded MPSK
systems with non—coherent detection over cor-
related Rayleigh fading channels. We extend
the results of [5], in which a block coded-
modulation technique for non—coherent detec-
tion on AWGN channels was developed, by
considering the performance of this technique
in a fading environment. The performance
of the maximum-likelihood decoder is stud-
ied for various fade rates using union bound-
ing techniques and the exact expression for the
pairwise error event probability. It is shown
that significant performance improvements can
be obtained over differentially—coherent detec-
tion with the use of little or no symbol inter-
leaving. Finally, we address the performance
of a reduced—complexity /sub—optimal decoding
strategy with the aid of computer simulations.

I. INTRODUCTION

The increased demand for effective mobile and
multi-user communication systems in recent years has
created substantial interest in non—coherent communi-
cations with improved performance. The reason be-
ing that carrier phase tracking is extremely difficult
to achieve in many systems. This may be attributed
mainly to the burst nature of the signals, for systems
employing TDMA or frequency hopping, or due to the
presence of multipath fading and the Doppler effect in
mobile systems, or very often a combination of both.

In this paper we will focus on coded MPSK (M-ary
Phase Shift Keying) schemes for non—coherent detec-
tion over the correlated Rayleigh fading channel, which
is an appropriate model for the mobile radio environ-
ment. The key technique used is the idea of performing
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non-coherent detection on blocks of MPSK symbols,
which was introduced in [1]-[3] for the AWGN chan-
nel. In these works it is shown that the performance of
this block detection technique approaches that of coher-
ent detection as the block length is increased. Similar
ideas were used in [4] to improve the performance of
trellis-coded DPSK modulation. The basic technique
was taken one step further in [5] by tailoring coded—
modulation schemes for this detection strategy through
the use of an appropriate distance measure. This work
also considered the design of reduced—complexity /sub-
optimal decoder strategies partly based on ideas used
for the uncoded case in [2].

The performance of non—coherent block detection of
MPSK over correlated Rayleigh channels is treated in
[6]. Using an exact expression for the pairwise er-
ror event probability, it is shown that some improve-
ment over differentially—coherent detection is possible,
most notably the significant reduction of the irreducible
error-floor. Using the same expression, we will anal-
yse the performance of the coded-modulation schemes
outlined in [5] for optimal maximum-likelihood de-
coding. With the help of computer simulations, we
will also investigate the performance of a reduced-
complexity /sub—optimal decoder. It will be shown that
significant performance gains can be achieved with lit-
tle or no symbol interleaving, depending on the rate of
the fading.

II. CHANNEL MoODEL

Consider the transmission of vectors in the ring
of integers modulo-M, Z5;. We denote a particular
such vector as ¢, = (€mo  Cm1 Cm(N-1) ), where
¢mi € Zp, and the set of all possible transmitted vec-
tors as the code C. Using MPSK modulation the trans-
mitted vectors are mapped into the signal space to the
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vector

fm = (ej%ﬁcm" ej?ﬁ-c,,,(N_,) ) . (1)
Correlated Rayleigh fading can be modeled as a cor-
related complex gaussian process, u;, which multiplies
the transmitted symbols. This assumes that the fading
process is sufficiently slow, so that it may be considered
as being constant over the symbol period, but not over
the codeword. The received symbols, y;, which are as-
sumed to be the output of a matched filter, are given
by
l=0,---,N -1, (2)

where the n; are independent zero mean Gaussian ran-
dom variables with variance Ny, and T is the symbol
duration. It should be noted that the u;’s are statisti-
cally independent of the n;’s. In order to express (2) in
vector form, we create the diagonal matrix F,,, whose
main diagonal is the vector f,,, so that the received
vector may be expressed as

w=Tufm+m

y=TuF,, +n (3)

where u and n are the vectors made up of the wu’s
and n;’s. The power spectrum of the u;’s may take on
various forms to model different situations. Here we
will use the land-mobile model for the power spectrum
which has the following form

1
— L if<r
Su(f) = { 7 (2 - 13) )

0 Ifl > fo

The constant fp is the maximum Doppler frequency.
The autocorrelation function corresponding to S, (f) is
given by

buuli) = % E(uus) = Jo@rifpT),  (5)

where Jo(-) is the zero—order bessel function, and fpT
is the fade rate.

From the form of (3), we see that this is simply a
general gaussian detection problem. It is shown in [7,
p. 98] that the maximum-likelihood(ML) decoding rule
is the following minimization

. —-1_=*

mooin,  YEL'Y (6)
where @, is the autocorrelation matrix for y assum-
ing the m** codeword was transmitted, |C| is the car-
dinality of the code C, and (-)* denotes the conjugate
transpose operation. The autocorrelation matrix is ex-
pressed as

1 1
&= 3E6Y) = Fn(@u+ DFn, ()
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where 7 is the signal-to-noise ratio(SNR) and ®,, is
the autocorrelation matrix of u, whose elements are
given by

Buu(i, §) = buu(li — J)- (8)

The decoding rule is therefore as follows,

. 1

m:O,rlI,l'l'illcl“l yFm(@uu + ;I)_IF:"y* (9)
It turns out for a flat fading channel (ie. when fpT =
0) that (9) is equivalent to the decision rule for the
non—coherent AWGN channel [8]. It should be clear
that estimates of both fp and the SNR are required
for the decoding process. For the sake of simplicity, we
assume perfect estimation of these parameters.

III. PERFORMANCE OF MoDULE-PHASE CODES
OVER RAYLEIGH CHANNELS

We will now examine the performance of Module-
Phase Codes which were originally designed for the
non—coherent AWGN channel in [5]. The codes are lin-
ear (both in the code and signal spaces) (N, K) block
codes defined over Zp;. The distance measure used in
the design of the codes is the non—coherent distance,
d%c (see [5], [9]), which is monotonically related to
the pairwise error event probability, P(c; — cj), be-
tween two arbitrary codewords, ¢; and c¢;. Although
the non—coherent distance is not a precise indication of
the pairwise error event probability over Rayleigh chan-
nels, we will nonetheless see that codes designed using
it still provide significant performance rewards.

The error performance of non—coherent block detec-
tion over correlated Rayleigh fading channels is treated
in [6] for uncoded systems. The results will be summa-
rized here, since the expression for the pairwise error
probability is the same. Given that the actual trans-
mitted codeword is ¢;, we will make a wrong decision
(ie. that we choose a codeword c;), if the random vari-
able

D =yBy" (10)

is negative. The matrix B is given by
1 1
B =F;(®u.+ :/I)“F} —Fi(®yu + ;I)“lF’,-‘. (11)
The pairwise error probability is then given by
P(ei = ¢j) =Prob(D<0) = — ZResidue 210)
1 ‘7 -_— ; s
(12)

where p; are all the right-hand plane poles of ¢p(s)/s.
The characteristic function, ¢p(s), is given by

N-1 1
¢p(s) = I;E[o Dist D (13)

s=p;
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where A; is the kth eigenvalue of the matrix
A=9,B. (14)

Using (12) we will generate union bounds on the bit
error-rate for two rate 1/2 QPSK codes from [5]. We
will examine the simple (8,4) code in Z4 with the gen-
erator matrix

o 1001313
Ge=|90 0 103 2 3 3 | (15)
06 01320132 3

and the more powerful (14,7) code in Z4 with generator
matrix

10 0 0 0 00 3 2 3 311 2
01 0 0 0 0 0 3 3101 3 0
g 0 1 0 0 0 0 3 3 2 2 211
Ge = 0 0 01 0 0 0 3 2 0 3 3 3 2
00 0 010 00110 3 3 3
0 0 0 0 01 0 3 1 2 2 3 0 2
0 0 0 00 013 00 21 0 2
(16)

Codewords are created in the same fashion as tradi-
tional block codes, except that the operations are now
carried out over Z4. It should be noted that in this
work we also assume that codeword overlapping is per-
formed (see [5]). This just means that each symbol of
the transmitted codeword is incremented (modulo-M)
by the last symbol of the previously transmitted code-
word. It may be looked at as performing differential
encoding on a block basis, by using the last symbol of
the previous codeword as a phase reference for the en-
tire block. This was shown to be completely equivalent
to differential encoding on a per symbol basis, provided
that detection is carried out on the vector of length
N + 1 which includes the last symbol of the previous
codeword.

It is shown in [6] that the all-zero codeword may be
used to assess the error performance without any loss
of generality. This remains valid for the coded case,
as long as the code is linear in the signal space, and
follows directly from the form of the decoding rule in
(9). The union bound on the bit error rate is given by
the following summation

icl=1
€
P < = m
< Y g o) 0D

where e, is the number of bit errors located in the K
information positions of ¢,,.

Unlike the AWGN channel, codewords sharing the
same d},c cannot be considered as being equivalent in
terms of P(co — ¢m), since, not surprisingly, P(co —
¢m) is somewhat dependent on the location of symbols
within a codeword. We may not, therefore, group code-
words having the same d%,., (ie. by using the weight dis-
tribution in terms of d% ) together in the union bound
in order to evaluate it more quickly. As was the case for
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the AWGN channel, we do not compute the entire sum
in (17), but rather include only those terms which are
dominant. Unlike the uncoded case in [6], we use more
than just the nearest neighbours to evaluate (17), which
is necessary for the coded case, especially at higher fade
rates.

In Fig.1 we show the performance of uncoded bi-
nary DPSK and the union bounds on the performance
of the (8,4) and (14,7) QPSK codes for fade rates of
foT = .001,.01 and .1. We see that as the fade
rate increases there is a diversity effect, since the sym-
bols within a codeword become less correlated. Conse-
quently, the performance of the coded system improves
with increasing fade rates while that of the uncoded sys-
tem degrades. For the slow fading case (fpT = .001)
we see that the union bound is worse than the uncoded
system for error rates greater than 10~%,

In order to alleviate the situation at very low fade
rates, we can improve the performance by artificially
increasing the fade rate by using some symbol inter-
leaving. Let us assume that we use an interleaver with
depth D;. This means that the symbols of the code-
word will be spaced D; transmitted symbols apart, and
we may therefore look at this as artificially increasing
the fade rate by a factor of D;, as far as the codeword is
concerned. More precisely, the matrix ®,,, is calculated
using a fade rate of fpTD;, rather than fpT. For both
codes at fpT = .001, the performance is quite poor
for low SNR. If, however, we use an interleaving depth
of only ten symbols, which is rather small, we have
an effective fade rate of fpTD; = .01, which yields a
significant improvement. The amount of interleaving
required depends, of course, on the fade rates experi-
enced in the environment. We see, however, that even
the rather simple (8,4) code performs quite well at mod-
erate fade rates without interleaving and at lower fade
rates with only a small amount of interleaving.

IV. SIMULATION RESULTS FOR
REDUCED—-COMPLEXITY/SUB—OPTIMAL
DECODERS

We will now present some simulation results for
the reduced-complexity/sub—optimal decoding strat-
egy described in [5] over correlated fading channels.
This decoding strategy is a combination of information
set decoding [10] and Wilson et al.’s reduced-complexity
methods for non—coherent block detection [2]. A de-
tailed description of this decoding strategy can also be
found in [9]. The (8,4) and (14,7) bandwidth efficient
codes over Z4 have both been simulated over a corre-
lated Rayleigh fading channel with fpT = .01, and the
(8,4) code over a channel with fpT = .1 as well. Figs.2—-
4 show the results of the simulations. In each figure,
we compare the simulation result with the union bound
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for a ML decoder for that code, the result of a simula-
tion for a differentially—coherent system (M = 2) over
the same channel and the performance of ideal coherent
BPSK. We see that the simulation of the differentially—
coherent systems match the analytical curves of Fig.1
exactly, verifying the correctness of our channel sim-
ulation. In each case, we see that the union bound
is quite pessimistic for low SNR, which is consistent
with the results over the AWGN channel. It is inter-
esting to note that the two codes with fpT = .01 in
Figs.2) and 3 attain the same slope for two orders of
magnitude in P, (between 10™3 and 10~°). For both
codes at fpT = .01, we also notice that the irreducible
error-floor of the differentially—coherent system is com-
pletely eliminated (at least down to P, = 10~%). For
the (8,4) code with fp7T = .1 in Fig. 4, which rep-
resents a fairly high fade rate, significant performance
improvement is obtained even at fairly high error-rates.
We do see, however, that the reduced-complexity de-
coding strategy breaks down at low error rates. This
can be attributed to the first stage of decoding which
uses differential detection and results in an irreducible
error floor around P, = 10~%. It is very important
to point out that, in each case, these performance en-
hancements are obtained without the use of symbol in-
terleaving. Most other coding schemes for fading chan-
nels with fade rates as high as fpT = .01, and some-
times higher, use some interleaving (see for instance

(11, Chap.9],[12]).

V. CoNCLUSIONS

In this paper we have studied the performance of two
of the Module-Phase Codes presented in [5] over cor-
related Rayleigh fading channels. Using a union bound
approach, the performance of the optimum maximum-
likelihood receiver is presented for various fade rates.
Through the use of computer simulations, we have
also examined the performance of these codes com-
bined with a reduced-complexity /sub—optimal decod-
ing method. It was shown that significant performance
gains over uncoded differentially—coherent systems can
be attained using little or no symbol interleaving.
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