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Abstract—An iterative noncoherent detection method of
coded and symbol interleaved differential space-time modulation
(DSTM) is proposed in flat Rayleigh fading channels. Like
differential phase shift keying (DPSK), DSTM can be considered
as a recursive convolutional code. A soft-output a posteriori
probability (APP) decoder of DSTM is proposed in flat Rayleigh
fading channels. In the decoder, multiple-symbol differential
detection (MSDD) is used to calculate the branch metric.
Channel autocorrelations are considered in MSDD to mitigate
the effects of channel variation, in the Rayleigh fading channels.
Simulation results demonstrate that the proposed detection
method has good performance in fast Rayleigh fading channels
and the performance can be enhanced by increasing both the
iterative times and the observation intervals.

Keywords—Differential space-time modulation, iterative de-
coding, noncoherent detection, fading channels, multiple-symbol
differential detection.

I. INTRODUCTION

Differential space-time modulation (DSTM) [1]-[2] is an
easily implemented and attractive transmit diversity method
with multiple transmit antennas. With DSTM, no channel state
information (CSI) is needed at both transmitter and receiver.
This makes DSTM very competitive when fading channels
change so rapidly that the CSI, which is necessary for coherent
detection, cannot be got reliably.

DSTM can be seen as an extension of differential phase shift
keying (DPSK). In [3], to improve the system performance
of DPSK, serial concatenation of DPSK with a convolutional
code is introduced. DPSK has been considered as a recursive
convolutional code and the corresponding soft output a poste-
riori probability (APP) decoder has been proposed. Applying
the proposed decoder in the receiver, an additional coding gain
from the concatenation is shown to be obtained after iterative
decoding processes.

Similarly, when DSTM is considered as a recursive con-
volutional code, coded DSTM is the serial concatenation of
DSTM and a convolutional code, and an additional coding
gain can also be expected. To take the additional coding gain,
the research in [3] is generalized into the case of DSTM in
this paper. A soft-output APP decoder of DSTM is proposed
based on BCJR algorithm [4]. In the decoder, multiple-symbol
differential detection (MSDD) [5] is applied to calculate the
branch metric. Although in [3], the research is limited to the
case of additive white Gaussian noise (AWGN) channels, flat
Rayleigh fading channels are considered in the paper. Channel
autocorrelations are considered in MSDD, to mitigate the
effects of channel variation in the Rayleigh fading channels.
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Fig. 1. The serial concatenated encoder of DSTM.

Several works on the same topic of iterative detection of
coded DSTM can be found in [6] and [7]. In [6], noncoherent
iterative decoding (NID) [8] using rectangular windowing
(RW) or exponential decaying windowing (EDW) has been
applied to get the detection schemes. But since NID with
RW is developed for AWGN channels and NID with EDW
is developed for slow fading channels, the schemes in [6] are
not fit for fast fading channels. In [7], a detection method of
DSTM has been proposed by employing soft output Viterbi
algorithms whose branch metrics are got by modifying the
decision metrics of MSDD. Since the channel autocorrelations
are not considered, large observation interval can only lead
to performance degradation, and thus only the minimum
required observation interval is adopted in [7]. In this paper,
differently from [6], the proposed detection method has good
performance in fast fading channels. And differently from [7],
large observation interval leads to significant performance gain
and hence a proper observation interval can be chosen flexibly.
Another major difference is that, instead of bit interleaving
which is used in [6] and [7], the symbol interleaving is utilized
in the paper to keep the code symbols intact.

The rest of this paper is organized as follows. Section II
contains the system model. In Section III, focussed on the
inner decoder, the iterative detection method is described. The
performance of proposed detection method is analyzed by
computer simulations in Section I'V. Finally the conclusion is
in Section V.

II. SYSTEM MODEL

The system model in [3] is generalized into the case of
DSTM. The transmitter of coded and symbol interleaved
DSTM is shown in Fig. 1. The information data are firstly
convolutionally encoded, then after interleaving, the coded
data are mapped into DSTM symbols and transmitted to the
channel. Since symbol interleaver is used here, the informa-
tion data are considered in symbols. Set every information
symbol contains k. information bits and the total number of
the information symbols is N,, the whole information data
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can be denoted by giv‘l, where ' = {Zn, Tnt1, ", Tm -
Accordingly, ¢ is the codeword after the convolutionally
encoding with rate k./n., where N = N, + L and L is
the number of additional symbols at the end of the codeword
to drive the convolutional encoder to zero state. And in is
the interleaved codeword with b, € M and the code space
M is {0,1,--- ;M — 1}. Assume M-ary phase-shift keying
(MPSK) is used in DSTM, to make sure the code symbols
intact after interleaving and modulation, it has n. = log, M.
Set the number of transmit antennas as N, the N; x N; DSTM
code matrix S,, is

om
edxrudn

So=| o . 0 M

0 ... eI FFuNdn

where d,, is the differential coded symbol of b,,, and u,, is the
coefficient which is optimized to achieve maximum diversity
product as show in [1]. Set the transmitted energy per symbol
as I, then the transmitted energy per message bit [, can be
calculated as

No+L+1
E, = N, E;. 2)

We consider a wireless communication system with N,
receive antennas and the channel between each transmit and
receive antenna is assumed to be time-varying flat Rayleigh
fading and uncorrelated mutually. At time N;7+ k, 0 < k <
N,—1, asymbol s,,(N,7+k) is transmitted by the xth antenna.
Then the received signal of the symbol at receive antenna v
can be expressed as

yV(Nt’T + k) = h,/“,(NtT + k)S'u(NtT + ]f) + TLV(NtT + k),

3
where hfw(t) which is a complex Gaussian random variable
with mean zero and variance o7 is the subchannel gain
between the uth transmit antenna and the vth receive antenna
at time ¢. n,(t) is additive complex Gaussian noise with zero
mean and variance o2 at receive antenna v, and 02 = Np/2
where Ny is the one-sided power spectral density.

Since the space-time code matrix of transmitted symbols at
rth time block is [S+]x, = s,(Ny7+k), where [-];; denotes the
1, jth element of a matrix. Assume a block fading environment
ie.

o (NeT + k) = By (NeT + ') = hyy (N, 7)
0<k<K <N -1, )

we can recast (2) to an equivalent matrix form as
Y.=S;H,+N., 5)
where Y., H, and N, are N; x N, matrices with [Y ]z, =

Yo (NeT+k), [H ] = hpw (Ne7+E) and [N, = ny, (N 7+
k) respectively.
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Fig. 2.

III. RECEIVER WITH ITERATIVE DETECTION

The optimal receiver by the mean of minimum symbol error,
applies the maximum a posteriori probability (MAP) estima-
tion, which chooses a,, as @,, when the APP p{a,, = dn|Xév }
is maximized. Since it is computationally prohibitive to calcu-
late the APP’s directly, utilization of suboptimal receivers to
get the APP’s is taken into account.

Considering the DSTM as a recursive convolutional code,
a suboptimal receiver which is splitter into inner decoder
and outer decoder and using the iterative decoding can be
proposed as in Fig.2. The processes of iterative decoding
and outer decoder are very similar with those in [3], but the
inner decoder should be generalized for multiple antennas and
reconsidered for fast fading channels. Therefore, the process
of inner decoder is the main point of this chapter. In the rest of
this chapter, after a simple description of the whole iterative
decoding process, we mainly focus on the process of inner
decoder.

A. Iterative Decoding

A soft output DSTM decoder is used as the inner decoder
to calculate the APP Pgb >~ p{b, = b[Y'} for all possible
values of b € {0,1,--- ,M —1}and n € {1,2,--- ,N}. Pgb
can be calculated with the method proposed in Sec. III-B using
the received signals Y’ and a priori probability p{b, = b}.
At the very first time, p{b, = b} with equal probability can
be used. After removing the a priori information by division,
the inner decoder outputs the so-called extrinsic information

PO . S .
PE, = Wib}n and the deinterleaved extrinsic information
P? _ is passed to the outer decoder.

At the outer decoder, BCJR algorithm is used to decode
the convolutional code. PO, = p{a, = a|Y{} and P?, =
plen = ¢ Y} are calculated based on P .. Removed the
extrinsic information from inner decoder, outer decoder out-

o . PY .
puts extrinsic information Pfa = 5 and P,Ec is interleaved
to P!, to pass back to the inner decoder.
Then at the inner decoder, Pé , is used as the new a
priori probability in place of p{b, = b}. And the extrinsic

information be is recalculated with Pé’b and the received
signals Y. Afterwards the new extrinsic information Pf,b is
passed to outer decoder and used to compute new P,,?,a and
PE..

Such an iterative process is repeated several times, and after
a certain time of iterations, Pga is input into a hard detector

to make the decision of a,,.
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B. Inner Decoder

Here, we generalize the inner decoder of DPSK with
noncoherent demodulation in [3], which is considered in the
AWGN channels, into the case of DSTM in the Rayleigh
fading channels.

Like in [3], to calculate Pgb, D (Yn|b{V ,ngl) should be
firstly calculated. Consider Y, as a received signal sequence
of MSDD with observation interval n, as in [9] the probability
density function of Y|} given message b7’ is,

exp{—tr(Y5" (A§) "' Y5)}
(7 FDN: det AN
where ‘tr’ denotes the trace function. ‘E’ denotes expectation

and the superscript ‘H’ denotes the Hermitian operation
(transpose conjugation).

p(Xglby) = ©)

A = B [y ] ™

is the covariance matrix of Xg . In Rayleigh fading channels,
A7 can be written into [9]

Ag = Dzﬁj—iﬂDgH + NT'UiINt(j7i+1) ®)

where Dg = diag{S;,Si+1,...,S;}, Ins is an M x M
identity matrix and pys is a M x M matrix which considering
the channel fading autocorrelation as in [10] and has elements
as

[palij = of - Jo(2m fo TN (i — 7). )

where fp is the maximum Doppler frequency, T is the sample
period, and Jy(-) is the zeroth order Bessel function of the
first kind. Thus fpT; is the normalized maximum Doppler
frequency. By considering the channel fading autocorrelation,
the effects of channel variation can be mitigated.

From (6), we can get

n|in

POV, ) = LR

(X5 [bY)
det Ay~
<7rN ¢t det AY
—tr(Xg " (M) 1 Y5)}

N,
) exp{tr(X2 T (A7) 1Y)
(10)

As shown in (8), the calculation of A needs the information
of by, and when n is big, it is too complex to be calculated.
Therefore, it is hardly to use (10) directly. To solve this
problem, truncation is also used here like in [3]. Set the
number of previous samples used by the estimator as Z, and
assume p(Y, |07, Y571) = p(Yalby_ 741, X" 5), (10) can
be rewritten into

p(Yalby, Y5 )

N.
det A7~ " . o
- (W) rexp{tr(X, 7T (A7) Y0 Ty)
—tr(Y 2, (An_ )Y ) (11)

Note since (11) has no meaning when Z = 1, the minimum
possible value of Z is 2.
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Define s, = b” 741 as the state at time n, accordingly
STz[b,— IZ L1,bn] = BT}, is the state transition matrix,
SGz[bn—, +1,bn] = by, _ 7,1 is the code symbol generation
matrix, and the state space S has MZ~! states. Thus the
branch metric is

Hn@n—ZH) =D (RH|QZ—Z+1 = En_z+1,EZilz)

det A"~ L "
= einfz ~exp{tr(Y,'~
nNedet A,
—tr(X2,(Ar_ )Y )}

Afterwards the APP Pg , can be calculated as

FAT)TIY )

12)

b, =10
PO, = = E S o (5)0a (Gl ) B (ST s, 1)
sES (13)

where Q,, = pq}ﬂﬂzil); an(s) = p(sp = S|Eg*1), and
Bri1(s’) = PBuslsn1=5 Ro) Using the BCJR algorithm,

p(R'n+1 ‘R‘g)
o, (8) can be recursively computed by

an+1 Z ZP = b an )/Jn(SGZ[Sv bD
2 s€S beM
'p(sn+1 = 3/‘371 =S, bn = b)a
(14)
and f3,(s) can be recursively computed by
1
Bu(s) = o D Pbn = b)pn(SGzls, b)) i1 (ST s, b).

" beM

(15)

The recursion of o, (s) is initialized by ag(s) = 1 when s = 0
and ap(s) = 0 when s # 0, and the recursion of §,(s) is
initialized by Bn41(s) = 52—

1) Fast Calculation Algorithm: In (12), the computa-
tional complexity is meanly depended on the calculation of
(A"~2)"'and (A"_,)~. Note A"~} is actually a submatrix
of A}, fast calculation algorithm (FCA) [11] can be applied.

In FCA, A, is assumed to be an [ x [ reversible matrix and
partitioned into four submatrices as

aiy a1(i-1) aiy
A=
ag—1)1 a(—1)(1-1) | Au=1)
ay T aii—1) an
A Ay
[ Apn  ay (16)

Assuming B; = A
B, is partitioned as

1 as the inverse matrix of A;, accordingly

Bl = |: B(l_l)(l_l) Bll :| (17)

Bn by
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Fig. 3. BER performances of iterative detection of coded DPSK versus coded ~ Fig. 4. BER performances of iterative detection of coded DSTM systems

DSTM.

If A = AlH , the submatrices of B; can be calculated as

with Z = 2 and different number of iteration.

. 1 1 OO T T T T T T T
by =(ay —ApnAJAy) e e -
By = —A; Auby = Bf] 107! Y S ~e__
B -1 = A, —BuAnA (18) . RN NG
-e-l= \\‘\\1\\ \ \\\
Applying (14), (A?_,)~! can easily be calculated from ¢ 10'2 -a--[=2 ‘\\\\‘\\Y\\ N
(AZ:lz)*l_ Therefore, the computational complexity of (12) g :3::%;3‘ \‘\3%\\\\\ \\\\
can be reduced. 1030 -o--1=5 ‘\\\\‘\\\:\\ \\q \
IV. SIMULATION RESULTS :;:: Eg RN
In our simulations, a time-varying flat Rayleigh fading chan- 10'4 “\gx\\\

. : £,T=0.01 DR
nel model is used. The numbers of transmit antennas N; and 7=3 AN
receive antennas N, in DSTM are set to 2 and 1 respectively. 5
The transmit antennas are assumed to be independent with 10 5 ' ?') ' 4" ' 5' ' 6
each other. A rate 1/2 convolutional code with generator E./N [ dB]

(135,163)s is used as outer code. Thus n. = 2 and quadrature b0
phase-shift keying (QPSK) is used in DSTM. An S-random
[12] interleaver of size 1000 is used as the symbol interleaver. Fig. 5. BER performances of iterative detection of coded DSTM systems

In Fig.3, the bit error rate (BER) performances of the
iterative receiver of coded DPSK are compared with those of
coded DSTM in fast Rayleigh fading channels. Since DPSK
can be seen as a special case of DSTM when N; = 1, to fit
for the fast fading channels, the detection method proposed in
this paper is also used for DPSK in place of the method in
[3]. It is observed that in both cases of Z = 2 and Z = 4,
DSTM has better BER performances than DPSK. Thus the
effectiveness of transmit diversity is improved. We can also
observe that, the performance improvement when Z = 4 is
much bigger than that when Z = 2. That means with transmit
diversity, the effects of increase the observation interval can
be enhanced.

Figs.4 and 5 show the BER performances of the receiver
with different number of iteration I in a fast fading channel
with fpTs = 0.01. Z is set to 2 in Fig.4, and 3 in Fig.5
respectively. It seems that these figures are very similar in
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with Z = 3 and different number of iteration.

shape. That means with different Z, changing I has similar
influences to the BER performances. It is observed from
these figures that, at relatively low signal-to-noise ratio (SNR)
(Ey/Ny < 4dB), increasing the number of iteration can
hardly lead to performance enhancement. At relatively high
SNR, significant performance gain can be got by the first few
iterations, although when [ is big, the gain becomes marginal.

Figs. 6 and 7 show the bit error rate (BER) performances
of the receiver with different Z in a fast fading channel
with fpTs = 0.01. We set I = 1 in Fig.6, and I = 5 in
Fig.7. In Fig. 6, it is shown that only very little performance
enhancements is obtained by increasing Z. That means in this
system, the effects of extending the observation interval on
the performance improvements are extremely limited with-
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with I = 1 and different number of estimated previous samples.
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with I = 5 and different number of estimated previous samples.

out iteration. On the other hand, in Fig.7, we can observe
considerable performance enhancements by increasing Z at
relatively high SNR. That means with iteration, it is effectively
to improve the BER performance by extending the observation
interval. Or in other words, the effects of extending the
observation interval are enchanted by increasing 1.

The BER performances of the receiver with different fpT
at Fy/Ng = 6dB and I = 5 is given in Fig.8. It is
observed from this figure that, at very low fpTs (fpTs <
0.003), performance with higher fpT; is better and the best
performance can be got around fp7s = 0.003. That is
because, effects of time diversity can be got by using the
interleaver. With the increase of fpTs, the autocorrelation of
the channel becomes smaller and hence the effects of time
diversity become bigger. Conversely, at relatively high fpTs,
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with different fpTs.

performances become worse when fpTs becomes higher. That
is because although the effects of time diversity are enhanced
and lead to some performance improvements, the performance
degradations brought by the faster channel variation are bigger
and become dominated when fpT} is big. We can also observe
that, increasing Z always leads to better performances with
any value of fpT,. That means application of the fading
autocorrelation is effective to combat the fading channels.

V. CONCLUSION

By considering the coded DSTM as a serial concatenation
of DSTM and a convolutional code, a noncoherent iterative
receiver has been proposed for it. The key of the receiver is
the soft-output decoder of DSTM, which is used as the inner
decoder in the iterative process. Comparing with some other
works in the same topic, the main feature of this paper is its
good performance in fast fading channels. It is because that,
channel autocorrelations are considered in MSDD to mitigate
the effects of channel variation while computing the branch
metrics in the DSTM decoder.

With computer simulations, the effects of transmit diversity
have been confirmed firstly. Then, the effects of different itera-
tive times and observation interval lengthes have been studied
in fast Rayleigh fading channels. It has been demonstrated
that, extending observation interval lengthes is very effective
to improve the BER performances, especially when iterative
times are large. Finally the effects of different maximized
Doppler frequencies on performance have also been discussed.
It has been shown that, since the channel autocorrelations are
applied, longer observation interval can always lead to better
BER performances.
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