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Abstract: The performance loss of an approximately 3 dB signal-to-noise ratio is always paid with conventional

differential detection compared to the related coherent detection. A new detection scheme consisting of two steps

is proposed for the differential unitary space-time modulation ( DUSTM) system. In the first step, the data

sequence is estimated by conventional unitary space-time demodulation (DUSTD) and differentially encoded

again to produce an initial estimate of the transmitted symbol stream. In the second step, the initial estimate of

the symbol stream is utilized to initialize an expectation maximization (EM)-based iterative detector. In each

iteration, the most recent detected symbol stream is employed to estimate the channel, which is then used to

implement coherent sequence detection to refine the symbol stream. Simulation results show that the proposed

detection scheme performs much better than the conventional DUSTD after several iterations.
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Recent information theory results show that the
capacity of wireless channels can be substantially in-
creased by employing multiple transmit and receive an-
tennas, especially when the channel state information is
known at the receiver''™”
tions, the channel state information (CSI) may not be
available to the receiver. Even if the receiver does not
know the fading coefficients, a substantial increase in
channel capacity is still possible'”. So it is of interest
to develop techniques for modulation and coding that
do not require CSI. Tarokh et al. ' first came up with
a differential STBC scheme for a slow Rayleigh fading
channel with two transmitter antennas. The scheme em-

. However, in many situa-

ploys block-by-block detection, in which neither trans-
mitter nor receiver knows the CSI. The same authors
generalized the differential detection for STBC to more
than two transmit antennas"'. In Ref. [6], a new class
of signals called unitary space-time signals was pro-
posed, which is well tailored for Rayleigh flat-fading
channels where neither the transmitter nor the receiver
knows the fading coefficients. Ref. [ 7] presented a sys-
tematic approach to designing unitary space-time sig-
nals. In particular, Ref. [8] introduced so-called diago-
nal codes that are simple to generate: every antenna
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transmits a phase-shift keying (PSK) symbol in turn.
Like other differential space-time codes, differential
unitary space-time modulation (DUSTM) enables us to
decode the received signals without the knowledge of
the CSI'®®, but both suffer a loss of an approximately
3 dB signal to noise ratio when compared to their re-
spective ideal coherent receivers when the CSI is per-
fectly known, so it is of great importance to devise new
detection scheme for the DUSTM to improve system
performance. In this paper, we present an expectation-
maximization ( EM)-based detection scheme for the
DUSTM system.

The EM algorithm' is a general approach for
computing maximum likelihood (ML) estimates. For
single-antenna channels, receivers based on the EM al-
gorithm have been shown to perform well under fast

[10] [11]

fading' ™ and multipath fading' "~ conditions. In parti-
cular, EM-based detectors for space-time block codes
have been derived in Refs. [12 — 13]. Ref. [ 14] pro-
posed an iterative receiver for differential STBC using
the EM algorithm; however, since the differential STBC
employed was based on the Alamouti transmit diversity
scheme!™, only two transmit antennas were assumed.
In this paper, we employ the EM algorithm to de-
rive an iterative detection scheme for DUSTM sys-
tems. We consider the detection of a differential unitary
space-time constellation proposed in Ref. [ 8]. The
scheme which we propose employs two steps. In the
first step of our scheme, a data sequence is estimated
by conventional differential unitary space-time demod-

ulation (DUSTD) and is differentially encoded again
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to produce an initial estimate of the transmitted symbol
stream. In the second step, the estimation of the symbol
stream obtained from the first step is utilized to initial-
ize an EM-based iterative detector. In each iteration,
the most recent detected symbol stream is used to esti-
mate the fading coefficients, which are then utilized to
implement coherent detection to renew the detected
symbol stream. The process of iterations improves the
overall performance of the DUSTM system. Simulation
results show that the detection scheme we propose per-
forms better than the conventional DUSTD.

1 DUSTM and System Model

Consider a communication link comprising M
transmitter antennas and N receiver antennas and oper-
de-
note the transmitted signal by transmitter antenna m =
1,2, ..., M at time slot t =1,2, ..., T and satisfy the

M
power constraint E [ 2 s, |7 ] = 1. The received
m=1

ating in a Rayleigh flat-fading environment. Let s

tm

signal x,, by the receiver antenna n =1,2, ..., N at time
slot t=1,2, ..., T is given by
M
X, =Ap D S+ W, ()

m=1

where #,, is the complex-valued fading coefficient be-
tween the m-th transmitter antenna and the n-th receiv-
er antenna. The fading coefficients are assumed to be
independent with respect to both m and n, and are CN
(0, 1) -distributed (complex normal zero-mean unit-va-
riance distribution where the real and imaginary com-
ponents of each random variable are independent and
each has a variance 1/2). In addition, 4,,, is assumed to
be constant over P symbol intervals, where P is the
length of the received frame. In other words, a quasi-
is the
additive noise at time ¢ and at receiver antenna n,
which is independently identically distributed CN (O,
1), with respect to both ¢ and n. p is the average signal-

static fading case is considered in this paper. w

m

to-noise ratio (SNR) per receiver antenna. Alternative-
ly we can write this in matrix form as

X, =JpSH+W, (2)

where X is the T x N symbol matrix of received signals

X,,»S; 1s the T x M symbol matrix of transmitted signals

s,,» and the subscript i denotes the i-th symbol within a

frame; H is the M x N matrix of the Rayleigh fading

s and W, is the T x N matrix of additive

. S; }T and X =

{X!,...,X,}" denote the transmitted and received sym-

coefficients i

noise w,,. Now let matrices S = {S/, ..

bols of one entire frame, respectively, where “1” de-
notes complex conjugate transpose, then the system be-

comes

X =JpSH +W (3)
where W={Wi, ..., W,}". For simplicity, we assume T
=M in this paper. Suppose that z,, z,, ... with z, € {0,
1,...,L -1} is a data sequence to be transmitted, each
z, corresponding to a constellation matrix from the con-
stellation set {¥,},1=0,1, ..., L -1, where L =2"" for
a data rate of R bit per channel use. The transmitter
sends the symbol stream S,, S, ..., which is determined
by the following fundamental differential transmission
equation'”!

S, =w.S,_, t=1,2, ... (4)
where S, =1,, and I,, denotes the M x M identity ma-
trix. At the receiver, the maximum-likelihood ( ML)
demodulator for DUSTM is given by'®

g=arg  min [X -wX | (5)

where | +| is the Frobenius norm which is defined as

|A| = Vtr(ATA) and tr( +) denotes the trace operator.
2 New Detection Scheme for DUSTM

Due to the performance loss with the conventional
DUSTD compared to the related coherent detection, we
devise a new detection scheme for DUSTM in this sec-
tion. In the first step of the proposed scheme, an initial
estimate of the transmitted data sequence is derived by
the conventional DUSTD, and then differentially enco-
ded again to generate the estimate of the transmitted
symbol stream, which is to be used to initialize an EM-
based iterative detector in the next step. In the second
step, we employ the EM algorithm for ML estimation
to derive an iterative detector for the DUSTM system
to improve overall performance. Fig. 1 provides an

overview of the proposed detection scheme for

DUSTM.
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Fig.1 Diagram of the proposed detection scheme

2.1 Initial estimate of the transmitted symbol stream

As shown in Fig. 1, A zAio), 2;0),
tial estimate of the data sequence, which can be ob-
tained from the ML detector for DUSTM, i.e, Eq.
(5), and is then differentially encoded to generate the

1S an ini-

initial estimate of the transmitted symbol stream S,
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S{”, .... This estimate of the symbol stream is used to
initialize the iterative receiver in the next step.
2.2 [Iterative detection via EM algorithm

A detailed description of the EM algorithm can
be found in Ref. [9]. Here we give a brief overview
of the algorithm. Suppose that we wish to estimate a
parameter S .7 based on an observation X. The EM
algorithm, which is an iterative procedure, considers
some larger sets of data Y. Then we wish to find S to
maximize log f(Y | §), but we do not have the data Y
to compute the log-likelihood. So instead, we maxi-
mize the expectation of log f(Y | §) given the obser-
vation Y and the current estimate of S. The data X and
Y are referred to incomplete data and complete data,
respectively. Each iteration of the EM algorithm con-
sists of two steps: an expectation step ( E-step) and a
maximization step (M-step) . Let §* indicate the esti-
mate of S after the k-th iteration, k =1,2, .... The E-
step computes

O(S |8%) =Ellogp(Y | §) | X,8°1  (6)
where the expectation is with the conditional probabil-
ity density function (pdf) p(Y | X, §*). The M-step
then computes the next estimate by

§¢1 = arg maxQ(S | §) (7)

Each iteration is guaranteed to increase the likeli-
hood and the algorithm is guaranteed to converge to a
local maximum of the likelihood function''.

For the problem at hand, let the complete data Y
be the incomplete data X,, X,, ... along with the fa-
ding coefficients H, and let the unknown parameter to
be estimated be the transmitted symbol stream S, S,,
..., where S, and X, are the i-th transmitted and re-
ceived symbol matrices respectively within one frame.
At the E-step of the iteration, the detector estimates
the fading coefficients, conditioned on the received
signals and the most recent estimate of the transmitted
symbols. The E-step of the EM algorithm then yields

Q(S |8") =E[logp(X,H|S) | X,8"] (8)
Since H and S are independent matrices, the joint pdf
p(X,H |S) in Eq. (8) can be factored as
p(X,H|S) =p(X | H,S)p(H) (9
The pdf p(X | H, S) is given by

p(X | H,S) :ﬁexm —tr{(X ~JpSH) (X —JpSH)'})

(10)
Then, substituting Eqgs. (9) and (10) into Eq.
(8) and dropping irrelevant factors finally yields

0(S |8V = tr{Re(sH“)Xf) - %sz(“ S*}
(11)

where

,
AY = ELH|X,8%] = 2 (897,
i=1

B pP +1
(12)
and
Y =EHH' | X,8%) =L 1 a@ae)
pP +1
(13)

where H” and ()" are respectively the conditional
mean and the second moment of the fading coeffi-
., X, and the
most recent estimate of the transmitted symbols S|,
..., 84 at the k-th iteration.

The M-step of the iteration then performs coher-

cients, given the received symbol X, ..

ent data detection assuming that the channel estima-
tion at the E-step is correct; i. e., finds SU*D that
maximize Q(S | §%©)

S = arg rglaxQ(S | 8%y =

oy _ Lepmetl =
arg max tr{Re(SH X' - 2S.() S }—

»
arg max tr { Re( ; SHYX) } (14)

where S is the collection of all possible transmitted
symbol streams and Re( +) is the real operator. In oth-
er words, the M-step updates the decision on the sym-
bol stream according to the most recent estimate of the
fading coefficients. From the M-step of Eq. (14), it is
known that the metric for optimization to find §**" is
independent of 2", so the E-step can be implemented
only by computing Eq. (12). Since the received signal
is known, the fading gain estimate is assumed to be
correct, and the transmitted symbols are effectively
memoryless''*!, the M-step can be solved on a sym-
bol-by-symbol basis

S = arg rsna;ftr{Re(SfI(k)Xj)} i=1,2,...,P

(15)
where .”"is the collection of all possible transmitted
symbols. The EM-based iterative receiver consists of
choosing an initial value, then performing the E-step
and the M-step successively. The iterations cease
when the estimate of the symbol stream does not
change during two subsequent iterations, or after a
specified number of iterations. Finally, the estimate of
the data sequence can be obtained by differentially de-
coding §,, ..., S,.

At the same time, it should be pointed out that
the proposed detection scheme introduces the latency
and additional processing complexity at the receiver
due to the EM-based iterative detection in the second
step. Specifically, the complexity of the conventional
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algorithm for computing Eq. (15) is O(M’) when M
= N. However, compared with the conventional coher-
ent detection scheme with training, the proposed
scheme avoids the overhead used for channel sounding
during transmitting. Since the bandwidth is a scarce
resource and the training overhead may be excessive,
especially for multiple-antenna communication, and
with more and more powerful processing units emer-
ging, obtaining higher bandwidth efficiency at the cost
of some computing complexity is sometimes appeal-
ing.

3 Performance Simulations

We now apply the proposed detection scheme to
the DUSTM system where the channel has unknown
Rayleigh flat fading coefficients. For simplicity, in this
paper we use a simple unitary space-time constellation
proposed in Ref. [8].

pakyl akol

Pyl
1If,:diag(eL,eL,...,eL ) [=0,1,....,L -1
(16)

where j denotes the imaginary unit and &, k,, ..., k,,

are optimized integer parameters to achieve the maxi-
mum diversity product'® . The frame length P =1 024
is used in this paper. The symbol error rate ( SER)
performances as a function of the signal-to-noise ratio
(SNR) when M =2 or M =3 are shown in Fig. 2. The
integer ¢ in the notation EM-q refers to the number of
EM iterations. For simplicity, we assume that the data
rate per channel use R = 1, which means L =2". For
comparison, we also plot the performance curves of
the conventional DUSTD and give the results of the
ML coherent detector when the channel H is known
perfectly at the receiver as a lower bound.

As shown in Fig. 2, the conventional DUSTD
suffers approximately a 3 dB performance loss com-
pared with its respective ideal coherent one when H is
known. The proposed detection scheme performs
much better than the conventional DUSTD after a few
iterations. Specifically, at a SER of 10~ in Fig. 2 (e)
when M =3 and N =3, the performance of the pro-
posed detection scheme is roughly 1 dB better than the
conventional DUSTD when the number of EM itera-
tions is 4, and an approximately 1.9 dB gain is ob-
tained when the number of EM iterations is 8. It is al-
so obvious from these figures that the performance of
the proposed detection scheme has moved a significant
step toward the lower bound given by the ML coher-
ent detector.
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Fig.2 The SER performances as a function of SNR. (a)
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4 Conclusion

In this paper, a new detection scheme based on
the EM algorithm is proposed for DUSTM, when nei-
ther the transmitter nor the receiver knows the channel
fading coefficients. A data sequence produced by the
conventional DUSTD is differentially recoded to ob-
tain the initial estimate of the transmitted symbol
stream in the first step, and then in the next step the
EM algorithm is employed to derive an iterative detec-
tor, which implements channel estimation and coherent
detection in each iteration, to improve the overall sys-
tem performance, using the estimate of the transmitted
symbol stream obtained from the first step as its initial
value. We compare the performance of the proposed
detection scheme with the conventional DUSTD and
ML coherent detector with perfectly known fading co-
efficients through simulating. Simulation results dem-
onstrate that the proposed detection scheme performs
better than the conventional DUSTD. With the pro-
posed detection scheme, the performance loss of the
DUSTM system when compared to the related coher-
ent detection is greatly reduced.
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