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Abstract — In this contribution we propose a novel Space-Time
Coding (STC) scheme for transmissions over dispersive Rayleigh
fading channels, which invokes a Joint-Detection assisted Min-
imum Mean Square Error based Decision Feedback Equalizer
(JD-MMSE-DFE) for jointly detecting the channel-impaired wide-
band signals of multiple transmit antennas. The performance of
the proposed scheme was investigated using Quadrature-Phase-
Shift-Keying (QPSK) when communicating over channels exhibit-
ing multi-path components. It was shown that the scheme advo-
cated outperforms conventional STC due to benefitting from the
multi-path diversity of the dispersive channel.

1. INTRODUCTION

In numerous practical situations the wireless channels are neither high-
ly time selective nor significantly frequency selective. This motivated
numerous researchers to investigate space diversity techniques with
the aim of improving the system’s performance. On one hand, re-
ceiver diversity [1] has been widely used at the base stations of both
the GSM and IS-136 systems. On the other hand, recently the family
of transmit diversity techniques [2] has been studied extensively for
employment at the base station, since it is more practical to have mul-
tiple transmit antennas at the base station, than at the mobile hand-
set. Space-Time Trellis Coding (STTC) pioneered by Tarokh et al.
[3] combines signal processing at the receiver with intelligent coding
techniques appropriately mapping the information to be transmitted
to multiple transmit antennas. In an attempt to reduce the associated
decoding complexity, Alamouti proposed Space-Time Block Coding
[4] (STBC) employing two transmit antennas. Alamouti’s scheme
was later generalized to an arbitrary number of transmit antennas [5].
Space-Time Coding (STC) schemes were originally proposed for
transmission over narrowband fading channels. When encountering
wideband channels, multi-carrier Code Division Multiple Access (MC-
CDMA) and Orthogonal Frequency Division Multiplexing (OFDM)
[6] can be utilised for converting the wideband channel to numerous
narrowband channels. These transmission schemes can then be con-
catenated with conventional narrowband STC schemes [7, 8]. The re-
sultant concatenated schemes provide significant coding gain and di-
versity gain over uncoded single-transmitter and single-receiver sche-
mes, typically at the expense of utilising an increased bandwidth,
which is required for accommodating multiple replicas of the trans-
mitted signal using multiple carriers. In single carrier systems STC
can also be advantageously combined with Multiple-Input-Multiple-
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Output (MIMO) equalizers [9] as well as with turbo equalization sche-
mes [10] for mitigating the Inter Symbol Interference (ISI) induced
by the multi-path channel. In [9] STBC is combined with the MIMO
equalizer of [11], where the number of receivers is at least the same
as the number of transmitters.

In our proposed system the Minimum Mean Square Error Deci-
sion Feedback Equalizer (MMSE-DFE) based Joint Detection (JD)
scheme [12] is used, which constitutes a widely known powerful ap-
proach for mitigating the effects of both multi-user interference and
ISI. However, in this particular application the JD scheme will not be
employed for detecting multiple users, it rather will be used for miti-
gating the effects of employing multiple transmitters and the channel-
induced ISI. Since the JD is capable of jointly detecting all the trans-
mitted signals arriving from the multiple transmit antennas, we argue
that it can be concatenated with STC for detecting the ISI-contaminat-
ed signals arriving from the multiple transmitters, which may also in-
terfer with each other.

The rest of this treatise is organised as follows. Our system over-
view is presented in Section 2, the JD-MMSE-DFE is discussed in
Section 2.1, while STTC and STBC are briefly highlighted in Section
2.2. Our simulation results are discussed in Section 3 and finally our
conclusions are offered in Section 4.

2. SYSTEM OVERVIEW

The block diagram of the Joint Detection assisted Minimum Mean
Square Error based Decision Feedback Equalised Space-Time Cod-
ing (STC-JD-DFE) system is shown in Figure 1. We consider QPSK
based 8-state STTC [3] as well as QPSK aided STBC using Alam-
outi’s G2 code [4], where two transmit antennas are utilised. We
apply two different spreading codes to the two transmit antennas be-
fore transmission. Hence the information symbol s is encoded by the
Space-Time Trellis (STT) encoder into the symbols d; and d2, which
are spread before transmission by the spreading codes ¢! and ¢?, re-
spectively. The received signal y is the superposition of the two trans-
mitted signals as well as the multi-path components of the signals. At
the JD-MMSE-DFE assisted receiver, joint detection is performed, in
order to jointly detect the two transmitted signals, yielding dy and do.
Finally, the detected signals are passed to the ST decoder for generat-
ing an estimate of the information symbol §. Again, this scheme can
be viewed as being equivalent to a two-user scenario in the context
of a single-transmitter JD-MMSE-DFE CDMA system. However, for
a K transmit antenna aided STC scheme each transmitter transmits
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Figure 1: Block diagram of the concatenated STC and JD-MMSE-DFE scheme.

only a fraction 1/ K of the total transmit energy.

2.1. The JD-MMSE-DFE Subsystem
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Figure 2: Example of the system matrix A for a two-transmitter sys-
tem, where b™") and b® are column vectors representing the com-
bined impulse responses of transmitter (Tx) 1 and 2, respectively, in
Equation 2. The notations are as follows: N denotes the number of
data symbols transmitted by each transmitter, () represents the num-
ber of chips in each spreading sequence and W indicates the length
of the wideband channel impulse response (CIR).

Let us consider the structure of the system matrix A for the two-
transmitter system of Figure 2. The combined impulse response, bk ,
due to the spreading sequence ¢® and the channel impulse response
(CIR) h,(lk) is defined by the convolution of c® and h;’”, which is
represented as:

b O (1),69(2),... (1)
BE (1), b (Q+ W —1)"
™ «nf, @)

fork=1...K; n=1,...N,

where K is the total number of transmitters, N denotes the number of
data symbols transmitted by each transmitter, () represents the num-
ber of chips in each spreading sequence and W indicates the length
of the wideband CIR. The system matrix of the k' transmitter, A %)
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is represented by:

b (1) fori=(n—1)Q+1;
=1,...,N;
A(k) in = n I b I 3
[ ] l=1,...,Q+W —1; )
0 otherwise.

The overall system matrix can be constructed by appending the A (*)
matrix of each of the K transmitters column-wise:

A=AD A® A® AT, )

Therefore, the discretised received composite signal can be repre-
sented in matrix form as :

Ad +n,
(y17y27 o

y (&)

y

T
VYNQ+W—1)

where n = (n1,na, ..., nNQ+W,1)T, is the noise sequence, which
has a covariance matrix of R, = E[n.n*!]. The composite signal
vector y has (NQ + W — 1) elements for a data burst of length N
symbols.

k=1 k=2
Q| ] k=1 I [
= =]
W-1 * + B = N
k=2
A d + n = y
System matrix Data Noise Received
vector vector vector

Figure 3: Example of the matrix equationy = Ad+nfora K = 2—
transmitter system. Each transmitter transmits N = 3 symbols per
transmission burst and each symbol is spread with the aid of a random
spreading sequence of length () = 3 chips. The channel associated
with each transmitter has a dispersion of W = 3 chip durations. The
shaded boxes indicate the data positions of the matrices involved in
computing the fourth element of the received signal vector, y.

Figure 3 shows the stylized structure of Equation 5 for a specific
example. In the figure, a system having K = 2 transmitters is de-
picted. Each transmitter transmits N = 3 symbols per transmission
burst and each symbol is spread with the aid of a signature sequence
of length @@ = 3 chips. The channel associated with each transmitter
has a dispersion of W = 3 chip durations. The basic concept of joint



detection is centred around processing the received composite signal
vector, y, in order to determine the transmitted data vector, d. The
operations required for obtaining the JD-MMSE-DFE data estimates
can be summarised as follows. First we construct the system matrix A
of Equation 4. Then we obtain the output of the Whitening Matched
Filter (WMF) as follows [13]:
dwmr = AR,y ©)

where A is the conjugate transpose of A and R.; ! is the inverse of
the noise covariance matrix R,,. Next, Cholesky decomposition [14]
of the matrix (A" R,,* A + R} ") is performed, yielding:

A"R,'A +R;' = (DU)"DU, (7)

where R;l is the inverse of the signal’s covariance matrix Rg4, D
is a diagonal matrix having real-valued elements and U is an upper
triangular matrix, where all the elements on its main diagonal have
the value of one. Consequently, the JD-MMSE-DFE scheme’s feed-
forward filter output is obtained by solving the equation [12]:

y = D) (DU AR,y
= D) (DU dwwmr. (8)

Finally the feedback operation is invoked for producing the final data
estimate as follows [12]:

) J=KN
di(MMSEBDFE) = i — Y [Ulyi;, ©)
j=it1

where {; is the hard decision based value of the feedback estimate d;.

2.2. The STC Subsystem

Codeword
00, 01, 01, 03

10, 11,11, 13
20, 21, 21, 23 &3
30,31,31,33
22,23, 20, 21
32, 33, 30, 31

02, 03, 00, 01

12,13, 10, 11

Figure 4: Trellis diagram of the 8-state STTC using two transmitters
and QPSK modulation [5].

Space-Time Trellis Coding: Figure 4 shows the trellis diagram
of the conventional 8-state STTC scheme utilising two transmit an-
tennas and QPSK modulation. At the left of the trellis diagram we
see the STTC codewords {di,d2}. As seen in Figure 4, there are
four branches emerging from each trellis state, since there are four
possible QPSK symbols, namely {0, 1,2, 3}. The STT encoder maps
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each of the quaternary QPSK information symbols to two QPSK sym-
bols constituting a STTC codeword as seen at the left of Figure 4
and changes its state according to the trellis. Finally, the STTC sym-
bols are transmited simultaneously using two transmit antennas. In
the conventional narrowband STTC scheme designed for transmis-
sion over single-path fading channels utilising two transmit and one
receive antennas, the branch metric associated with a trellis transition
is given by [3]:

2
y — (hidi + had2)| ,

(10)
where h; is the CIR experienced by the signal emitted from transmit-
ter ¢, while d; and d2 are the legitimate QPSK symbols. In a single-
path scenario Equation 10 effectively represents a form of channel
equalization, where the non-dispersive sungle-tap CIR is multiplied
by the legitimate QPSK symbols, when computing the branch metric.
However, this simple single-tap equalization scheme cannot be used
in multi-path channels, where convolutional-based multi-tap equal-
ization has to be applied to the received signal y, in order to yield its
best approximation g. In the context of STTC using two transmitters,
this approximation is given by:

1)

which is the sum of the outputs generated by the JD-MMSE-DFE of
Figure 1. Then the branch metric associated with a trellis transition of
the STTC scheme is given by:
. 2 . . 2
g ()| = |d—d)+d-d)| . (12)

The Viterbi algorithm is then used for finding the trellis path having
the lowest accumulated metric.

Table 1: The G2 STBC encoding procedure portrayed over the time
slots t; and to, utilising the transmit antennas Tx; and Tx2 for trans-
mitting the information symbols S1 and S2, where * denotes complex
conjugate.

t1 to
TX1 Sl -S;
Txa | S2 | ST

Space-Time Block Coding: As for STBC using Alamouti’s G2
code [4, 5], the encoding scheme requires two time slots and two
transmit antennas for transmitting two information symbols, namely
S1 and Ss. Specifically, the G2 STBC procedure is shown in Table 1.
Over the duration of two time slots the JD-MMSE-DFE receiver gen-
erates four outputs, namely cfl, Jg, cfg and cf4. However, we know that
ds and dy correspond to -S5 and S7 in Table 1 respectively. Hence
the branch metrics related to S1 and S> can be computed from:

2

=g - s (3

:

‘(dl +JZ) —di

|(da — d5) — da

=8+ 8) - 5|

; (14)
where S* denotes the estimate of S at timeslot . Finally, hard deci-

sions are carried out using Equation 13 for S; and Equation 14 for
Sa.



Table 2: Parameters of the STC-JD-DFE system.

Parameter Value
Number of equal-weight CIR paths | 3,4 and 5
Doppler frequency 80 Hz
Spreading factor, Q 8

Chip rate 2.167 MBaud
Number of QAM symbols 20

per JD block, N

Modulation mode QPSK
Number of STTC states 8

STBC code Go [4, 5]
Number of transmitters 2

3. SIMULATION RESULTS AND DISCUSSIONS

Let us now investigate the performance of the proposed wideband
STC-JD-DFE scheme using the simulation parameters shown in Table
2, where 8-chip random spreading codes were utilised for separating
the two transmitters of both the 8-state STTC scheme as well as that
of the G2 STBC scheme. QPSK modulation was considered and this
gave a throughput of two information bits per symbol. We assumed
that the receiver perfectly knows the 3, 4 or 5-path equal-weight CIRs,
while the fading is constant for the duration of the JD block of 20
symbols. The channel models used exhibit equal power for each of
the multi-path components and each path is faded according to inde-
pendent Rayleigh fading statistics, as described by the parameters of
Table 2.
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Figure 5: Frame Error Ratio (FER) versus Signal to Noise Ratio
(SNR) performance of conventional narrowband STC for transmis-
sions over a single-path Rayleigh fading channel and that of the pro-
posed STC-JD-DFE system for transmissions over Rayleigh fading
channels exhibiting 3, 4 and 5 resolvable paths, utilising the simula-
tion parameters of Table 2.

Figure 5 portrays our Frame Error Ratio (FER) performance com-
parisons between the conventional narrowband STC for transmission
over a single-path Rayleigh fading channel and for the STC-JD-DFE
scheme utilising the parameters of Table 2 for transmissions over Ray-
leigh fading channels having 3, 4 and 5 equal-weight paths. The pro-
posed wideband STC-JD-DFE scheme exhibits a significant perfor-
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mance gain over the narrowband STC scheme, since it is capable of
exploiting the multi-path diversity with the advent of utilising the JD-
MMSE-DEFE assisted wideband receiver. To elaborate a little further,
the conventional narrowband STC scheme is incapable of adequately
operating in wideband propagation conditions due to the inteference
of the different antennas’ signals. By contrast, the proposed wideband
STC-JD-DFE scheme introduced JD and equalization of the signals
and hence in fact benefits from the multipath diversity.

Comparing the proposed wideband JD-MMSE-DFE aided STTC
scheme with the conventional narrowband STTC arrangement, an ap-
proximately 3.7 dB gain is obtained by the proposed scheme at FER
=102 for transmission over a three-path channel in comparisons to
the conventional narrowband STTC scheme communicating over a
single-path channel. Another 2 dB SNR improvement is obtained,
when the channel exhibits four resolvable paths. However, less than
1 dB further improvement is obtained, when the channel has five re-
solvable paths. Similar performance trends can be observed, when
comparing the proposed JD-MMSE-DFE aided STBC scheme with
the conventional narrowband STBC arrangement. An approximately
4 dB gain is obtained by the proposed wideband scheme at FER=10"3,
when communicating over a three-path channel in comparisons to the
conventional narrowband STBC scheme transmitting over a single-
path channel. Another 1.2 dB further improvement is obtained, when
the channel exhibits four paths. However, less than 1 d B further im-
provement is obtained, when the channel has 5 resolvable paths. Ex-
plicitly, the new scheme provides significant performance improve-
ments for transmissions over channels exhibiting a low number of
paths, but the additional improvements gradually erode, as the num-
ber of paths increases.

Comparing the proposed wideband STTC and STBC sche-
mes, STTC performs better, than STBC in terms of the achievable
FER for transmissions over multi-path channels. The SNR gains of
STTC over STBC at FER=10"" are: 0.8 d.B for three-path, 1.3 dB
for four-path and 1.1 d B for five-path channels. In other words, STTC
schemes are capable of achieving an approximately 1 dB SNR gain
at FER=10"2 over the G2-coded STBC schemes in the context of
multi-path channels. This gain is attributable to the fact that STTC
invokes an extra Viterbi decoding at the receiver, which improves its
performance in comparison to the G2 STBC scheme, where only sim-
ple combining of the received signals is invoked at the receiver. How-
ever, when additional channel codecs are concatenated with the STBC
scheme, it outperforms the STTC scheme at the same decoding com-
plexity and same throughput [8]. This suggests that when invoking
concatenated channel codes and simultaneously expanding the modu-
lation order for maintaining the uncoded throughput, STBCs are more
efficient than STTC arrangement.

Let us now investigate the Bit Error Ratio (BER) performance
of the scheme. Figure 6 portrays our BER performance compar-
isons between the conventional STC for transmissions over a single-
path Rayleigh fading channel and for the STC-JD-DFE scheme util-
ising the parameters of Table 2 for transmissions over dispersive Ray-
leigh fading channels having 3, 4 and 5 paths. Again the proposed
STC-JD-DFE scheme exhibits a better performance than the narrow-
band STC arrangement. Specifically, significant performance im-
provements were achieved for transmissions over channels exhibit-
ing a low number of paths, but the additional improvements gradually
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Figure 6: Bit Error Ratio (BER) versus Signal to Noise Ratio (SNR)
performance of conventional STC for transmissions over a single-path
Rayleigh fading channel and that of the proposed STC-JD-DFE sys-
tem for transmissions over Rayleigh fading channels exhibiting 3, 4
and 5 resolvable paths, utilising the simulation parameters of Table 2.

eroded, as the number of paths increased. The BER performance of
the conventional STBC was found to be better, than that of the conven-
tional STTC for transmissions over narrowband channels, since STTC
was originally designed for improving the system’s FER. However,
the advantage of STBC over STTC decreased, when the channel ex-
hibited a higher number of multi-path components. At a BER=10"",
STTC performed better, than STBC for channels exhibiting four and
five resolvable paths.

4. CONCLUSION

In this contribution JD-MMSE-DEFE assisted STC was proposed for
faciliting wideband STC transmissions over multi-path Rayleigh fad-
ing channels. Significant performance gains were observed, when the
channel exhibited a low number of resolvable paths, while the addi-
tional gains decreased, when the channel exhibited a higher number of
paths. The STTC schemes always performed better, than the STBC
schemes in terms of their FER for transmissions over both narrow-
band and wideband channels.
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