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Abstract— We compare four open-loop transmit diversity
schemes in a coded Orthogonal Freguency Division
Multiplexing (OFDM) system with four transmit antennas,
namely cyclic shift diversity (CSD), Space-Time Block Code
(STBC, Alamouti code is used) with CSD, Quasi-Orthogonal
STBC (QO-STBC) and Minimum-Decoding-Complexity
QOSTBC (MDC-QOSTBC). We show that in a coded
system with low code rate, a scheme with spatial transmit
diversity of second order can achieve similar performanceto
that with spatial transmit diversity of fourth order due to
the additional diversity provided by the phase shift diversity
with channel coding. In addition, we also compare the
decoding complexity and other features of the above four
mentioned schemes, such asthe requirement for the training
signals, hybrid automatic retransmission request (HARQ),
etc. The discussions in this paper can be readily applied to
many modern wireless communication systems, such as
mobile systems beyond 3G, IEEE 802.11 wireless LAN, or
|EEE 802.16 WiMAX, that employ more than two transmit
antennas and OFDM.

Index Terms— open loop transmit diversity, coded OFDM,
low decoding complexity, quasi-orthogonal design, cyclic
shift diversity, cyclic delay diversity, space-time block code

|. INTRODUCTION

We consider a multiple-input multiple-output (MIMO)
system with four transmit antennas at the base station.
Since the wireless channels experience fading, transmit
diversity plays an important role, especialy when the
feedback of the channel state information (CSl) from the
mobile to the base station is not possible. Most of the
transmit diversity schemes proposed in the literature are
for flat fading channels and usually do not consider
channel coding. However, in a coded system, additional
diversity can be provided through the use of channel
coding in a frequency selective fading channel. Hence a
different conclusion would be generated under a coded
Orthogonal Freguency Division Multiplexing (OFDM)
system than the uncoded flat fading channel, and it is the
main objective of this paper to investigate transmit
diversity for a coded OFDM system with four transmit
antennas.

In this paper, we compare four practical transmit
diversity schemes in a coded OFDM system. The first
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scheme is cyclic shift diversity (CSD) [1], also known as
cyclic delay diversity (CDD). Since it can be treated as
phase diversity in the frequency domain, it does not
provide any additional spatial diversity, and its
performance relies much on the capability of the channel
coding. The second scheme is the combination of Space-
Time Block Code (STBC) with CSD [2]. We use the rate-
1 orthogonal STBC, namely the Alamouti STBC whichis
originaly designed for two transmit antennas, and
combine it with CSD to support four transmit antennas.
In this case, it can provide a spatia diversity of two and
yet achieve maximum-likelihood detection (MLD) with
linear complexity.

As no orthogonal design can achieve full rate when
there are four transmit antennas, we consider two rate-1
non-orthogonal STBCs that can provide spatial transmit
diversity of order four. They are Quasi-Orthogonal STBC
(QO-STBC) [3] and Minimum-Decoding-Complexity
QO-STBC (MDC-QOSTBC) [4]. These STBCs are
selected as they are “quasi-orthogonal” and hence have a
lower decoding complexity than other non-orthogonal
STBC schemes for four transmit antennas. The MLD
decoding search space for the above mentioned schemes
isgivenin TABLEI.

As shown in TABLE I, for a complex constellation of
size-M, an orthogonal design only requires a search space

of VM , while QO-STBC requires a search space of M?
and MDC-QOSTBC requires a search space of M.
Although MDC-QOSTBC has a dightly higher
complexity than the orthogonal design, such complexity
is still manageable in practical systems, as it is still
single-symbol decodable. And this is the very advantage
of MDC-QOSTBC over QO-STBC.

TABLEI
MLD SEARCH SPACE FOR QO-STBC AND MDC-QOSTBC

Decoding search space
Qo- MDC- AIamocl)th, Csb
STBC QOSTBC Alamouti+CSD
QPSK 16 4 2
16QAM 256 16 4
M points M? M JM




The rest of the paper is organized as follows. In
Section 11, we will first discuss each of the schemes in
detail. After that in Section |11, we compare the decoding
performance of the four transmit diversity schemesin a
coded OFDM system. We then discuss on the features
and merits of the schemes respectively in Section V.
And finaly in Section V, we conclude the paper.

II. TRANSMIT DVIERSITY IN CODED SYSTEMS

In Figure 1 and Figure 2, we show the transmitter and
receiver structure of the coded MIMO-OFDM system that
is considered in this paper. The information bits first go
through the forward error correction code (FEC), turbo
code in this study, and the coded bits are modulated with
a selected constellation. The modulation symbols will
then go through the MIMO block and be mapped to
different spatial streams. After that, the data on each
gpatial stream are OFDM modulated and transmitted. We
would aso like to mention that, the MIMO schemes that
we implemented in this paper, are in the space-time
domain, rather than the space-frequency domain. In other
words, the duplication is repeated in the next OFDM
symbol rather than the next sub-carrier frequency.

The operations of the OFDM modulation and
demodulation are shown in Figure 3. Each spatia stream
goes through a serial to parallel (S/P) conversion and the
inverse fast Fourier transform (IFFT) to convert the
frequency-domain signals into time-domain. The time
domain signal then goes through the parallel to seria
(PIS) conversion and is appended with a cyclic prefix
(CP). The length of the CP hasto be longer than the delay
spread of the multipath channel in order to preserve the
orthogonality among the subcarriers of an OFDM
symbol. At the receiver, a reverse process is
implemented, i.e. the CP is removed after the timing
synchronization is achieved, and FFT operation is
performed to convert the time-domain signals into
frequency-domain. The MIMO detection is then carried
out in the frequency domain for each subcarrier,
following which the FEC decoding isimplemented.

=
oo |

OFDM Tx

uoIRNPoO N

Lol

OFDM Tx

Figure1l Transmitter structure with 4 transmit antennas

MIMO
Detector ——

\V4

OFDM Rx
\/

OFDM Rx

Figure2 Receiver structure with 2 receive antennas

Bpoxsa o34

© 2008 ACADEMY PUBLISHER

JOURNAL OF COMMUNICATIONS, VOL. 3, NO. 4, SEPTEMBER 2008

n=—0

Py
e
2
@
(@]
o

_—

—_—

OFDM per spatial stream
at the receiver

OFDM per spatial stream
at the transmitter

Figure3 OFDM processing at the transmitter and the receiver

A. CSD

CSD is a simple form of transmit diversity, more
importantly, it can be transparent to the receiver. In other
words, the receiver does not need to have the knowledge
of the number of transmit antennas and the cyclic shifts
used if the traning signals are properly designed. This
feature greatly simplifies the decoding process, as it can
be treated as a single-transmit-antenna system. The
transmit diversity from the multiple antennas in spatial
domain is converted to frequency diversity [1]. CSD can
be achieved by implementing a phase shift in the
frequency domain as shown in Figure 4 That’s the reason
CSD is aso known as phase shift diversity (PSD).
Alternatively, CSD can be achieved by implementing a
time delay in the time domain, as shown in Figure 5.

The effective channel in frequency domain on the K"
subcarrier for a particular receive antenna can be written
as.

hy (k) = hy(K) + h, (k)" + hy(k)e™ + h, (k)™ (1)

where hy(K), hy(k), hsy(k), and hy(k) are the effective
channels on subcarrier k for the four transmit antennas to
a particular receive antenna. Hence by using CSD, the
effective channédls in the frequency domain has larger
frequency diveristy. This additional frequency diversity
can be effectively exploited by the channel coding across
the subcarriers.

By having the training symbols to go through the same
phase shift as the data symbols, the receiver will only see
the effective channel as shown in (1), hence the CSD
transmit diversity scheme would be transparent to the
receiver.

OFDM j
N U =

— e |—| OFDM
glfk —I OFDM
Figure4 CSD transmitter structure implemented using frequency-
domain processing
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Figure5 CSD transmitter structure implemented using time-domain
processing

B. Alamouti code + CSD

Alamouti code is a transmit diversity scheme for two
transmit antennas [5]. It is a rate-one orthogona space-
time block code, hence it only requires linear processing
to achieve MLD. The codeword of the Alamouti code is
shown in (2), where the coloumn represents the signals to
be transmitted using different antennas and the row
represents the signal to be transmitted at different time
slots.

G G

-G G

Unfortunately, a rate-one orthogonal STBC that
requires linear complexity MLD as the Alamouti STBC
only exists for two transmit antennas [6]. Similar codes
for higher number of transmit antennas would suffer a
lower code rate, hence lower spectral efficiency. A
simple and dtraightforward application of Alamouti
STBC for four transmit antennas would be the
combination of Alamouti STBC with CSD.

As shown in Figure 6, we can duplicate the data
symbols onto two parallel streams, and the symbols in
one of the stream are being rotated by a phase shift. After
that each stream is transmitted on two transmit antennas
using Alamouti STBC. The advantage of such
transmission is that at the receiver, it only sees two
effective transmit antennas, with the following effective
channel gain:

C= ()

e 2 (K) = Dy (K) + hy(K)e'™*

h

o (©)
hy 1 (K) = h,(k) +h, (k)&
By doing so, a spatial diversity of order two has been
provided by the Alamouti STBC, and additional
frequency diversity will be provided by CSD and the
channel coding.

Alamouti
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Figure6 Alamouti + CSD transmitter structure
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C. QO-STBC

To overcome the rate limitation of the orthogonal
STBC for four transmit antennas, Quasi-Orthogonal
STBC (QO-STBC) has been proposed to provide rate-1
transmit diversity with reduced decoding complexity than
non-orthogonal STBC [3][7][8].

The codeword of the QO-STBC [3] is shown below:

G G G G

C— -6 G ¢ G (4)
G ¢ ¢ G
-, & —C g

The transmitter structure of QO-STBC OFDM system
isshown in Figure 7.
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Figure7 QO-STBC transmitter structure

The MLD of QO-STBC requires a complexity of the
joint detection of two complex symbols. Though such
complexity is aready much lower than other non-
orthogona STBCs, it is sl difficult to implement in a
practical system, hence throughout this study, we only
use linear minimum mean squred error (LMMSE)
receiver for QO-STBC.

The coded performance of QO-STBC in an OFDM
system has been reported in [9][10]. However there was
no comparsion between the coded performance of QO-
STBC with other transmit diversity schemes.

D. MDC-QOSTBC

In this paper, we aso consider a special class of QO-
STBC, the minimum-decoding-complexity QO-STBC
(MDC-QOSTBC). The advantage of this code is that its
MLD only requires joint detection of two real symbols
(i.e. one complex symbol), hence for the PSK
constellation, it has the same MLD decoding complexity
as orthogonal STBC. In an uncoded system, it suffers
merely 0.5dB loss in STBC coding gain when compared
with QO-STBC, while having a much lower decoding
complexity [4][11]. However, the coded performance of
MDC-QOSTBC has yet been reported in the literature.

MDC-QOSTBC has a smilar codeword as QO-STBC,
just the mapping of the data symbols is different, as
shown below:

X% XX
X% X X%
K% K



where x =c +jcf, % =0 +]¢, X =-¢ +jc,
X,=—C+jc,and ¢ =c"+jc (L<i<4) aethe
transmitted data symbols, while ¢¥ and ¢ are the real and
imaginary parts of a complex symbol. Alternatively, we
can represent the codeword of a MDC-QOSTBC using
the model in[12], asfollows:

C=>" (c*A +icB) (6)

where the matrices A; and B; are called the “dispersion
matrices’ and are of size T x N,, T is the code length and
N; is the number of transmit antennas, and these two
values are equal to 4 for MDC-QOSTBC.

The T x1received signa, r;, at the i" received
antenna, (where 1<i <N, , and N; isthe total number of
receive antenna), at each subcarrier can be written as (the
subcarrier index isremoved for simplicity):

i :Chi +n (7)

where h =[h;, h, h, h,] ae the frequency-

domain equivalent channel from the four transmit
antennas to the i™ received antenna of a particular
subcarrier frequency. By using the model described in
[12], we can rewrite the above as:

r=Hgc+n (8)

.
where r:[(rf)T () (r{f,)T (ry, )T} , Cis the
real-valued transmitted signals arranged in a column as
folows c=[cf ¢ ¢ ¢ & ¢ cf CL]T, the

T "
(%) ()]
andn; (1 <i<N,)isTx 1row vectors which contain the
received signal and AWGN noise for the i" receive
antenna respectively, over T symbol periods.

Then Hg, is the equivalent channel as described in [12]
as.

noise term n:[(n{*)T (n'l)T

Ah, Bh, Ach, - Bih
Hg= : : : 9
Ah,  Bhy Achy By

AR A B! -Bf hR
e [85 H]2 )
q q q i

q i

By applying the linear matched filter H;q and

whitening filter H,, = (H.H,,) "~ to(7) asdescribed in
[13], we get:
H, Hr
=H,H Hc+H Hm (10
= Hﬂnajc+f|

where fi iswhite noise.
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It can be easily shown that Hy,y is a block diagonal
matrix, with four 2-by-2 sub-matrices. That is, the four
transmitted symbols are separated into four orthogonal
groups, each of them can be decoded independently. We
can represent the first group as follows:

R
{yl} :{hll hlz} @ +{Vl} = y=Hc+v (11)
Y2 hyy hy ¢ Vo

where v; and v, are AGWN noise, and y; and y, are the
output of the matched and whitening filter. So the MLD

can be performed symbol -by-symbol independently.
Let’s assume that each of the symbolsis QPSK, hence
the real and imaginary part can only have the value of 1

or -1. The log-likelihood ratio for data bit b; can be
computed as.

p(cf =1ly) p(ylcf =1) p(cf =)
| -
Ao =100 p(cr =-1ly) > p(ylcf =-1) p(cf =-1)
p(ylcf =1 =1)+p(ylcf =1¢ =-1)
p(ylef =-1¢ =1)+ p(ylcf =L =-1)
(12)

=log

if we assume an equal a priori probability for bits ¢ =1,

and cf=-1. Likewise the soft decision metric for the
second bit can be computed accordingly.

I1l. SIMULATION RESULTS

In this section, we present our performance evaluation
results of the four transmit diversity schemes. We
consider a MIMO system with four transmit and two
receive antennas. For error control coding, we employ the
turbo  codes from the  Universa Mobile
Telecommunications System (UMTS) standard with
feedforward polynomia  1+D+D% and feedback
polynomial 1+D?+D®. Information code block length (or
frame length) is 594 bits for the rate-1/2 code and 1056
bits for the rate-8/9 code. For decoding, Max-Log-Map
with 8 iterations is implemented. We use the TU6
channedl and assume that the channel is gpatially-
uncorrelated and perfectly known at the receiver. The
cyclic delay values are [0 64 128 192] respectively for
each of the transmit antennas for CSD schemes. There are
512 subcarriers per OFDM symbol. We will compare the
following four transmit diversity schemes, dl for four
transmit antennas:

- CsD

- Alamouti + CSD

- QO-STBC

- MDC-QOSTBC

For MIMO decoding, LMMSE receiver is used with
QOSTBC while MLD for the rest of the schemes. We
will compare their performance in terms of frame error
rate (FER). Usually, FER of 10™ is a typical target of
practical communication systems.
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The simulations results with QPSK modulation are
shown in Figure 8 for rate-8/9 and Figure 9 for rate/1/2
turbo code, respectively.

In Figure 8, which is a high code rate case, we observe
that:
- MDC-QOSTBC with MLD performs the best.
- Alamouti+CSD performs similar to QO-STBC with
LMMSE.
- CSD has the worst performance, and is about 2 dB
away from the rest of the schemes.
- All the schemes have similar FER slope, i.e. they
achieve similar diversity order.

FER coded

—¥— QO-STBC LMMSE
Alamouti + CSD

—P— MDC-QOSTBC MLD
T T

SNR (dB)
Figure8 Simulated FER for 4tx-2rx, QPSK with turbo code rate-8/9.
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=
o

—%— QO-STBCLMMSE | _ _ _ _

Alamouti + CSD
—pP— MDC-QOSTBC MLD
T T

3 2

SR (dB)

Figure9 Simulated FER for 4tx-2rx, QPSK with turbo code rate-1/2.

In Figure 9, where a % rate code is used, we observe
that:

- MDC-QOSTBC and Alamouti+CSD performs the
best.

- QO-STBC with LMMSE is dightly worst than
MDC-QOSTBC or Alamouti+CSD.

- CSD again has the worst performance, but the gap
between CSD and the rest of the schemes is reduced
to about 0.5dB (at FER 10 or below).
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- Same as high code rate case, al the schemes have
similar FER dope, i.e. they achieve similar diversity
order.

By comparing the high code rate results in Figure 8
with the low code rate results in Figure 9, we can see that
the gap between CSD and the other schemes is larger
when the code rate is high. This is because CSD mainly
obtains the diversity from the channel coding, hence
when the code rate is high (e.g. for the data channel),
CSD will perform poorly. However, due to the high
diversity obtained for all the scheme (the diversity is
collected from spatial and frequency domain), dl the
schemes have a similar slope.

In addition, it can be seen that in all cases, MDC-
QOSTBC performs the best, espeically when the code
rate is high. This is mainly because MDC-QOSTBC
obtains most of the transmit diversity from its code
structure instead of from the channel coding. MDC-
QOSTBC with MLD has a better performance than QO-
STBC with LMMSE. The low search space feature of
MDC-QOSTBC makes MLD possible, and this is the
advantage over QO-STBC. Though it is not shown in the
figure, MDC-QOSTBC has the same performance as QO-
STBC when LMMSE isused [13].

To summarize, in terms of performance,
Alamouti+CSD and MDC-QOSTBC are the two best
schemes. And MDC-QOSTBC performs the best in all
sorts of conditions that we have studied. In the next
section, we will discuss additional features of MDC-
QOSTBC, and compare it with other CSD-based schemes
for their deployment in practical systems.

IV. ADDITIONAL FEATURES
We will show that MDC-QOSTBC consists of many

other schemes as part of its codewords, such as:

- arae-2 transmit diversity-2 code for four transmit
antennas Double Space Time Transmit Diversity
(DSTTD) [14]

DSTTD: [Xa S B
XX XX
- arate-4 Spatial Multiplexing (SM) for four transmit
antennas [ 1]
SM: [ % % ] (14)

- arate-2 full transmit diversity code for two transmit

antennas crossed-interleaved transmit  diversity
(XTD) [15]
R i R Al Al
xtp: |9 TS TeHIG g
- + J[A -G — G

By rewriting the codeword of MDC-QOSTBC in (5)
into (16), one can easily notice that all the above
schemes together with Alamouti STBC, can be treated
as part of the codeword of MDC-QOSTBC:



o rie | e —d e ot e
B e A e O S A e

1
L _ 1R

SR R o SR SACAR T
¢+ijc,  —a-jo —ehtjey of el

~

T XTD

Narﬁouti

I e
X X X X SM
-X, X =X X D-STTD

(16)

This feature can be useful in hybrid automatic
retransmission request (HARQ) [14] and may lead to
simplified receiver design. First of all, in order to achieve
maximum throughput, the system can use SM scheme by
transmitting the first row of C. It the transmission is
successful, it leads to a rate-4 throughput. If such
transmission is detected in error, the 2™ row of C can be
transmitted, and the receiver can then combine this
received signal with the one received previousy and
decode them as DSTTD code. By doing so, a rate-2
transmission with transmit diversity of order two can be
achieved. If such transmission still has error, the 3 and
4™ row of C can be transmitted, and this is equivalent to
transmitting the rate-1 MDC-QOSTBC, and the receiver
can then combine al the received signals, and perform a
ML decoding. Thisresults in atransmission scheme with
transmit diversity of order four, i.e. the maximum spatial
transmit diversity that can be achieved. Hence such
HARQ scheme has the ability to increase the transmit
diversity by lowering the transmission rate, and at the
same time, makes full use of the previous transmission
rather than discarding them.

Since in many systems, the mandatory transmit
antennas is at least two, so it would be nice to have
schemes that can be matched to either two or four
transmit antennas. It can be noticed that both Alamouti
and XTD is a specia case for MDC-QOSTBC. By
transmitting the first two column of MDC-QOSTBC, it
forms a rate-1 Alamouti STBC; by transmitting the first
and last column of MDC-QOSTBC, it forms a rate-2
XTD. This suggests possible simplification in the
receiver design, as a single form of structure can be used
for different setups. In addition, it also posts an
interesting direction for antenna selection. For example,
either selecting the first two columns or the last two
columns, both combinations form an Alamouti STBC.
Likewise selecting the middle two columns has the same
XTD structure as selecting the first and last columns. We
will leave the topic of antenna selection for future study.

By properly designing the reference signaling, CSD
and Alamouti+CSD can appear to be transparent to the
receiver, i.e. the receiver sees a single stream or two-
antenna  Alamouti  transmission  without knowing
existence of CSD. Unfortunately, such feature is not
available for MDC-QOSTBC.
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A summary on the comparisons of CSD,
Alamouti+CSD and MDC-QOSTBC is shown in TABLE
1. Apparently, each scheme has its own advantages and
disadvantages. However, Alamouti+CSD and MDC-
QOSTBC appear to be strong competitors, while CSD’s
performance makesit too weak to be accepted.

TABLEII
COMPARISON BTW DIFFERENT TRANSMIT DIVERSITY SCHEMES
Alamouti MDC-
CSD | "ycsp | qosteC
Decoding performance X N N
Transparent to the receiver N N X
(depending on the ref. signal)
Not sensitive to code rates and X X N
channel multipath condition
Others:
o Part of the HARQ scheme
as described in [14]. X X \
e Include other STBC, e.g.
XTD as aspecia case.

V. CONCLUSION

We studied four different transmit diversity schemes
for a coded OFDM MIMO system with four transmit
antennas, they are CSD, Alamouti+CSD, QO-STBC and
MDC-QOSTBC. We first presented their transmitter
structure and discussed their decoding complexity. We
showed that in a coded OFDM system, a transmit
diversity scheme with only spatial transmit diversity of
order two can perform as well as a scheme with spatial
transmit diversity of order four. This is due to the
additional diversity provided by the channel coding.
Hence when the channel coding is strong (for example for
the case of control channel), Alamouti code with CSD
seems to be the best candidate; while when the channel
coding isweak (for example for the case of data channd!),
MDC-QSTBC seems to be the best candidate. In
addition, CSD scheme has the advantage of being
transparent to the receiver by properly design the
reference signal (i.e. pilot), and MDC-QOSTBC has the
advantage of being part of an interesting hybrid ARQ.
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