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NE X T-GE N E R AT I O N CDMA VS .  OFDMA FOR

4G WIRELESS AP P L I C AT I O N S

INTRODUCTION
Swifter, higher, stronger — the Olympic motto is
also being pursued for the upcoming 4G broad-
band wireless communication systems. Motivated
by the huge demands for fast and reliable com-
munications over wireless channels, future

broadband communication systems should pro-
vide swifter data processing (low-complexity),
higher data rate, and stronger (robust) perfor-
mance. In practice, however, the broadband
channel is a typically non-line-of-sight channel
and includes many impairments such as time-
selective and frequency-selective fading. To
address these challenges, one promising solution
is to combine two powerful technologies, name-
ly, multiple-input multiple-output (MIMO)
antennas and orthogonal frequency division mul-
tiplexing (OFDM) modulation [1].

MIMO systems have been recently under
active consideration because of their potential
for achieving higher data rate and providing
more reliable reception performance compared
with traditional single-antenna systems for wire-
less communications [2, 3]. A space-time (ST)
code is a bandwidth-efficient method that can
improve the reliability of data transmission in
MIMO systems [4]. It encodes a data stream
across different transmit antennas and time slots,
so that multiple redundant copies of the data
stream can be transmitted through independent
fading channels. By doing so, more reliable
detection can be obtained at the receiver. As an
example of MIMO applications, the IEEE
802.11n standard is still being discussed, but one
prototype can offer up to 250 Mb/s. This is more
than five times the (theoretical maximum) speed
of the existing IEEE 802.11g hardware.

OFDM is based on the principle of frequency
division multiplexing (FDM), but is utilized as a
digital modulation scheme via DFT. The data
stream that is to be transmitted is split into sev-
eral parallel streams, typically dozens to thou-
sands. By doing so, the wideband frequency-
selective channel is divided into a number of
parallel narrowband subchannels, and each of
the low-rate data streams is transmitted over one
subchannel. The major advantage of OFDM is
its ability to cope with severe channel conditions,
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ABSTRACT

With the advent of next generation (4G)
broadband wireless communications, the combi-
nation of multiple-input multiple-output
(MIMO) wireless technology with orthogonal
frequency division multiplexing (OFDM) has
been recognized as one of the most promising
techniques to support high data rate and high
performance. In particular, coding over the
space, time, and frequency domains provided by
MIMO-OFDM will enable a much more reliable
and robust transmission over the harsh wireless
environment. In this article we provide an
overview of space-time (ST) coding, space-fre-
quency (SF) coding, and space-time-frequency
(STF) coding for MIMO-OFDM systems. Per-
formance results show that STF coding can
achieve the maximum diversity gain in an end-
to-end MIMO-OFDM system over broadband
wireless channels. Furthermore, for orthogonal
frequency division multiple access (OFDMA),
we propose a multiuser SF coding scheme that
can achieve the maximum diversity for each user
while minimizing the interference introduced
from all the other users.
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for example, multipath fading and narrowband
interference, without complicated equalization
filters. OFDM is also now being used in ADSL
and VDSL broadband access via telephone net-
work copper wires, the terrestrial digital televi-
sion systems (DVB-T), and some wireless local
area networks (LAN) and metropolitan area
networks (MAN) applications, including IEEE
802.11a/g (and the European alternative HIPER-
LAN/2) and WiMAX. MIMO can also be used
in conjunction with OFDM, and is part of the
IEEE 802.16 standard, and will also be part of
the IEEE 802.11n high-throughput standard.

The air-link architecture of MIMO-OFDM
has also been suggested for the future 4G wire-
less systems. MIMO-OFDM systems provide
many freedoms in space, time, and frequency.
Hence, ST coding, space-frequency (SF) coding,
and space-time-frequency (STF) coding can be
applied in order to exploit the maximum diversi-
ty from MIMO channels. In [1], the concept of
SF coding in MIMO-OFDM systems and a few
SF coding approaches were reviewed. In this
article we attempt to provide an overview of ST
coding, SF coding, and STF coding for MIMO-
OFDM wireless systems, in particular focusing
on recent work on high rate and full diversity
ST/SF/STF code design.

The remainder of this article is organized as
follows. We first give a brief introduction of
MIMO technology and OFDM modulation. We
then focus on a general coded MIMO-OFDM
system and give two basic definitions, namely,
the code rate and diversity gain. An overview of
ST coding, SF coding, and STF coding employed
in MIMO-OFDM systems is given. We will
extend the discussion to orthogonal frequency
division multiple access (OFDMA) and, in par-
ticular, we propose a new design of multiuser SF
coding. Finally, we draw our conclusion.

MIMO-OFDM
MIMO

MIMO wireless communication refers to the
transmissions over wireless links formed by mul-
tiple antennas equipped at both the transmitter
and receiver. The key advantages of employing
multiple antennas lie in the more reliable perfor-
mance obtained through diversity and the achiev-
able higher data rate through spatial multiplexing
[2]. These concepts are briefly discussed below.

Diversity — The signal transmission over broad-
band wireless channels always suffers from atten-
uation due to the detrimental effect of multipath
fading, and this can severely degrade the recep-
tion performance. In MIMO systems, the same
information can be transmitted from multiple
transmit antennas and received at multiple
receive antennas simultaneously. Since the fad-
ing for each link between a pair of transmit and
receive antennas can usually be considered to be
independent, the probability that the informa-
tion is detected accurately is increased. Apart
from the spatial diversity, other forms of diversi-
ty are commonly available, namely, temporal
diversity and frequency diversity, if the replicas
of the faded signals are received in the form of

redundancy in the temporal and frequency
domains, respectively. The simplest way of
achieving diversity in MIMO systems is through
repetition coding that sends the same informa-
tion symbol at different time slots from different
transmit antennas. A more bandwidth efficient
coding scheme is ST coding [4], where a block of
information symbols are transmitted in a differ-
ent order from each antenna.

Spatial Multiplexing — It is widely recognized that
the capacity of a MIMO system is much higher
than a single-antenna system. For a rich scatter-
ing environment, in a MIMO system with Mt
transmit antennas and Mr receive antennas, the
capacity will grow proportionally with min(Mt,
Mr). MIMO systems provide more spatial free-
doms or spatial multiplexing, so that different
information can be transmitted simultaneously
over multiple antennas, thereby boosting the sys-
tem throughput. Spatial multiplexing needs a
dedicated detection algorithm at the receiver to
sort out different transmitted signals from their
mixed one. V-BLAST is an example of such an
algorithm and it can be realized in an efficient
way with a series of ordering and successive can-
cellation [5].

Diversity-Multiplexing Tradeoff — Earlier research
on MIMO systems has focused either on extract-
ing the maximal diversity gain or the maximal
spatial multiplexing gain of a channel. This has
led to either a diversity-oriented or multiplex-
ing-oriented design approach. For example, ST
coding is regarded as a diversity-oriented
scheme and V-BLAST is a multiplexing-orient-
ed scheme. However, maximizing one type of
the gain may not necessarily maximize the other.
Later, in [6] it is found that both types of gains
can be simultaneously obtained for a given
MIMO channel, but there is a fundamental
trade-off between how much of each type of
gain any coding scheme can extract. Group
detection was shown to play a key role in design-
ing schemes that achieve optimal diversity-mul-
tiplexing trade-off [7, 8]. First, all transmit
antennas are partitioned into G groups, and
data is encoded over these G blocks, each of
which fades independently. Within the gth (g =
1, · · ·, G) group, the signals to be sent are asso-
ciated with a data rate Rg. Then, at the receiver
group detection should be used and two
approaches were proposed, namely, group zero
forcing (GZF) and group successive interfer-
ence cancellation (GSIC) [8]. In the first
approach, a ZF decorrelator is used to separate
the various groups of data and then maximum
likelihood (ML) detection is applied to detect
each group of data. In the GSIC approach, each
group is detected using ML after canceling the
interference of the already detected groups in
previous stages. In [9] a framework for con-
structing optimal coding/decoding schemes,
which was referred to as LAttice Space-Time
(LAST) coding/decoding, was also proposed for
achieving the optimal diversity-multiplexing
trade-off. More recently, systematic construc-
tions of space-time codes achieving the diversi-
ty-multiplexing trade-off for any number of
antennas have been shown in [10].
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OFDM
OFDM is essentially a discrete implementation
of multicarrier modulation, which divides the
transmitted bitstream into many different sub-
streams and sends them over many different
subchannels. Typically, the subchannels are
orthogonal and the number of subchannels are
chosen such that each subchannel has a band-
width much less than the coherence bandwidth
of the channel. Thus, intersymbol interference
(ISI) on each subchannel is very small. For this
reason, OFDM is widely used in many high data
rate wireless systems.

Figure 1a shows a simplified block diagram of
an N-tone OFDM system. First, the incoming
bits are mapped to data symbols according to
some modulation scheme such as QPSK or
QAM. Then the serial data stream is converted
into a number of parallel blocks, and each of
them has length-N. Then, each block of symbols
(including pilot symbols, which are used for
channel estimation or synchronization) will be
forwarded to the IFFT and transformed into an
OFDM signal. After that, the OFDM signal will
be appended with a cyclic prefix by copying the
last Ncp samples to the top of the current OFDM
block. By choosing the length of the cyclic prefix
larger than the maximum path delay of the chan-
nel, ISI can be eliminated [11]. Afterward, the
OFDM blocks will be converted to serial signals
and sent out. At the receiver, assuming a perfect
timing and carrier frequency synchronization,
the received signals will be first converted to
parallel signals and then the cyclic prefix will be
removed. After going through the DFT block,
the data symbols are detected with the estimated
channel information. After demodulation, the
transmitted bit stream is recovered.

In broadband time-varying multipath fading

channels, OFDM has some of its own challeng-
ing issues, such as peak-to-average-power ratio
(PAPR) and carrier frequency offset (CFO).
However, much more unique merits of OFDM
make it widely used in wireless applications and
standards. The merits can be generally summa-
rized as follows [11]:
• OFDM is easy to implement in the digital

domain thanks to the use of DFT.
• OFDM is bandwidth efficient, since the paral-

lel subcarriers are overlapping but orthogonal
to each other without causing interference.

• OFDM is robust to multipath fading thanks to
the use of a cyclic prefix.

• OFDM is insusceptible to most forms of
impulse noise thanks to the parallel transmis-
sion.

• OFDM provides a high flexibility in resource
allocation since it splits the broadband chan-
nel into a number of parallel subchannels.
Thus, various resources (data rate and power)
can be dynamically allocated to different sub-
channels.

MIMO-OFDM SYSTEM MODEL
Future broadband wireless systems should pro-
vide high data rate and high performance over
very challenging channels that may be time-
selective and frequency-selective. The combina-
tion of MIMO and OFDM has the potential of
meeting this stringent requirement since MIMO
can boost the capacity and the diversity and
OFDM can mitigate the detrimental effects due
to multipath fading.

A general MIMO-OFDM system is shown in
Fig. 1b, where Mt transmit antennas, Mr receive
antennas, and N-tone OFDM are used. First, the
incoming bit stream is mapped into a number of
data symbols via some modulation type such as
QAM. Then a block of Ns data symbols S = [s1,
s2, ⋅ ⋅ ⋅, sNs] are encoded into a codeword matrix
C of size NT × Mt, which will then be sent
through Mt antennas in T OFDM blocks, each
block consisting of N subchannels. Specifically,
cj

1, cj
2, ⋅ ⋅ ⋅, cj

T will be transmitted from the jth
transmit antenna in OFDM blocks 1, 2, · · ·, T,
respectively, where cj

n denotes a vector of length-
N, for all j = 1, 2, · · ·, Mt and n = 1, 2, · · ·, T.
The codeword matrix C can be expressed as

(1)

After appending the cyclic prefix on each
OFDM block, cj

n will be transmitted from the jth
transmit antenna in the nth OFDM block.

After passing through the MIMO channels,
the received signals will be first sent to the
reverse OFDM block (cyclic prefix removal and
DFT) and then sent to the decoder. If the chan-
nel state information (CSI) is available at the
receiver, the optimal ML detection can be per-
formed.

CODE RATE
Since in Eq. 1 the total number of Ns informa-
tion symbols are sent over NT channels where N
channels are used in T times, we can get the
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code rate of the above coded MIMO-OFDM
system as

In the following examples, we discuss the
code rate for some of the most common commu-
nication systems.

Example 1: Single-Antenna System — For convention-
al single-carrier single-antenna uncoded signals,
we have Ns = N = T = 1 and its rate is only 1
symbol pcu. We will omit the unit of rate “sym-
bol(s) pcu” in the following discussion. For
uncoded OFDM systems with a single-antenna,
we have Ns = N and T = 1. The transmitted
codeword matrix C in Eq. 1 will be a vector of
length N. Its rate is still 1.

Example 2: BLAST [5] — In this system, where inde-
pendent information symbols are sent through
multiple antennas simultaneously, Ns = Mt and
N = T = 1. The transmitted codeword matrix C
in Eq. 1 will reduce to a row vector of Ns infor-
mation symbols. Hence, the code rate is Mt. The
difference between BLAST and OFDM is that
the signals are sent from multiple antennas
simultaneously for BLAST and from multiple
separate subchannels simultaneously for OFDM.
Thus, the received signals are superimposed on
each other from all transmit antennas in BLAST
but are separated on different subchannels in
OFDM.

Example 3: ST Coding — For a general ST-coded
MIMO system, N = 1 which results in the rate
being

The transmitted codeword matrix C in Eq. 1 will
be equal to a matrix of size T × Mt, which
denotes the signals will be sent from Mt anten-
nas in T symbol intervals. For example, the clas-
sical ST code for two transmit antennas [4] has
the form

(2)

where s1 and s2 denote the two independent data
symbols and the superscript * represents the
complex conjugate operation. In this coding
scheme, s1 and s2 are transmitted from the first
and second antennas, respectively. Then, at the
next time slot, symbol –s2* is transmitted from
the first antenna and symbol s1* is transmitted
from the second antenna. Obviously, the code
rate is 1 because the two symbols are sent
through two symbol intervals.

DIVERSITY GAIN
Using some diversity technique, faded replicas
of the same information symbols can be provid-
ed to the receiver in a form of redundancy in
various domains (time, space, and frequency).
Since the probability that all the signal replicas
fade simultaneously is extremely small, the

reception performance will be enhanced signifi-
cantly. The reception performance of a commu-
nication system is usually evaluated by the
average bit error rate (BER) or symbol error
rate (SER) versus the signal-to-noise ratio
(SNR). In the high SNR region, the average
error probability Pe over a fading channel usual-
ly behaves as

Pe ~ (Gc ⋅ SNR)–Gd, (3)

where Gc is referred to as the coding gain and
Gd is called the diversity gain of the system. To
further highlight the difference between the cod-
ing gain and the diversity gain, the Pe is plotted
in terms of SNR (in dB) in Fig. 2. It can be seen
that the diversity gain can be interpreted as the
slope of the curve, whereas the coding gain cor-
responds to the horizontal shift of the curve.
Moreover, the diversity gain dominates the error
rate performance in the high SNR region. In the
following, we present two examples of the diver-
sity gain.

Example 1: Flat MIMO Channels — One attractive
merit of MIMO systems is the increased antenna
diversity which can alleviate the detrimental
effect of fading. In a MIMO system with Mt
transmit antennas and Mr receive antennas, if
the channels for any pair of transmit-receive
antennas are independent and experience flat
fading, the maximum or full diversity gain is
MtMr. A common way of achieving the full diver-
sity is through ST coding, which is discussed in
the next section.

Example 2: Frequency-Selective MIMO Channels — In
MIMO systems where any transmit-receive link
is subject to multipath fading independently and
the channel impulse response is characterized by
L resolvable paths, the full diversity gain is
MtMrL [12, 13]. In frequency-selective MIMO
channels, OFDM is usually applied to eliminate
the ISI. To achieve full diversity, coding is used
across OFDM subchannels, OFDM blocks, and
transmit antennas. Hence, we have SF coding
and STF coding.

s s

s s

1 2

2 1−









* *

R = N

T
s .

R @
N

NT
s , . symbols per channel use (pcu)

n Figure 2. Diversity gain and coding gain.

SNR (dB)

Sy
m

bo
l e

rr
or

 r
at

e

Coding gain

Diversity gain

LETAIEF LAYOUT  6/6/07  12:19 PM  Page 35

                                                                                                       

Authorized licensed use limited to: The University of New South Wales. Downloaded on October 5, 2008 at 0:8 from IEEE Xplore.  Restrictions apply.



IEEE Wireless Communications • June 200736

SPACE-TIME/FREQUENCY CODING FOR
MIMO-OFDM SYSTEMS

SPACE-TIME CODED OFDM

ST coding is a powerful scheme that combines
coding with transmit diversity to achieve high
diversity performance in wireless systems. Such
a coding scheme can in general be classified
into two major classes: ST trellis codes and ST
block codes. In an ST trellis coding scheme, an
information stream is encoded via Mt convolu-
tional encoders (or via one convolutional
encoder with Mt outputs) to obtain Mt streams
of symbols that are transmitted from Mt anten-
nas simultaneously. A special case of ST trellis
coding is delay diversity (DD). For DD, the first
antenna transmits the information stream as {sn,
sn+1, ⋅ ⋅ ⋅}, whereas the second antenna trans-
mits the stream delayed by D symbol intervals
as {sn–D, sn–D+1, ⋅ ⋅ ⋅}. One problem of ST trellis
coding is that the decoding complexity increases
exponentially as a function of the diversity level
and transmission rate [3]. Orthogonal ST block
code (OSTBC) design, which was first proposed
by Alamouti in 1998 [4], can address this prob-
lem. This OSTBC design is now referred to as
the Alamouti code. Specifically, the information
symbols are transmitted in a different order
from two transmit antennas with some modifica-
tion (conjugate and sign) and the code design
can be shown as in Eq. 2. The Alamouti code
can provide the full diversity of 2 for two trans-
mit antennas with a rate of 1. Due to the orthog-
onality of the code matrix, the Alamouti code
has a fast ML decoding property which allows a
simple single-symbol ML detection. The Alam-
outi ST block code has been later generalized to
the case of more than two transmit antennas
using the theory of orthogonal designs [14].
Unfortunately, OSTBC cannot in general pro-
vide any coding gain nor achieve a rate larger
than 3/4 for more than two transmit antennas.
For further details about ST code design, inter-
ested readers are referred to [3, 10, 15] and ref-
erences therein.

For broadband wireless systems, the MIMO
channels experience frequency-selective fading,
which complicates the design of ST codes
because of ISI. To address this issue, OFDM can
be combined with MIMO systems, and this is
referred to as MIMO-OFDM [16]. The first ST
coded OFDM system was proposed in [17],
where ST trellis codes were used. The coded
symbols are interleaved across OFDM subchan-
nels and a large decoding complexity is incurred.
Later, OSTBC was directly applied to MIMO-
OFDM on each subcarrier [18]. For example,
the ST coding for a MIMO-OFDM with two
transmit antennas is illustrated in Fig. 3a. Two
information symbols s1 and –s2* are sent through
subchannel k of antenna 1 in OFDM blocks n
and n + 1, respectively. Meanwhile, s2 and s1

* are
sent through subchannel k of antenna 2 in
OFDM blocks n and n + 1, respectively.
Although the above ST coded OFDM can exploit
the space diversity, the potential multipath diver-
sity offered by frequency-selective fading chan-
nels is not exploited.

In order to obtain the additional multipath
diversity in MIMO-OFDM systems, ST trellis
coding was mainly considered in an OFDM
framework where the incoming information sym-
bols are trellis coded across both the OFDM
subchannels and transmit antennas [13, 19, 20].
Recently, a general design of OSTBC was pro-
posed for MIMO-OFDM systems to be able to
achieve both multipath diversity and space diver-
sity [21]. The coding structure is shown in Fig.
3b, where the ST codeword is copied on other
subchannels. Although the rate is reduced
because of the mapping, the simple single-sym-
bol ML decoding is admitted due to the orthog-
onality of the code matrix. Moreover, the
multipath diversity of 2 can be exploited by the
repeat transmission on different subchannels.

SPACE-FREQUENCY CODED OFDM
This strategy, which consists of coding across
antennas and OFDM subchannels, is called SF
coding [22]. A straightforward way of realizing
SF coding for two transmit antennas is to direct-
ly spread the Alamouti code over two subchan-
nels in one OFDM block. Figure 4a shows the
example of SF coding for two transmit antennas.
The two symbols s1 and –s2* are sent from sub-
channels k and l of the same OFDM block n at
antenna 1, respectively, where k and l denote the
indices of two separated subchannels. Mean-
while, s2 and s1* are sent from subchannels k and
l of the same OFDM block n at antenna 2,
respectively. However, this simple SF coding
approach can only achieve space diversity gain,
whereas the maximum diversity gain in frequen-
cy-selective MIMO channels is MtMrL, shown
earlier. In [12] the full diversity SF code design
criteria were derived. To exploit the full diversity
in MIMO multipath fading channels, an SF code
design approach was proposed by multiplying
the input information stream with a part of the
DFT matrix [23]. The resulting SF codes can
achieve full diversity at the expense of a large
bandwidth efficiency loss. The symbol rate is not
more than 1/(MtL). In [24] a systematic design of
full diversity SF block codes (SFBC) was pro-
posed. By repeating each row of the ST codes
matrix on L different subchannels of the same
OFDM block, the SF codes provide higher data
rates than the approach described in [23]. How-
ever, they cannot achieve a rate larger than 1/L.
The detailed SF coding structure via mapping
for two transmit antennas is shown in Fig. 4b.

The design of full diversity SFBC with rate-1
was recently proposed in MIMO-OFDM systems
for any number of transmit antennas and arbi-
trary power delay profiles [25]. To obtain the
rate-1, the information symbol vector S is first
coded via an algebraic rotation matrix ΘΘ. The
resulting coded vector X = ΘΘS is then split and
spread over different antennas and OFDM sub-
channels. For example, a rate-1 SF coding for
two transmit antennas is shown in Fig. 5a. The
coded symbols x1, ⋅ ⋅ ⋅, x4 are obtained from the
information symbols s1, ⋅ ⋅ ⋅, s4 via a 4 × 4 rota-
tion matrix and placed in a diagonal manner
such that they are orthogonal for two transmit
antennas. Obviously, this code achieves the rate
of 1. The rotation matrix ΘΘ is carefully designed
such that signal space diversity can be produced

The strategy which
consists of coding
across antennas and
OFDM subchannels is
called SF coding. 
A straightforward
way of realizing SF
coding for two 
transmit antennas is
to directly spread the
Alamouti code over
two subchannels in
one OFDM block.
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by rotating the signal constellation [26]. Finally,
a multipath diversity gain of 2 can be obtained.

Recently, a systematic design of high rate
SFBC was proposed to achieve the rate-Mt and
the full diversity in MIMO-OFDM systems for
any number of transmit antennas [27]. However,
because a zero-padding matrix has to be used
when N is not an integer multiple of MtL, the
symbol transmission rate Mt cannot always be
guaranteed. To address this issue, a universal
design of SFBC, as a special case of STF coding,
was then proposed in [34] that can always
achieve the rate-Mt and the full diversity for any
number of transmit antennas and any arbitrary
channel power delay profiles. It is constructed by
applying the layering concept, which was used in
the design of threaded algebraic space-time
(TAST) code [15], with algebraic component

codes, where each component code is assigned
to a “thread” and interleaved over space and
frequency. An example of the rate-2 SF code for
two transmit antennas is shown in Fig. 5b. The
first layer of the coded symbols x1, ⋅ ⋅ ⋅, x4 are
interleaved over two antennas and four subchan-
nels. The second layer of symbols y1, ⋅ ⋅ ⋅, y4 are
then placed in a complementary manner such
that all the subchannels are occupied. Obviously,
the rate of this code is 2. By applying a phase
rotation φ on each symbol of the second layer,
the two layers of coded symbols can be sent as if
they were “transparent” with each other. The
aforementioned high-rate SFBC mostly relies on
joint detection and thus increases the decoding
complexity. This decoding burden can be allevi-
ated by an approximate ML decoding, known as
sphere decoding [28].

n Figure 3. ST coding in a MIMO-OFDM system with 2 transmit antennas.
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Most prior works on ST and SF code design have
considered quasi-static fading channels in which
the path gains remain fixed throughout the code-
word. In practice, the channels are normally sub-
ject to block-fading, where the fading coefficients
are constant over one fading block but are varied
independently from block to block. It has been
shown that the diversity gain in block-fading
channels can be increased by coding across multi-
ple fading blocks [29]. However, the coding
approaches primarily focused on flat fading chan-
nels. On the other hand, STF codes have been
proposed for exploiting multipath diversity in
MIMO-OFDM systems over quasi-static channels

[30–33]. The performance of STF codes in
MIMO-OFDM systems was also recently studied
for a variety of system configurations and channel
conditions in [32]. It was shown that the maxi-
mum diversity is the product of time diversity, fre-
quency diversity, and space diversity [33].
Recently, a systematic design of high-rate STF
codes was proposed for MIMO frequency-selec-
tive block-fading channels in [34]. By spreading
the algebraic coded symbols across different
OFDM subchannels, transmit antennas, and fad-
ing blocks, the proposed STF codes can achieve a
rate-Mt and a full diversity of MtMrMbL, where
Mb is the number of independent fading blocks in
the codewords. Figure 6b shows an example of
the rate-2 STF coding structure for two transmit
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n Figure 4. SF coding in a MIMO-OFDM system with 2 transmit antennas. 

(a) SF coding without mapping [22].

(b) SF coding via mapping [24].
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antennas. It can be seen that each layer of coded
symbols are spread over space, time, and frequen-
cy dimensions. Another simple design of full-
diversity STF codes can be obtained by repeating
the rate-Mt full-diversity SF code Mb times along
OFDM blocks, as shown in Fig. 6a for Mb = 2.
Such a repetition STF coding approach can allevi-
ate the large computational complexity of the ML

decoding. As a special case of Mb = 1, the STF
code is in fact a design of rate-Mt full diversity SF
codes, as shown in Fig. 5b.

PERFORMANCE COMPARISON
Table 1 shows a comparison of some of the
aforementioned ST coding, SF coding, and STF
coding approaches for MIMO-OFDM systems in

n Figure 5. High-rate SF coding for achieving spatial and multipath diversity in a MIMO-OFDM system with 2 transmit antennas.
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terms of code rate, diversity gain, and decoding
complexity. Typically, ST-coded OFDM has a
simple implementation in providing a minimal
decoding complexity, but it cannot achieve mul-
tipath diversity nor high rate. SF-coded OFDM,
by mapping the symbols on other subchannels,
can exploit the multipath diversity, but results in
a reduction of the data rate. When combined
with the signal space diversity technique via a
constellation rotation [26], SF coding can achieve
the maximum diversity and full rate over multi-
path fading channels, but the decoding complexi-
ty is increased and a joint ML decoding is
needed. STF-coded OFDM tailored for block-
fading channels can achieve full diversity in
space, time, and frequency and full rate. Howev-
er, and similar to SF coding, the decoding com-
plexity is increased.

Figure 7 shows the SER performance of ST
coding without mapping [18] (Fig. 3a), ST coding
with mapping [21] (Fig. 3b), SF coding without
mapping [22] (Fig. 4a), SF coding with mapping
[24] (Fig. 4b), rate-1 SF coding [25] (Fig. 5a),
rate-2 SF coding [34] (Fig. 5b), rate-1 STF cod-
ing [34] (Fig. 6a), and rate-2 STF coding (Fig.
6b), respectively. The simulated MIMO-OFDM
system has two transmit antennas and two receive
antennas. To keep the same bandwidth efficiency
of 2 bits per second per hertz (bps/Hz), 16-QAM
is used for the ST/SF coding with mapping, QPSK
is used for the ST/SF coding without mapping
and the rate-1 SF/STF coding, and BPSK is used
for the rate-2 SF/STF coding, respectively. The
OFDM has 64 subcarriers and a two-ray Rayleigh
fading channel is considered. For ST coding
approaches, the channels are assumed to be
time-invariant during two consecutive OFDM
blocks so that the simple ML decoding is admit-
ted. For SF/STF coding approaches, the block-
fading channel is considered and the channel
coefficients are varied independently from one
OFDM block to another.

It can be seen that the two STF coding
approaches achieve a larger diversity gain than
the other coding approaches. This diversity
enhancement results from the fact that addition-
al time diversity can be exploited by STF coding.
Moreover, ST/SF coding without mapping has a
smaller diversity gain than the ST/SF coding with
mapping. This is because additional multipath
diversity can be obtained by ST/SF coding with
the mapping structure. Note that the rate-1 SF
coding and the rate-2 SF coding can also achieve
multipath diversity, and this can be corroborated
by the observation that they have the same diver-
sity gain as the ST/SF coding with mapping.
However, compared to ST/SF coding with map-
ping, the rate-1 and rate-2 SF coding approaches
have a larger coding gain which is due to the use
of different modulation schemes.

MULTIUSER SPACE-FREQUENCY
CODING FOR OFDMA

OFDMA

One of the most promising multiple access tech-
niques in future 4G wireless communication sys-
tems is OFDMA. It has attracted much

attention, particularly in the emerging IEEE
802.16 WMAN standard. The key advantages of
OFDMA are its flexibility in resource allocation
and robustness to frequency-selective fading. In
OFDMA, each user occupies its unique set of
OFDM subchannels and the base station can
allocate the subcarriers to users dynamically
[35]. Since different users have different chan-
nel qualities, a subchannel that meets deep fade
for one user may be favorable for others [36].
On the other hand, if a specific user requests a
stringent quality of service (QoS), more
resources (such as larger power, more subchan-
nels, and higher modulation level) can be
assigned to this user. Since the bandwidth of
each subchannel is chosen to be sufficiently
smaller than the coherent bandwidth of the
channel, the destructive ISI induced by multi-
path fading can be mitigated.

OFDMA is essentially a form of FDMA in
that users are separated in different frequency
bands (subchannels). This certainly brings about
the reduced data rate for each user when the
number of users is increasingly large. MIMO is a
straightforward way of achieving high bandwidth
efficiency and can be applied in an OFDMA
framework. Multiuser MIMO-OFDM systems
benefit from the combined space and frequency
domain freedom as well as multiuser diversity.
To maximize spectrum efficiency while achieving
a sufficiently large signal-to-interference ratio in
MIMO-OFDM systems, the dynamic multiuser
resource allocation can be done [35]. A critical
element in all of the dynamic resource allocation
schemes is the CSI knowledge available at the
transmitter (CSIT).

MULTIUSER SPACE-FREQUENCY CODING
Recently, the issue of increasing the information
rate of multiuser MIMO-OFDM systems was
considered without CSIT by Gärtner and
Bölcskei [1, 37]. Their results show that joint
code designs are necessary whenever multiple
users transmit concurrently at high rates. Other-
wise, employing the traditional single-user
ST/SF codes for each of the users is optimal. It
should be noted that the joint code design across
transmit antennas has been widely used in point-
to-point MIMO systems. However, in the multi-
ple access case the individual users cannot
coordinate their transmission. In [1, 37], for a
specific case of 2-user multi-access channels
(MAC), a simple design of multiuser SF codes
was given by swapping and rotating one column
of the Alamouti code matrix. The essence of the
multiuser SF coding is to allow the users to
choose their unique codebooks such that the
error rate of the concurrent transmission is min-
imized. But this previous work is limited to a 2-
user case and no explicit systematic code design
was given.

More recently, in [38] we have shown that the
achievable diversity gain of a multiuser MIMO-
OFDM system is not larger than that of a single-
user MIMO-OFDM system if each user is
independently encoded. We have also found that
multiuser interference can be minimized by
applying a multiuser SF code. We then proposed
a systematic design of multiuser SF codes for
any number of users in MIMO frequency-selec-

One of the most
promising multiple
access techniques in
future 4G wireless
communication 
systems is OFDMA.
The key advantages
of OFDMA are its
flexibility in resource
allocation and 
robustness to fre-
quency-selective 
fading.
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tive fading MAC. The proposed code for each
user is structured as a constellation rotation fol-
lowed by a unique phase rotation. The signal
space diversity resulting from the constellation
rotation can guarantee the full diversity for each
user while the unique phase rotation for each
user can ensure that multiuser interference is
minimized. After employing a unique SF coding

at each user, the coded symbols are allocated
over all OFDM subcarriers, thereby increasing
the data rate of each user. Assuming perfect CSI
at the receivers and ML detection, it was shown
that the proposed multiuser SF codes can
achieve the diversity gain of MtMrL for every
user and the minimal multiuser interference as
well as a high data rate. 

n Figure 6. High-rate STF coding for achieving spatial and multipath diversity in a MIMO-OFDM system with 2 transmit antennas.
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CONCLUSION
This article presented an overview of ST coding,
SF coding and STF coding for 4G MIMO-
OFDM broadband wireless systems. It was
shown that orthogonal ST-coded OFDM has a
simple implementation that can provide a mini-
mal decoding complexity, but cannot achieve
multipath diversity nor high rate. On the other
hand, it was shown that SF-coded OFDM with
signal space diversity technique can achieve the
maximum diversity and full rate over multipath
fading channels, at the expense of a high decod-
ing complexity. For block-fading channels, we
have demonstrated that STF-coded OFDM can
achieve full rate along with full diversity in
space, time, and frequency. However and similar
to SF coding, a joint detection is needed in STF-
coded OFDM, and this results in high decoding
complexity. As one of the promising multiple

access techniques in future 4G wireless commu-
nications, OFDMA has been shown to provide
much flexibility in resource allocation and
robustness to multipath fading. Unlike point-to-
point MIMO-OFDM systems where the coding
across transmit antennas is possible, coding
across a group of uncoordinated users is general-
ly impractical. In this article, we have shown that
by applying signal space diversity and a unique
phase rotation to each user, the proposed mul-
tiuser SF coding can guarantee the maximum
diversity and high bandwidth efficiency as well as
minimum multiuser interference.
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