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ABSTRACT

We present an overview of research activities
on space-time coding for broadband wireless
transmission performed at AT&T Shannon Lab-
oratory over the past two years. The emphasis is
on physical layer modem algorithms such as
channel estimation, equalization, and interfer-
ence cancellation. However, we also discuss the
impact of space-time coding gains at the physi-
cal layer on throughput at or above the net-
working layer. Furthermore, we describe a
flexible graphical user interface attached to our
physical layer simulation engine in order to
explore the performance of space-time codes
under a variety of practical transmission scenar-
ios. Simulation results for the EDGE cellular
system and the 802.11 wireless LAN environ-
ment are presented.

INTRODUCTION
As wireless communication systems look to
make the transition from voice communication
to interactive Internet data, achieving higher bit
rates becomes both increasingly desirable and
challenging. Space-time coding (STC) is a com-
munications technique for wireless systems that
employ multiple transmit antennas and single or
multiple receive antennas. Information theory
has been used to demonstrate that multiple
antennas have the potential to dramatically
increase achievable bit rates [1], thus converting
wireless channels from narrow to wide data
pipes. Space-time codes realize these gains by
introducing temporal and spatial correlation
into the signals transmitted from different
antennas without increasing the total transmit-
ted power or transmission bandwidth. There is
in fact a diversity gain that results from multiple
paths between base station and user terminal,
and a coding gain that results from how symbols
are correlated across transmit antennas. Signifi-
cant increases in throughput are possible with
only two antennas at the base station and one

or two antennas at the user terminal, and with
simple receiver structures. The second antenna
at the user terminal can be used to further
increase system capacity through interference
suppression.

STC enjoys several advantages that make it
very attractive for high-rate wireless applications.
First, it improves the downlink performance
(which is the bottleneck in asymmetric applica-
tions such as Internet browsing and download-
ing) without the need for multiple receive
antennas at the terminals (which are required to
have low cost and a small form factor). Second,
it elegantly combines spatial transmit diversity
with channel coding (as shown in [2]) realizing a
coding gain in addition to maximum diversity
gain. Third, it does not require channel state
information (CSI) at the transmitter, and by
operating open loop, it eliminates the need  for
an expensive reverse link that may also be unre-
liable in case of rapid channel fading. Finally, it
has been shown to be robust against nonideal
operating conditions such as antenna correla-
tion, channel estimation errors, and Doppler
effects [3].

Initial STC research efforts focused on nar-
rowband flat-fading channels [2–4]. Successful
implementation of STC over multi-user broad-
band frequency-selective channels requires the
development of novel, practical, and high-per-
formance signal processing algorithms for chan-
nel estimation, joint equalization/decoding, and
interference suppression. This task is quite chal-
lenging due to the long delay spread of broad-
band channels, which increases the number of
channel parameters to be estimated and the
number of trellis states in joint equalization/
decoding, especially with multiple transmit
antennas. This, in turn, places significant addi-
tional computational and power consumption
loads on user terminals. On the other hand,
development and implementation of such
advanced algorithms for broadband wireless
channels promises even more significant perfor-
mance gains than those reported for narrowband
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channels [2–4] due to availability of multipath
(in addition to spatial) diversity gains that can be
utilized.

By virtue of their design, space-time-coded
signals enjoy rich structure that can (and
should!) be exploited to develop near optimum
reduced complexity modem signal processing
algorithms. This article delineates this structure
and uses several concrete examples to show how
it can be utilized. In addition, we discuss the
impact of these physical layer gains on the net-
working layer throughput. Finally, we describe a
flexible graphical user interface we developed to
simulate and explore the performance of space-
time-coded systems.

TWO SPACE-TIME
CODING EXAMPLES

STCs come in two main flavors: trellis and block,
as described next.

SPACE-TIME TRELLIS CODES
The space-time trellis encoder maps the infor-
mation bitstream into ni streams of symbols
(each drawn from a signal constellation of size
2b where b is the number of bits per symbol)
that are transmitted simultaneously.1 Design cri-
teria for space-time trellis codes (STTCs) were
provided in [2] that guarantee full spatial diversi-
ty and achieve additional coding gain on a flat
quasi-static fading channel.

As an example, we consider the 8-state 8-
phase shift keying (PSK) STTC for two trans-
mit antennas for which the trellis description is
given in [2, Fig. 7]. An equivalent and conve-
nient implementation (for reasons that will
shortly become clear) of the 8-state 8-PSK
STTC encoder is shown in Fig. 1. This equiva-
lent implementation makes the point that the
8-state 8-PSK STTC is identical to classical
delay diversity transmission except that the
delayed symbol from the second antenna is
multiplied by –1 if it is an odd symbol (1, 3, 5,
or 7). This difference provides the additional
coding gain.

SPACE-TIME BLOCK CODES
The decoding complexity of STTC (measured
by the number of trellis states at the decoder)
increases exponentially as a function of the
diversity level and transmission rate [2]. Alam-
outi [4] discovered a remarkable open-loop
space-time block code (STBC) scheme for
transmission with two antennas that has linear
decoding complexity. According to this scheme,
input symbols are grouped in pairs where sym-
bols xk and xk+1 are transmitted at time k from
antennas 1 and 2, respectively. Then, at time k
+ 1, symbol –x*

k+1 is transmitted from antenna
1 and symbol x*

k from antenna 2, where (.)*
denotes the complex-conjugate transpose. This
imposes an orthogonal spatio-temporal structure
on the transmitted symbols that guarantees full
(i.e.,  order 2) spatial diversity. Alamouti’s
STBC has been adopted in several wireless
standards such as IS-136, wideband code-divi-
sion multiple access (W-CDMA), and CDMA-
2000.

SPACE-TIME CODING AND
SIGNAL PROCESSING FOR

BROADBAND

WIRELESS MODEMS

In this section we start by describing our broad-
band frequency-selective channel model. Then
we describe key signal processing functions in a
broadband STC modem and show how STC
structure can be exploited to enhance modem
performance and reduce its complexity.

THE BROADBAND CHANNEL MODEL
We consider space-time-coded transmission over
frequency-selective channels where a single
information stream is mapped by a space-time
encoder to ni streams. These streams are trans-
mitted simultaneously from ni antennas and
received by no antennas. For simplicity, we focus
on the case ni = 2 and no = 1 in this article.

The channel impulse response (CIR) from
the ith transmit antenna to the receive antenna
is modeled as a finite impulse response (FIR)
filter with memory ν and is denoted by the vec-
tor hi or its corresponding D-transform hi(D) =

def

Σν
k=0 hi(k)Dk for i = 1, 2. The symbol D denotes

a unit delay and hi(k) is the kth element of hi.
The two CIRs are assumed constant over the
transmission block (quasi-static fading) and to
vary independently from block to block. The
transmitted symbols are assumed complex zero-
mean and to be drawn from a standard signal
constellation of size 2b. Our focus in this article
will be on the 8-PSK constellation adopted in
the EDGE2 standard. The noise is additive white
Gaussian and independent of the input.

CHANNEL ESTIMATION
STC schemes run open loop, which makes them
very attractive for wireless transmission. Never-
theless, CSI is still required at the receiver to
perform key receiver signal processing functions
such as joint equalization/decoding and interfer-
ence cancellation. While differential STC
schemes have been developed for broadband
channels [5], they incur a significant perfor-
mance penalty with respect to coherent tech-
niques and hence are more suitable for rapidly
time-varying channels. Since our focus here is on
quasi-static fading, we only consider coherent
STC processing where CSI is estimated at the
receiver using a training sequence embedded in
each transmission block.

� Figure 1. An encoder for 8-state 8-PSK STTC with two transmit antennas.

Pk

Pk = 1 if x(k-1) even
Pk = -1 if x(k-1) odd
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1 The total transmitted
power is divided equally
among the ni transmit
antennas.

2 EDGE stands for
enhanced data rates for
global evolution.
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For single-transmit-antenna transmission, the
training sequence is only required to have
“good” (i.e., impulse-like) auto-correlation prop-
erties. However, for the ni transmit-antenna sce-
narios, the ni training sequences should, in
addition, have “low” (ideally zero) cross-correla-
tion. It can be shown that perfect root of unity
sequences (PRUS) [6] have these ideal correla-
tion properties. However, PRUS do not belong
to standard signal constellations such as PSK.
Additional challenges in channel estimation for
multiple-transmit-antenna systems over the sin-
gle-transmit-antenna case are the increased
number of channel parameters to be estimated
and the reduced transmit power (by a factor of
ni) for each transmit antenna.

We proposed in [7] to encode a single train-
ing sequence by a space-time encoder to gener-
ate the ni training sequences.3 This approach is
suboptimum since the ni transmitted training
sequences are cross-correlated by the space-time
encoder, which imposes a constraint on the pos-
sible generated training sequences. However, it
turns out that, with proper design, the perfor-
mance loss from optimal PRUS training is negli-
gible [7]. Furthermore, our approach reduces the
training sequence search space from CniNt to CNt

(assuming equal input and output alphabet size
C and length –Nt training sequences), making
exhaustive search more practical and thus facili-
tating the identification of good training
sequences from standard signal constellations
such as PSK. The search space can be further
reduced by exploiting special characteristics of
the particular STC. As an example, we examine
the 8-state 8-PSK STTC of an earlier section
and a modified version of the Alamouti STBC.

STTC-Encoded Training Sequences — Con-
sider an STC with m binary memory elements
and inputs/outputs from a constellation of size
C. Embedding the STTC encoder structure in
the CIR creates an equivalent single-input sin-
gle-output (SISO) CIR of memory (m + ν),
independent of the number of transmit anten-
nas. Some special STTCs allow a nonlinear
implementation with less than m (nonbinary)
memory elements leading to an equivalent chan-
nel of memory smaller than (m + ν), which
makes joint equalization/decoding possible with-
out a prohibitive increase in complexity. As an
example, consider the 8-state 8-PSK STTC for
two transmit and one receive antennas of an ear-
lier section. Embedding the space-time encoder
of Fig. 1 in the two channels h1 and h2 results in
an equivalent SISO data-dependent channel with
memory (ν + 1) whose D-transform is given by

hSTTC
eqv (k, D) = h1(D) + pkDh2(D), (1)

where pk = ±1 is data-dependent (c.f. Fig. 1).
For a given transmission block (over which the
two channels h1 and h2 are constant), the input
sequence determines the equivalent channel. By
transmitting only even training symbols from the
subconstellation Ce = {0, 2, 4, 6}, pk = +1 and
the equivalent channel is given by he(D) = h1(D)
+ Dh2(D). On the other hand, transmitting only
odd training symbols from the subconstellation
C0 = {1, 3, 5, 7} results in pk = –1 and the equiv-
alent channel ho(D) = h1(D) – Dh2(D). After

estimating he(D) and ho(D), we can compute

We propose to use a training sequence of the
form s = [se so] where se has length Nt/2 and
takes values in the Ce subconstellation and so
has length Nt/2 and takes values in the Co sub-
constellation. Note that if se is a good sequence
in terms of minimum mean square error
(MMSE) for the estimation of he(D), the
sequence so created as so = a se where a = exp
(iπk/4) and any k = 1, 3, 5, 7 achieves the same
MMSE for the estimation of ho(D). Thus, instead
of searching over all possible 8Nt sequences s, we
can further restrict the search space to the 4Nt/2

sequences se. A reduced-size search can identify
sequences se and so = a se such that the channel
estimation MMSE is achieved. We emphasize
that similar reduced-complexity techniques can
be developed for other STTCs by deriving their
equivalent encoder models (as in Fig. 1).

STBC-Encoded Training Sequences — This
section presents training schemes based on the
STBC in [8], which is an extension of the code in
[4] for frequency-selective channels. The encoder
maps two consecutive input blocks s1 and s2 to
the blocks [s1 – ~s*

2] and [s2
~s*

1] to be transmitted
from the two antennas. The operation denoted
by 

~
(.) refers to time-reversing a sequence, that is,

if s = [s(0) s(1) … s(Nt –1)], then ~s = [s(Nt – 1)
… s(1) s(0)]. Assume that this STBC is applied
to the training symbols and that the channels h1
and h2 to be estimated remain constant over two
blocks. The received signals during the first and
second blocks denoted by y1 and y2, respectively,
are given by

(2)

where the matrices Si and 
~
Si (for i = 1, 2) are

convolution matrices constructed from si and ~si,
respectively. The vectors z1 and z2 denote noise.
The smallest channel estimation MMSE is
achieved when the two training sequences are
uncorrelated which is equivalent to requiring
that the off-diagonal elements of the training
symbols correlation matrix S*S are equal to
zero. It can be shown that two simple choices
that satisfy this requirement are
• Choose a sequence s1 symmetric about its

center with impulse-like auto-correlation
and set s2 = s1.

• Choose a sequence s1 with impulse-like
auto-correlation and set s2 = ~s1. 
In summary, the rich STC structure can be uti-

lized to simplify training sequence design for mul-
tiple-antenna transmissions without sacrificing
performance. For STBC, decoupling of the two
inputs due to the Alamouti orthogonal structure
removes the requirement of low cross-correlation
between the two training sequences. Similarly, the
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8-state 8-PSK STTC structure can be exploited to
significantly reduce the training sequence search
space while restricting the training symbols to
belong to a standard signal constellation.

EQUALIZATION
For broadband transmissions, equalization is indis-
pensable for mitigating intersymbol interference.
STC makes equalization more challenging because
it generates multiple correlated signals that are
transmitted simultaneously at equal power. Howev-
er, carefully designed joint equalization/decoding
schemes can exploit this correlation to achieve sig-
nificant performance gains. In this section we
describe practical near-optimal joint equalization/
decoding schemes for STTC and STBC.

Equalization of Space-Time Trellis Codes —
When implementing the 8-state 8-PSK STTC
over frequency-selective channels, its rich struc-
ture can be exploited to reduce equalization/
decoding complexity. This is achieved by perform-
ing trellis-based joint equalization and space-time
decoding with 8ν+1 states on the equivalent chan-
nel given in Eq. 1. Without exploiting this struc-
ture, trellis equalization requires 82ν states and
STTC decoding requires 8 states.

The M-BCJR algorithm is a reduced-com-
plexity version of the famed BCJR algorithm [9]
where at each trellis step, only the M active
states associated with the highest metrics are
retained. An improved version of the M-BCJR
algorithm was proposed in [10] and applied to
perform joint equalization and decoding of
STTC. More specifically, it was shown in [10]
that preceding the M-BCJR equalizer/decoder
with a channel-shortening prefilter improves its
performance, especially for small values of M.
Even better performance is achieved when a dif-
ferent prefilter is used for the forward and back-
ward recursions of the M-BCJR algorithm. The
value of M and the number of prefilter taps can
be jointly optimized to achieve the best perfor-
mance-complexity tradeoffs.

Consider the typical urban (TU) EDGE chan-
nel. The overall CIR4 length is effectively four
symbol periods (i.e., ν = 3). We assume two
transmit antennas and one receive antenna. For
the 8-state 8-PSK STTC, we show in Fig. 2 the
performance of the prefiltered M-BCJR equaliz-
er/decoder as a function of the number of active
states M. Also shown in the figure as a bench-
mark is the BER of a full BCJR equalizer [9]
with 4096 states.5 It can be seen that negligible
performance improvement is achieved by
increasing M beyond 16. Note that equalizers
used in cellular phones today have 8 or 16 states,
hence, our proposed equalization algorithms fit
inside the current digital signal processor. In
summary, exploiting STTC structure by embed-
ding the STTC encoder in the channel allows us
to perform near-optimum joint equalization/
decoding at practical complexity levels.

Equalization of Space-Time Block Codes —
To realize multipath (in addition to spatial)
diversity gains for frequency-selective channels,
the Alamouti STBC scheme described in an ear-
lier section is implemented at a block level in
either the time or frequency domain. Here, we

consider one such scheme, namely, the single-
carrier frequency-domain-equalized (SC FDE)
STBC [11] because it achieves a favorable per-
formance-complexity trade-off for broadband
wireless channels. Being a frequency-domain
scheme, the SC FDE has similar complexity to
orthogonal frequency-division multiplexing
(OFDM). However, being a single-carrier
scheme, it avoids OFDM’s shortcomings of high
peak-to-average ratio and high sensitivity to fre-
quency errors [12]. We start by describing the
transmission scheme for SC FDE-STBC.

Denote the nth symbol of the kth transmitted
block from antenna i by x(k)

i (n). At times k = 0,
2, 4, …, pairs of length –N blocks x(k)

1 (n) and
x(k)

2 (n) (for 0 ≤ n ≤ N – 1) are generated by an
information source. Inspired by the Alamouti
STBC [4], we propose the following transmit
diversity scheme [11]:

(4)

where (.)N denotes the modulo–N operation. In
addition, a cyclic prefix (CP) of length ν is added
to each transmitted block to eliminate interblock
interference and make all channel matrices circu-
lant. Finally, the transmitted power from each
antenna is half its value in the single-transmit
case so that total transmitted power is fixed.

The SC FDE-STBC receiver block diagram is
given in Fig. 3. After analog-to-digital (A/D) con-
version, the CP part of each received block is dis-
carded. The resulting length –N blocks are then
processed in pairs where they are first trans-
formed to the frequency domain using the fast
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� Figure 2. Bit error rate performance of 2-transmit 1-receive 8-state 8-PSK
STTC with prefiltered M-BCJR equalizer/decoder as a function of M (the
number of active states). The performance of a 4096-state full BCJR equaliz-
er/decoder is shown as a benchmark.
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Fourier transform (FFT), resulting in the two
blocks

(4)

where X(k)
1 and X(k)

2 are the FFTs of the infor-
mation blocks x(k)

1 and x(k)
2 , respectively, and Z

is the noise vector. Since circulant matrices are
diagonalized by the FFT, intercarrier interfer-
ence is eliminated and Λ1 and Λ2 are N × N
diagonal matrices containing the N FFT coeffi-
cients of h1 and h2, respectively. To eliminate
interantenna interference, the linear combiner
Λ* is applied to Y .  Due to the orthogonal
Alamouti-like6 structure of Λ, a second-order
diversity gain is achieved. Then the two decou-
pled blocks at the output of the linear combin-
er are equalized separately using the MMSE
FDE [12] which consists of N complex taps
that mitigate inter-symbol interference. Finally,
the SC MMSE-FDE output is transformed
back to the time domain using the inverse FFT
where decisions are made. Figure 4 shows the
significant performance gains achieved by
FDE-STBC over a single-transmit FDE for the
EDGE TU channel by exploiting the special
STBC structure.

INTERFERENCE CANCELLATION

We can double the number of STBC users (i.e.,
double system capacity) without additional radio
spectrum resources by adding a second receive
antenna at the base station and using interference
cancellation techniques. These techniques exploit
the rich STBC structure to reduce the number of
receive antennas required (for effective joint
equalization, decoding, and interference cancella-
tion) compared to traditional antenna nulling
techniques [13]. With two receive antennas and
two STBC users (each equipped with two anten-
nas), Eq. 4 generalizes to

(5)

where Y1 and Y2 are the processed signals from
the first and second antennas while Z1 and Z2
are the corresponding noise vectors. The vector
S consists of two subvectors representing the size
–N FFTs of the two information blocks transmit-
ted from the interfering user’s first and second
antennas. The two STBC users can be decoupled
by applying the following linear zero-forcing7

interference canceler

(6)

where (.)–1 denotes the inverse, 
~Λx

def
= Λx – ΓxΓ–1

s Λs
and 

~Γs
def
= Γs – ΛsΛ–1

x Γx. The critical observation to
make here is that both

~Λx and
~Γs are orthogonal

Alamouti-like matrices. Therefore, decoding pro-
ceeds as in the single-user case and the full diver-
sity gain is guaranteed for both users.

IMPACT ON
NETWORKING THROUGHPUT

Up to this point, we have focused on how STBC
improve BER at the physical layer (PHY). Now
we switch gears and shed light on how STBC can
be viewed as a building block toward faster, more
reliable wireless local area networks (WLANs).
In order to justify the inclusion of STBC as an
indispensable component in a high-data-rate
architecture, we have conducted a comprehensive
across-the-network-layers study of the STBC
impact on 802.11 networks. We emphasize that
network performance, as perceived by a mobile
wireless application, is determined to a signifi-
cant degree by a complex interaction between
PHY, link layer, medium access control (MAC),
and TCP. Our study encompasses the aforemen-
tioned layers and illustrates that although STBC
are a PHY technique, they have a measurable
impact at both the link and TCP layers. Essen-
tially, STBC increase link layer throughput and
present to TCP a “smoother” channel, thereby
improving the overall network performance.

We highlight some of our findings [14]:
¶In 802.11a networks, we have quantified

through simulations the improvements at the
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PHY due to STBC. Although not a surprising
result, the important practical ramification is
that STBC modify the signal-to-noise ratio
(SNR) region under which a particular transmis-
sion mode should be chosen. Hence, even under
adverse channel conditions it is possible to send
data packets at a higher-rate transmission mode.

¶The poor performance of TCP over wireless
links is well documented [15]. STBC present to
TCP a “smoother” channel because they modify
the statistics of the effective wireless channel (e.g.,
STBC transform a Rayleigh fading channel to one
with a chi-square distribution that has a
“smoother” tail). Hence, from an application
point of view (such as that of a Web browser), the
inclusion of STBC at the PHY translates to
impressive bandwidth improvements: not only
does the application see a wider data pipe, but the
wider pipe is available for longer periods of time.

¶In a multiple access environment, STBC
improve the overall throughput in the network
and reduce traffic delay variations. In a lightly
loaded environment, STBC increase the link-
layer/TCP throughput of individual transmitting
pairs; consequently, the overall network through-
put is increased. Quite remarkably, even in heav-
ily loaded scenarios (where packet collisions are
known to be the performance limiting factor),
STBC improve performance [14].

Figure 5 depicts the aggregate throughput in a
802.11a network where five active TCP connec-
tions contend for the channel using the distributed
coordination function (DCF) of 802.11 (we pro-
duced this figure by feeding the ns simulator with
the traces of our PHY simulations). It is evident
how STBC yield network performance improve-
ment throughout the SNR region but especially at
low SNR values (where it matters the most).

THE GRAPHICAL USER INTERFACE
To make it easier to select among various imple-
mentation options and to optimize PHY/network
performance, we developed a user-friendly menu-
driven STC simulator graphical user interface
(GUI) using the MATLAB programming lan-
guage8 that works under the Windows and UNIX
platforms. A layout of the GUI is depicted in Fig.
6. For an uplink simulation, we can specify the
number of STC users, number of transmit antenna
per user, and number of receive antennas at the

� Figure 5. Aggregate throughput of five TCP sessions.
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� Figure 6. Space-time coding graphical user interface layout.
8 MATLAB is a trade-
mark of Math Works Inc.
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base station. For a downlink simulation, we can
specify the number of transmit antennas at the
base station and the number of receive antennas
at the terminal. Other input parameters are the
signal constellation type and the transmit diversity
scheme. Three forms of transmit diversity can be
simulated: delay diversity, STTC, and STBC.

The channel is specified through its power
delay profile. The number of information and
training symbols in each transmission frame are
input parameters to the GUI.

At the receiver end, the GUI can simulate
performance under perfect and estimated chan-
nel conditions. For the latter, least squares train-
ing-based channel estimation is used. When the
channel is frequency-selective different joint
equalizer/decoder structures can be simulated
depending on the transmit diversity scheme
used. The user specifies the number of blocks to
be transmitted and the SNR range, and the GUI
generates a BER plot. A version of the GUI with
pre-set parameters is accessible from http://www.
research.att.com/~naofal/stcsim.htm

Overall, our GUI tool enables a wireless net-
work architect to efficiently test the performance
of various STC schemes, and thus can lead to
improved and accelerated design cycles.

CONCLUSION
Space-time trellis and block codes enjoy rich struc-
ture that should be exploited in a multi-user broad-
band wireless modem to enhance its performance
and reduce the complexity of receiver signal pro-
cessing functions including channel estimation,
joint equalization/decoding, and interference can-
cellation. The substantial physical layer gains
obtained in terms of reduced error rates translate
into substantial gains at the networking layer in
terms of throughput. These performance and com-
plexity gains are more significant for broadband
than for narrowband channels due to the availabili-
ty of multipath in addition to spatial diversity.
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