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Abstract

This paper describes and compares several practical equalization schemes for space—time—coded transmis-
sions over broadband wireless channels. For space—time trellis codes, we describe and compare two reduced—
complexity trellis-based joint equalization and decoding schemes whose performance is further optimized by
a front—end FIR channel-shortening prefilter. For space-time block codes, we describe and compare three
joint equalization and decoding schemes based on a block-level implementation of the well-known Alamouti
scheme either in the time or frequency domains.

We consider the third—generation TDMA cellular system EDGE and recommend a promising equalization
scheme for space—time trellis—coded and for Alamouti—type space—time block—coded dual-antenna transmis-
sions based on simulation results for typical urban channel conditions where the delay spread is few symbol

periods.

I. INTRODUCTION

Achieving high bit rates over broadband wireless channels brings the dream of the wireless Internet,
and its plethora of interactive multimedia services and applications for users at any place and any time,
much closer to reality. Communication theory suggests the following four guidelines for increasing the

bit rate

e Increase the symbol rate (or equivalently transmission bandwidth) : the price paid is increased
susceptibility to intersymbol interference (ISI) and increased processing speed. It is also limited by

the scarcity and high—cost of radio frequency (RF) spectrum.



e Increase signal constellation size (or equivalently the transmission spectral efficiency) : the price
paid is reduced noise immunity (assuming fixed transmitted power) during bad channel conditions
(low SNR due to fading) and increased susceptibility to synchronization errors (carrier frequency
offsets and phase noise). Error correction coding and adaptive modulation techniques can be used

to improve the link margin.

o [ncrease transmitted power : this is undesirable in wireless transmission because it increases non—
linear distortion in power amplifiers, reduces battery life at the subscriber terminal, and increases

co—channel interference.

o Use of multiple transmit and/or receive antennas either to increase throughput (by using spatial mul-
tiplexing to create multiple parallel channels for transmission of independent information streams)
or increase diversity level by transmitting correlated replicas of a single information stream (since
the probability of simultaneous fading over all transmission channels is small given that antennas are
spaced wide enough). The price paid is the cost of implementing multiple RF chains and increased

space requirements.

The third-generation TDMA cellular standard known as Enhanced Data Rates for Global Evolution
(EDGE) [1] achieves a significant bit rate increase over its second—generation predecessors 1S-136 and

GSM by
o Increasing the symbol rate from 24 Ksymbols/sec in 1S-136 to 271 ksymbols/sec.

e Increasing the signal constellation size from DQPSK in IS-136 and (binary) GMSK in GSM to
8-PSK.

As wireless communications systems look to make the transition from voice communications to interactive
Internet data, achieving higher bit rates becomes both increasingly desirable and challenging. Space-Time
Coding (STC) [2, 3, 4] is a communications technique for wireless systems that employ multiple transmit
antennas and single or multiple receive antennas. Space-time codes realize diversity and (possibly)
coding gains by introducing temporal and spatial correlation into the signals transmitted from different
antennas. Combining EDGE with STC would further increase its achievable bit rate without transmit
power increase.

Initial STC research efforts focused on narrowband flat—fading channels [2, 3]. As the transmission
bandwidth increases beyond the coherence bandwidth [5] of the channel (which is typically defined as

the condition for broadband transmission), IST becomes a major performance-limiting impairment and



equalization becomes indispensable. Equalization complexity increases with the channel memory !, signal
constellation size, and the use of multiple transmit antennas. This, in turn, places significant additional
computational and power consumption loads on user terminals. By virtue of their design, space—time—
coded signals have a structure that can be exploited to develop near—optimum reduced—complexity joint
equalization and decoding algorithms. The objective of this paper is to present examples of such practical
algorithms and compare them for space—time trellis—coded and block—coded transmissions over broadband
wireless channels.

Throughout this paper, the EDGE typical urban (TU) channel with 8-PSK modulation will be taken
as a case study for two main reasons. First, the EDGE system is currently being deployed as an evo-
lution of second—generation TDMA cellular systems to third generation. Hence, there is great interest
in evaluating its performance under a variety of practical operating conditions including the benefits of
STC transmissions using two transmit antennas at the base station in a typical urban environment. Sec-
ond, equalization for EDGE is a challenging problem due to the use of 8-PSK modulation (as opposed
to binary modulation used in GSM) and the generally non minimum-phase characteristics of the TU
channel impulse response and the additional IS due to the Gaussian minimum shift keying (GMSK)
transmit filter. We emphasize that the equalization schemes presented in this paper are not restricted to
the EDGE environment or 8-PSK modulation but apply to other signal constellations and ISI channels.

The main contribution of this paper is a description and comparison of promising practical state—of-
the—art joint equalization and decoding schemes for some space—time trellis and block codes. Simulation
results comparing the performance of these schemes in a TU EDGE environment are presented and
analyzed to recommend a joint equalization and decoding scheme for STC transmission over EDGE. A
special effort has been made to provide a comprehensive and up-to-date reference list to aid the interested
reader in a further investigation of any of the discussed topics. To the best of this author’s knowledge, no
such study exists in the literature at the time of this writing. This has motivated us to write this paper
especially since STC technology has been adopted in several third—generation wireless standards and is
being considered for fourth—generation standards.

The rest of this paper is organized as follows. We start in Section II by describing the channel model
and assumptions. Then, we give a brief overview of STC techniques. In Section III, candidate space-time
equalization schemes are described and their pros and cons delineated. This is followed by a discussion
of channel estimation issues for space-time—coded systems in Section IV. Simulation results are given in

Section V for the EDGE environment and the paper is concluded in Section VI.

'For a given channel time delay spread [5], the channel memory increases linearly with the transmission bandwidth.



II. BACKGROUND

II-A. Channel Model and Assumptions

We consider space-time—coded signaling over frequency—selective channels where a single information
stream 1s mapped by a space-time encoder to n; streams. These streams are transmitted simultaneously
from n; antennas and received by n, antennas. We focus on the case n; = 2 and n, = 1 in this paper
for the following reasons. First, from the user terminal’s perspective, it is the most practical architecture
for the downlink to reduce the size and complexity of the user terminal. Second, from the base station’s
perspective, substantial diversity gains are realized when going from one to two transmit antennas; less
gains in going from two to three transmit antennas and so on (diminishing returns) while the joint
equalization and decoding complexity for space—time trellis codes continues to rise exponentially with the
number of transmit antennas. Therefore, having two transmit antennas at the base station achieves a
favorable performance—complexity tradeoff and makes good engineering sense. Third, for space—time block
codes, the case of more than two transmit antennas can be accommodated using the theory of orthogonal
designs (see [6] for the flat—fading case and the recent paper [7] for an extension to ISI channels). It is
this author’s opinion that, for an overview paper of joint space-time equalization and decoding schemes,
the case n; = 2 and n, = 1 conveys the main concepts without unduly complicating the presentation.

The channel impulse response (CIR) from the i transmit antenna to the receive antenna is modeled
as a finite-impulse-response (FIR) filter with memory v and denoted by the vector h; or its corresponding
D-transform h;(D) Lf S ohi(k)D*.2 The two CIRs are assumed constant over the transmission block
(quasi-static fading), independent of each other ?, and vary independently from block to block. The
transmitted symbols are assumed complex zero-mean and belong to a size-2® standard signal constel-
lation. All of the examples and illustrations in this paper will be for the 8~PSK constellation adopted
in the EDGE standard. The noise is additive white Gaussian and independent of the input. Through-
out this paper, we shall use the terms frequency—selective channel, broadband channel, and ISI channel

interchangeably.

II-B. Space-Time Coding

Space—time coding has received considerable attention in academic and industrial circles due to its

many advantages. First, it improves the downlink performance (which is the bottleneck in asymmetric

2D stands for unit delay. The D-transform is related to the Z-transform by the mapping D = Z~".

#This can be achieved in practice by placing the two transmit antennas sufficiently apart.



applications such as Internet browsing and downloading) without the need for multiple receive antennas
at the terminals (which are required to have low cost and a small form factor). Second, it can be elegantly
combined with channel coding, as shown in [2], realizing a coding gain in addition to the diversity gain.
Third, they do not require channel state information (CSI) at the transmitter, i.e. operate in open—
loop mode, thus eliminating the need for an expensive and, in case of rapid channel fading, unreliable
reverse link. Finally, they have been shown to be robust against non-ideal operating conditions such
as antenna correlation, channel estimation errors, and Doppler effects [8, 9]. STCs are divided into two

main categories : trellis and block, as described next.

II-B.1 SpaceE-TiME TRELLIS CoDES (STTC)

The space—time trellis encoder maps the information bit stream into n; streams of symbols (each
belonging in a size-2" signal constellation) that are transmitted simultaneously *. STTC design criteria
were given in [2] that guarantee full spatial diversity and achieve an additional coding gain on a flat
quasi-static fading channel.

As an example, we consider the 8-state 8-PSK STTC for two transmit antennas introduced in [2]
whose trellis description is given in Figure 1, where the edge label xy means that symbol x is transmitted
from the first antenna and symbol y from the second antenna. The different symbol pairs in a given row
label the transitions out of a given state, in order, from top to bottom. An equivalent and convenient
(for reasons to become clear shortly) implementation of the 8-state 8~PSK STTC encoder is depicted
in Figure 2. This equivalent implementation clearly shows that the 8—state 8-PSK STTC is identical
to classical delay diversity transmission [10] ezcept that the delayed symbol from the second antenna is
multiplied by —1 if it is an odd symbol, i.e. € {1,3,5,7}. This slight modification results in additional
coding gain over a flat—fading channel.

When implementing this STTC over a frequency—selective channel, its structure can be exploited to
reduce the complexity of joint equalization and decoding. This is achieved by embedding the space—time
encoder in Figure 2 in the two channels h; and hy resulting in an equivalent single-input single—output
(SISO) data—dependent CIR with memory (v + 1) whose D—transform is given by

BTTO D) = hy(0)+ 3 (b (m) + pehy(m — 1))D™ + pphy(u) D"

m=1

= hi(D)+ pxDho(D) , (1)

where p, = +1 is data—dependent. Therefore, trellis—based joint space-time equalization and decoding

*The total transmitted power is divided equally among the n; transmit antennas.



with 8“*! states can be performed on this equivalent channel. Without exploiting the STTC structure,

trellis equalization requires 82” states and STTC decoding requires 8 states.

II-B.2 ALAMOUTI-TYPE SPACE-TIME BLock CobpEs (STBC)

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]. In addressing the issue of
decoding complexity, Alamouti [3] discovered an ingenious space-time block coding scheme for transmis-
sion with two antennas. According to this scheme, input symbols are grouped in pairs where symbols
xp and x4y are transmitted at time £ from the first and second antennas, respectively. Then, at time
k41, symbol —z,q is transmitted from the first antenna and symbol z;, is transmitted from the second
antenna, where (7) denotes complex conjugation. This imposes an orthogonal spatio-temporal structure
on the transmitted symbols. Alamouti’s STBC has been adopted in several wireless standards such as

WCDMA [11] and CDMA2000 [12] due to its many attractive features including the following
e It achieves full diversity at full transmission rate for any (real or complex) signal constellation.
e It does not require CSI at the transmitter (i.e. open loop).

e Maximum likelihood decoding involves only linear processing at the receiver (due to the orthogonal

code structure).
The main drawbacks of Alamouti’s STBC are
e Unlike space—time trellis codes, it does not provide any coding gain.

o Arate-1 STBC cannot be constructed for complex signal constellations with more than two transmit

antennas [13].

e The simple decoding rule is valid only for a flat—fading channel where the channel gain is constant
over two consecutive symbols. Recently, STBCs have been extended to the frequency—selective
channel case by implementing the Alamouti orthogonal signaling scheme at a block level instead of

symbol level (see Subsection I11-B).

III. EQUALIZATION FOR SPACE-TIME CODES

In this section, we describe several state—of-the—art joint equalization and decoding schemes investi-

gated at AT&T Shannon Laboratory over the past two years for space-time-coded signaling over EDGE.



HI-A. FEqualization Schemes for Space-Time Trellis Codes

In this section, we describe two reduced—complexity joint equalization and decoding schemes for
STTC. In both schemes, an FIR channel-shortening prefilter is used as a front end, hence, we start by
describing it.

ITI-A.1 FrRONT-END PREFILTER

The objective of the prefilter is to shorten and shape the effective CIR seen by the equalizer to reduce
its complexity (since the number of equalizer trellis states is exponential in the CIR memory) and/or
optimize its performance (by converting the CIR to a near minimum—phase response). In general, it is
not possible for a single prefilter (c.f. Figure 3) to convert both channels h; and h; to become exactly
minimum phase as in the SISO case [14]. Alternatively, we can also see from Equation (1) that the
equivalent SISO channel for the 8-State 8-PSK STTC is data—dependent and hence time—varying from
symbol to symbol which makes it impossible for a single time—invariant prefilter to convert it to minimum
phase. The approach taken in [15] was to design the prefilter for the average channel assuming that py
in Equation (1) assumes the values +1 and —1 with equal probability.

First, we describe the prefilter design problem for a time—invariant channel with memory v and then
extend it to the data-dependent time-varying channel case. Assume that the FIR prefilter has Ny taps
and denote its impulse response by the vector w. Then, the impulse response of the effective channel at
the output of the prefilter is given by h.;; = Hw where H is the (Ny 4+ v) x Ny Toeplitz convolution
matrix. Let the vector h,,;, contain the (N, 4+ 1) taps (where Ny < v) of h.¢s to retain after shortening
(whose energy is to be maximized) and let h,,; contain the remaining taps (whose energy is to be
minimized). Then,

hyin = Jwinhepy = @EW = Hyinw, (2)
Huyin
where the (N, +1) x (N¢+v)-dimensional matrix J.,, is constructed using columns of the identity matrix

corresponding to tap positions of h,,, within h.;¢. Similarly,

hyat = Jyaihesr = o HW = Hyuiw, (3)
N —
H'wall
where the (Ny +v — N, — 1) x (Nf 4 v)-dimensional matrix J,q; is constructed from the columns of the
identity matrix corresponding to tap positions of h,q; within h.s;.
The proposed prefilter design criterion maximizes the shortening signal to noise ratio (SSNR), which

is defined as the desired signal energy of the shortened channel contained in h,,;, divided by the residual



[ST energy in h,,,; plus the noise energy at the prefilter output. The corresponding optimization problem

can be formulated as the following generalized eigenvector problem (see [15] and the references therein)

max w'Bw  subject to wAw =1, (4)

where (.)* denotes the complex—conjugate transpose operation, B = H!, H,.,, A = H ;;Hyu + R..,

win

and R, is the noise auto—correlation matrix at the prefilter input. The optimal solution w,,; is given by
Wopt = (LA*)_lumal‘v (5)

where A = LaLA" is the Cholesky factorization of the matrix A and u,,,, 1s the unit-norm eigenvector
of matrix (La) 'B(La)™" that corresponds to its largest eigenvalue A,,,.. The resulting optimal SSNR

is given by
Wopt BWopi

SSNROpt = = )\mar- (6)

*
opt

Equation (5) provides the optimal prefilter for a time-invariant channel. For the 8-State 8-PSK STTC

W) AW o
with two transmit antennas, we can design the prefilter for the average of the equivalent channel given

in (1). It can be shown [15] that the matrices A and B in this case are modified to

B — (H.,)H., +(H),)H

win win win

A = (H,,)H,,, + H,,)H.,,+R..,

wall wall

where H' . and H! ,, (+ = 1,2) are matrices corresponding to the constant channels h; and h, between

the two transmit and the single receive antennas (c.f. Equations (2) and (3)).
To summarize, the main attractive feature of the prefilter is that it is a single time—invariant (over a
transmission block) FIR filter that shortens both channels h; and hy simultaneously without excessive

noise enhancement.

III-A.2 PREFILTERED M-BCJR EQUALIZER

The M-BCJR algorithm, proposed in [16], is a reduced—complexity version of the Bahl-Cocke-Jelinek—
Raviv (BCJR) forward—backward algorithm [17] 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 [18] based on a log-domain implementation of the BCJR algorithm and operates as follows.
The forward and backward recursions independently select trees of active nodes without restricting one
to be a subtree of the other. To form soft decisions at any time instant, we use all edges with at least

one active node. An algorithmic description of the improved M-BCJR algorithm [18] follows.



Let L denote the number of trellis steps, Y7 Y5... Y7, the received outputs, s; a trellis state at
time ¢, S the number of trellis states, and u; the input at time ¢. The quantity we calculate is not

Pr(us = ulYy...Yy) as in BCJR but an approximation, as detailed below.

e Using the channel observations and the channel description, calculate for each trellis step ¢ the

quantities

Y(i,7) = Pris: = j; Yilsin =1) . (7)
e The forward recursion is given by

1. for t = 0 (initialization) ap(0) =1, ag(i) =0 fori =1...5.
2. fort=1,---,L—1
(a) au(1) = Zj e (G) (i, 5) -
(b) Let A; denote the M largest o’s at time . Any sorting algorithm can be used to construct

e Similarly, the backward recursion is given by
1. for t = L (initialization) 81(0) =1, Br(i) =0 for i =1,---, 5.
2. fort=L—-1,---,1

(a) Bi(i) = > Bex1(3)ve1(4,9) -
(b) Let B; denote the M largest 3’s at time ¢. Any sorting algorithm can be used to construct

e Calculate the probabilities of error E, and Eg (in the sense that the correct state is not included

in the M selected states) as follows

Ea = Q(/Ih(0)]2d2;, /202) 5 Es = Q(y/|h(v)[2d,;, /202) ,

where @(.) is the standard Q function, d,,;, is the minimum Euclidean distance between any two

constellation points, and o2 is the noise variance.
e To make a decision at step 0 < ¢ < L on the input u; = u do

— P(u; = u) =0.

— For all edges (1, 7) that have input u
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L. if 8:(j) # 0 and a;—1(2) # 0, then P(us = u)+ = ar1(2)y(2,7)5:(7).
2. if Bi(7) # 0 and ay—1(7) = 0, then P(u; = u)+ = E.(1,7)53:(7).
3. if B:(y) = 0 and ay—1(7) # 0, then P(u; = w)+ = ou_1(2)v(2, 5) Fs.

The performance of the M-BCJR equalizer/decoder is further improved, especially for small M, by
using the prefilter of the previous subsection to concentrate the channel energy in a small number of
taps. In fact, two different prefilters should be used for the forward and backward recursions since the
forward recursion favors a close to minimum-phase channel while the backward recursion favors a close to
maximum-phase channel [18]. The value of M and the number of prefilter taps can be jointly optimized

to achieve the best performance—complexity tradeoffs.

ITI-A.3 PRrREFILTERED MLSE/DDFSE EQUALIZER

Unlike the BJCR maximum aposteriori (MAP) equalizer [17] which minimizes the symbol error prob-
ability, maximum likelihood sequence estimation (MLSE) [14] minimizes the sequence error probability
and can be implemented efficiently using the Viterbi algorithm. A major advantage of the BCJR-MAP
algorithm over the conventional Viterbi algorithm ® is the generation of soft information on the deci-
sions. Generalization of the MLSE equalizer to the multiple-input multiple—output (MIMO) case was
first reported by Van Etten [20].

For a size-2° signal constellation, n; transmit antennas, and MIMO channel memory of v ¢, the MIMO
MLSE equalizer has 2% states in general. The number of equalizer states can be reduced by using the
STTC trellis structure as shown in [21] or by a MIMO channel-shortening prefilter [22]. However, this
complexity is still too high for large signal constellations, even for two transmit antennas and short—to—
moderate MIMO channel memory. For example, for 8-PSK constellation and the EDGE TU channel
(where v = 3), the number of full MLSE equalizer states is equal to 8% = 262,144 states.

As a remedy, delayed decision feedback sequence estimation (DDFSE) was introduced in [23] as a
hybrid scheme between MLSE and decision feedback equalization (DFE) for channels with long memory.
Basically, the CIR is divided into a leading part and a tail. Then, an MLSE equalizer is constructed
based on the leading part and the interfering effect of the CIR tail is canceled by feedback using previous

(hard) decisions (assumed correct).

5A modified soft-output Viterbi algorithm (SOVA) was presented in [19]. However, its performance is suboptimal compared to
BCJR-MAP.

6The memory of a MIMO channel is defined here to be the maximum of the memories of its constituent SISO channels.
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At time k, the branch metric £(k) of the DDFSE equalizer/decoder is given by

0 = Iy ()= ST (k=) = 3 BT @) (ki) 5)
i=n+1

where y(k) is the k' received symbol, n is a design parameter (0 < n < v) that determines the number
of DDFSE trellis states, heSqTUTC is the impulse response vector of the equivalent channel (c.f. Equation
1), z(k) are all possible input symbols according to different transitions along the path history, and z (k)
are the previous hard symbol decisions along the path history. DDFSE assumes that these symbols are
decoded correctly and uses them to equalize the effect of the discarded trellis states. From (8), we can
see that DDFSE can be considered as a combination of MLSE and DFE that uses a state description
of the channel to recursively estimate the best path in the trellis while storing only one path for each
state as in MLSE. However, in the DDFSE case, each state (which corresponds to n symbols of channel
memory) provides only partial information about the full state of the channel. In order to cancel the
interference from the past symbols occurring earlier than n symbols in the past, hard feedback information
is extracted from the best path. Like all feedback schemes, DDFSE suffers from error propagation effects.
These effects are minimized if most of the channel energy is concentrated in its leading part. © This is
the task of the FIR prefilter which minimizes the CIR tail energy.

We conclude this section with the following two remarks. First, other candidate STTC equalization
schemes that have been reported in the literature include turbo equalization, OFDM, and linear or decision
feedback equalizers are described in [24], [25], [26], and [27]. Additional promising equalization schemes
include the T-BCJR [16] and RSSE [28] algorithms. These schemes were not part of our investigation
of STC application to EDGE and hence are not covered here. Second, we emphasize that the two
equalization schemes described in this section are not limited to 8-PSK constellation or the 8—state
STTC with two transmit antennas. They can be applied to other signal constellations and other STTC’s
as well (see [2] for STTC examples for different constellation sizes and numbers of transmit antennas).
The starting point would be the development of an equivalent SISO encoder model for the STTC under

consideration (analogous to the model in Figure 2).

II-B. Fqualization Schemes for Space-Time Block Codes

Our focus will be on the case of two transmit antennas where full-rate Alamouti—type space-time

block codes can be constructed for any signal constellation.

7As in minimum-phase channels.
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III-B.1 TIME-REVERSAL SPACE-TIME BLock CobpING (TR-STBC)

TR-STBC was introduced in [29] as an extension of the Alamouti STBC scheme [3] to frequency—
selective channels by imposing the Alamouti orthogonal structure at a block not symbol level as in the
flat—fading channel case. More specifically, the transmitted blocks from Antennas 1 and 2 at time (k4 1)
(denoted by X(1k+1) and X(Qk+1), respectively) are generated by the encoding rule (for k = 0,2,4,--)

B ge®)

( _ R
X3 = —JX5 75 Xy

= ax 0

where J is the time-reversal matrix which consists of ones on the main anti-diagonal and zeros everywhere.
To eliminate inter—block interference (IBI) between adjacent blocks due to channel memory, length—v all-
zeros guard sequences are inserted between information blocks.

At the receiver end (c.f. Figure 4), TR-STBC employs linear combining techniques (a spatio-temporal
matched filter) to eliminate the mutual interference effects between the two transmit antennas while
still achieving the maximum diversity gain of ||hy||* + ||h||* (where ||.|| denotes the norm of a vector).
Effectively, TR-STBC uses a combination of complex—conjugation, time-reversal, and matched—filtering
operations, as described in detail in [29], to convert the two-input single-output channel to two SISO

channels each with an equivalent impulse response given by

hegy "TPE(D) = hy(D)ha (D7) + ha(D)ha( D7) (10)

equ

to which standard SISO equalization schemes can be applied [14].® For example, a whitened matched
filter (WMF) front—end can be used to convert hij‘STBO(D) to its minimum-phase equivalent ? followed
by trellis or feedback equalization as it will be further discussed in Section V. TR-STBC assumes that the
two channels hi(D) and hy(D) are fixed over two consecutive transmission blocks and perfectly known at
the receiver. In the next two subsections, we describe two alternative STBC joint equalization/decoding

schemes that use frequency—domain processing.

ITII-B.2 ORTHOGONAL FREQUENCY DIVISION MULTIPLEXED SPACE-TIME BLOCK CODING (OFDM-
STBC)

In OFDM, the high-rate input stream is demultiplexed and transmitted over N low-rate independent
frequency subcarriers. This multicarrier transmission scheme is implemented digitally using the efficient

Fast Fourier Transform (FFT) [30]. Since OFDM is a block transmission scheme, a guard sequence (of

8In Equation (10), hi(D) is the D—transform of h;(k) and Bi(D_l) is the D—transform of flg(—k) fori=1,2.

?Unlike the STTC case, exact conversion to minimum phase is possible here since hgqff_STBC(D) is not data—dependent.



13

length at least equal to channel memory) is needed to eliminate IBI and ensure that individual subcarriers
can be isolated at the receiver. The most popular choice for guard sequence is a cyclic prefiz which makes
the channel matrix circulant, hence, diagonalizable by the FFT. If the FFT size is made large enough
such that the width of each frequency bin is less than the coherence bandwidth of the channel, then no
equalization is needed '°. A large FFT size (compared to channel memory) also reduces the cyclic prefix
guard sequence overhead at the expense of increased storage and processing requirements and increased
delay which might not be acceptable for delay—sensitive applications.

An elegant scheme for combining OFDM and STBC by implementing the Alamouti orthogonal struc-
ture at a block level was first reported in [31]. The channel is assumed fixed over two consecutive OFDM
blocks and known at the receiver and a cyclic prefix is added to each block to eliminate IBI and render the
two channel matrices circulant. Therefore, simultaneous equalization of the two frequency-selective chan-
nels hy and h, is achieved by using the computationally—efficient IFFT /FFT modulation/demodulation
vectors to divide the spectra of both channels into a large number of parallel independent frequency—flat
subchannels. At the receiver end (c.f. Figure 5), received blocks are processed in pairs where their FFT's
are computed and linearly combined. Finally, gain and phase adjustment is performed using minimum
mean square error frequency-domain equalization (MMSE-FDE) with a single complex tap for each
subchannel followed by decision device.

While the use of the Alamouti STBC modifies the channel frequency gain at subchannel ¢ from |H (7)|?
to |Hy(2)|* + |Ha(7)|* which provides increased immunity against fading, decision errors occurring at any
subchannel result in an irreducible error floor. As shown in [32], OFDM-STBC cannot fully exploit the
multipath diversity gains of the two channels. This limitation can be overcome by frequency interleaving
and forward error correction [33] or linear precoding [34].

OFDM offers great flexibility in that multiple signals with different rates and quality—of-service (QOS)
requirements can be transmitted over the parallel frequency subchannels. Moreover, avoiding strong RF
narrowband interference within the transmission bandwidth is easily accomplished by turning off the
corresponding subchannels. On the other hand, OFDM has two main drawbacks, namely a high peak to
average ratio (PAR), which results in larger backoff with nonlinear amplifiers [35], and high sensitivity
to frequency errors and phase noise [36]. An alternative equalization scheme that overcomes these two
drawbacks of OFDM while retaining its reduced implementation complexity advantage (due to use of
FFT) is the single—carrier (SC) FDE [33] which has been extended to receive-diversity systems in [37]

and to Alamouti-type STBC transmit-diversity systems in [38] and is described in the next subsection.

"Except for a simple one-tap complex equalizer for each subchannel, assuming negligible inter—carrier interference due to Doppler

effects or frequency offset errors.
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We conclude this section by emphasizing that the three STBC equalization schemes described above
are applicable to any signal constellation (not just 8-PSK) and any FIR channel (not just TU EDGE).
These schemes can be extended to more than two transmit antennas using the theory of orthogonal

designs [6], as done for TR-STBC in [7].

ITI-B.3 SINGLE-CARRIER FREQUENCY-DOMAIN EQUALIZED SPACE-TIME Br.ock CoDING (SC FDE-
STBC)

The SC FDE is distinct from OFDM in that the IFFT block is moved to the receiver end and placed
before the decision device (c.f. Figure 6). As noted in [33], this causes the effects of deep nulls in the
channel frequency response to be spread out, by the IFFT operation, over all symbols thus reducing their
effect and improving performance.

Denote the n'® symbol of the k' transmitted block (of length N) from antenna i by xgk)(n). Then,
the FDE-STBC encoding rule is given by [38§]

k _(k k _(k
X" () = = (=) 5 x4 () = 57 (=) (1)
forn=0,1,---,N—-1 and £=0,2,4,---
where (.)n denotes the modulo—N operation which distinguishes this encoding scheme from TR-STBC
(c.f. Equation (9)). In addition, a cyclic prefix (CP) is added to each transmitted block to eliminate IBI

and make the two channel matrices circulant. Taking the Discrete Fourier Transform (DFT) of (11), we

see
X{ ) (m) = =X (m) ; XET(m) = X{P (m) (12)

form=0,1,---.N—1 and £=0,2,4,---
which reveals that this, too, is a block-level implementation of the symbol-level Alamouti encoding rule.
The SC FDE-STBC receiver block diagram is given in Figure 6. After analog-to—digital (A/D)

conversion, the CP part of each received block is discarded. Mathematically, we can express the input—

output relationship over the ;" received block as follows
y(j) _ H(li)x(li) + ng)xgj) + 77 7 (13)

where ng) and ng) are NV x N circulant matrices whose first columns are equal to hﬁ” and hgj), re-
spectively, appended by (N — v — 1) zeros and z) is the noise vector. Since H(lj) and ng) are circulant

matrices, they admit the eigen—decompositions

HY =QAYq ; HY =QAYQ,
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where Q is the orthonormal FFT matrix and A(lj) (resp. A(Qj)) is a diagonal matrix whose (n,n) entry
is equal to the n® FFT coefficient of h(lj) (resp. hgj)). Therefore, applying the FFT to y¥), we get (for
j=kk+1)

YO = Qy) = ADXD 4 ADXY) | 700

The length—N blocks at the FFT output are then processed in pairs resulting in the two blocks (we

drop the time index from the channel matrices since they are assumed fixed over the two blocks under

consideration)
YO | [ A A x (¥ . 7,(k) »
YR | A, —A X Zk+1) |
Y A X Z

where X(lk) and ng) are the FFTs of the information blocks X(lk) and X(Qk), respectively, and Z is the
noise vector. To eliminate inter-antenna interference, the linear combiner A* is applied to Y. Due to
the orthogonal Alamouti-like ! structure of A, a second-order diversity gain is achieved. Then, the two
decoupled blocks at the output of the linear combiner are equalized separately using the MMSE FDE
[33] which consists of N complex taps per block that mitigate inter-symbol interference. Finally, the
MMSE-FDE output is transformed back to the time domain using the inverse FF'T where decisions are
made.

Note that the SC MMSE-FDE is equivalent to block MMSE linear equalization [39], hence, its perfor-
mance can be improved at the expense of increased complexity, by adding a feedback section as discussed

in [40].

IV. CHANNEL ESTIMATION

STC schemes run open loop which makes them very attractive for wireless transmission. Nevertheless,
CSl s still required at the receiver to perform joint equalization/decoding. While differential STC schemes
for frequency-selective channels have been recently developed [41], they incur a significant performance
penalty with respect to coherent techniques 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.

For single-antenna transmission, the training sequence is only required to have “good” (i.e. impulse-

like) auto—correlation properties. However, for the n; transmit—antenna scenarios, the n; training se-

C C
! > | Alamouti-like.

+és Fci1

"'We call any 2 x 2 complex orthogonal matrix of the form [
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quences should, in addition, have “low” (ideally zero) cross—correlation. This property makes the channel
estimation problem different for multiple-antenna systems from single—antenna systems.

An obvious transmission scheme that forces the cross—correlation between the n; training sequences
to zero consists of dividing the training interval into n; subintervals where only one antenna is allowed
to transmit its training sequence in each subinterval. This scheme has two major drawbacks. First, the
PAR is increased which, in turn, increases amplifier nonlinear distortion. Second, the effective training
period for each transmit antenna is reduced by a factor of n;.

Next, we formulate the channel estimation problem for the 2-transmit 1-receive scenario. The analysis
can be easily generalized to multiple transmit /receive antennas.

We transmit two training sequences s; and sy from the first and second antennas simultaneously in
synchronized data blocks where each block consists of N information symbols and N, training symbols.
For two transmit antennas, the receiver uses the 2V, known training symbols to estimate the 2(v + 1)
unknown channel coefficients. The observed training sequence output, that does not have interference

from information or preamble symbols, can be expressed as

h,

+z=Sh+z, (15)

2

y =[S1 S [

where the column vectors y and z are of size (N; —v), S; and S, are Toeplitz matrices of size (N, —v) x
(v + 1) that contain training symbols. The MMSE channel estimate, assuming that S has full column
rank, is given by [42]

h,

. h
h = [ N ] = (8'S)7'S%y, (16)
where (.)_1 denote the inverse. The channel estimation MSE is defined as
MSE = E[(h —h)*(h — h)] = o%tr((S*S)7}) , (17)

where we assume white noise with variance o2 and ¢r(.) denotes the trace of a matrix. The channel

estimation MMSE is equal to

oiv+1)
MMSE = *——=, 18
N =) (18)
which is achieved if and only if
SiS; S;S
S S=| "1 TEN (N, = ), (19)
SiS; SIS,
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where I,41 is the identity matrix of size v 4+ 1. Two optimal training sequences that satisfy (19) have
an impulse-like auto-correlation sequence and zero cross-correlation. In this case, computing the channel
estimates using (16) reduces to a simple cross—correlation (matrix—vector product).

For implementation purposes (to avoid nonlinear amplifier distortion), it is desirable to use training
sequences with constant amplitude. Optimal constant—-amplitude training sequences can be constructed

12wk

from a P root-of-unity alphabet Ap = {¢" 7 |k =0,1,..., P—1} (wherei = y/—1), without constraining

the alphabet size P. Such sequences are the perfect roots-of-unity sequences (PRUS), also known as
polyphase sequences. Chu [43] showed that for any training sequence length N; there exists a PRUS
with alphabet size P = 2N,. In the next section, we show the effect of channel estimation using PRUS
on the performance of STTC and STBC equalizers. We conclude this section by mentioning that, in
general, PRUS do not belong to standard signal constellations (e.g. PSK). We showed in [44] and [45]
how to design PSK-type training sequences for dual-antenna transmissions with negligible performance

loss from PRUS.

V. SIMULATION RESULTS

V-A. Simulation Environment

In our simulation results, we consider 8~PSK modulation with two transmit and one receive antennas
on the TU EDGE channel. The overall CIR '? length is effectively four symbol periods; i.e., v = 3.
Therefore, the transmitted signal experiences frequency—selective fading and equalization is needed at
the receiver.

In EDGE, fading can be safely assumed to be quasi—static, i.e., the CIR can be assumed constant
for the duration of a transmission block. This is due to the fact that the coherence time of the channel
at around 1 GHz carrier frequency is much larger than the block duration of 577usec even for highway
speeds . This eliminates the need for channel tracking at the receiver. In addition, the fading process is
independent from block to block assuming ideal frequency hopping. In our simulations, the noise samples
are generated as independent samples of a zero-mean complex Gaussian random variable with a variance
of ﬁ per complex dimension. The reason for doubling the noise variance (compared to the single—
transmit—antenna case) is that with two—antenna transmissions, we assume that the total transmitted
power is the same as in the single-antenna case and is divided equally between the two antennas. The

average energy of the symbols transmitted from each antenna is normalized to one so that the signal to

2Q0verall CIR is the convolution of the linearized GMSK transmit filter and the physical multipath channel.
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noise ratio is SNR.

V-B. Bit Error Rate (BER) Results

Fqualization of STTC
For the 8-state 8~PSK STTC, we show in Figure 7 the performance of the prefiltered M-BCJR

equalizer as a function of the number of active states M. Both channels are shortened to three taps,
hence, the maximum value of M with the prefilter is 8 = 512 states. Also shown in the figure as a
benchmark is the BER of a full BCJR-MAP equalizer with 4096 states '* and no prefilter. It can be seen
that negligible performance improvement is achieved by increasing M from 16 to its maximum value of
512 due the effective action of the prefilter which concentrates most of the channel energy in its leading
or last taps for the forward and backward recursions, respectively. The performance gap from the 4096—
state BCJR-MAP is due to the prefilter loss but, in return, we achieve a significant reduction in the
number of equalizer/decoder states (from 4096 to 16). Next, we assume a 16-state prefiltered M-BCJR
equalizer and compare its performance in Figure 8 with that of a prefiltered DDFSE equalizer and the
full BCJR-MAP equalizer. Although the simulated M-—BCJR equalizer has less complexity than the
DDFSE equalizer (the former has M=16 states and two prefilters each with 8 taps while the latter has
64 states and a single 32—-tap prefilter), it performs better for the whole SNR range shown. Moreover,
the performance loss of the prefiltered 16-state M-BCJR equalizer from the 4096—state BCJR-MAP
equalizer (without prefilter) is less than 3 dB which makes it an attractive joint equalization/decoding
scheme for STTC in terms of its performance—complexity tradeoff. The effect of channel estimation errors
on its performance is depicted in Figure 9 where a loss of 1-1.5 dB is observed over the entire SNR range
considered. For this simulation, we used length-26 PRUS for training and a least squares algorithm (c.f.
Equation (16)) to estimate the two channels.

In summary, we propose the M—BCJR with M = 16 states preceded by an 8-tap prefilter as a joint
equalization/decoding scheme for the 8-state 8-PSK STTC with two transmit antennas over EDGE for
the following reasons. First, it achieves near—optimum performance (e.g. less than 2 dB loss from full
BCJR-MAP at BER=107%) by exploiting the available spatial and multipath diversities. Second, its
complexity level is comparable to the 16—state Viterbi equalizer used in current GSM cellular phones.

Third, it generates soft information which can be used to enhance the performance of an outer code.

¥The equivalent SISO channel of the 8-state 8 PSK STTC has memory of v 4+ 1 = 4 (c.f. Equation (1)). Hence, the number of
BCJR-MAP equalizers states is 8* = 4096.
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Fqualization of STBC

In Figure 10, we compare the performance of the three STBC equalization schemes described in
Section III-B. For TR-STBC, the SISO equalizer structure assumed at the receiver (c.f. Figure 4) is
the MMSE-DFE with ideal feedforward filter (i.e. WMF) [46] and N, = v = 3 feedback filter taps. For
our simulation scenario, we found that a 20—tap FIR implementation of the WMF results in negligible
performance loss from the ideal (i.e. infinite-length) WMF. For FDE-STBC and OFDM-STBC, the
FFT size used is N = 64.!* It can be seen from the figure that even with a suboptimum equalizer
like a DFE, TR-STBC outperforms the two other schemes. When OFDM-STBC is combined with
frequency—domain interleaving and forward error correction or precoding [34] and a feedback section
is added to FDE-STBC, the three schemes exhibit comparable performance. Figure 11 '® shows that
PRUS—based channel estimation degrades the performance of SC FDE-STBC by ~ 1 — 1.5 dB. Similar
channel estimation sensitivities were observed for OFDM-STBC and TR-STBC. Finally, we investigate
the use of more sophisticated equalization schemes to further enhance the performance of TR-STBC.
Figure 12 shows the performance of TR-STBC with a 3-tap DFE, an 8-state M-BCJR, and a full
512-state BCJR-MAP equalizers, assuming a WMF front—end that converts h;lj_STBC(D), as defined
in (10), to its minimum-phase equivalent [14]. It is clear from the figure that the 8-state M-BCJR
equalizer achieves almost the same performance as the 512-state BCJR-MAP equalizer. This is due to
the fact that most of the equivalent channel energy (after WMF) is concentrated in its first two taps.
This also makes suboptimum equalization schemes like a DFE with three feedback taps achieve near—
optimum performance. Another interesting observation can be made by comparing the performance of
equalized STTC and TR-STBC given in Figures 8 and 12, respectively. At a given complexity level,
suboptimum equalization schemes (like the 8—state prefiltered M—BCJR) achieve better performance for
TR-STBC than for the 8—state 8~PSK STTC since more energy is concentrated in the first two taps of

its equivalent channel (after WMF). As explained in Section III, the prefilter of STTC is designed for
STTC

the average of the h; and hy channels since A7),

(k, D) is data—dependent and cannot be converted
exactly to minimum phase using a single prefilter unlike the case of TR-STBC (c.f. Equation (10)). In
summary, our results suggest that TR-STBC combined with an 8-state M—BCJR equalizer achieves the
best performance—complexity tradeoff as a space—time coding scheme over the TU EDGE channel with

8-PSK modulation, two transmit antennas, and one receive antenna.

M Note that FDE-STBC and OFDM-STBC suffer an additional SNR penalty due to the cyclic prefix. For our simulation parameters,
this SNR loss is equal to —10log;,, NL_H/ = —10log,, % = 0.2 dB.
ff_l; which (for the 8-PSK modulation assumed) is related to the SNR measure used
in the other figures by the relation (in dB scale) : SNR = f,—z +4.77.

5Note that the horizontal axis in this figure is
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VI. CONCLUSIONS

In this paper, we discussed the pros and cons of several joint equalization and decoding schemes for
space—time trellis— and block—coded transmissions over broadband wireless channels. Based on simulation
results of a 2-transmit 1-receive antenna downlink architecture with independent fadings between the
two channels, 8~PSK modulation, and typical urban channel conditions, we summarize our findings
as follows. For space-time trellis codes, the prefiltered M-BCJR equalizer/decoder outperforms the
prefiltered DDFSE equalizer/decoder and has lower implementation complexity. For space-time block
codes, TR-STBC achieves the best performance among the three investigated schemes. OFDM-STBC
has the highest PAR and is the most sensitive to frequency errors but is also the most flexible among the
three schemes in its support of multi-rate and multi—-QOS requirements. The three STBC schemes suffer
the same amount of overhead (in the form of an all-zeros guard sequence for TR-STBC and a cyclic prefix
guard sequence for FDE-STBC and OFDM-STBC). Tables I and II present a performance/complexity
comparison summary between all joint equalization /decoding schemes investigated in this paper for STTC
and STBC, respectively. Exploiting the structure of space—time codes is critical in developing near—
optimum reduced-complexity joint equalization/decoding algorithms.
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Equalization SNR (dB) at Receiver Complexity
Scheme BER = 1073 (per block)

Full BCJR-MAP 21.3 4096 states (each direction)
Prefiltered 16 states (each direction)
M-BCJR 23.1 8-tap prefilter (each direction)

Prefiltered DDFSE 23.6 64 states & 32-tap prefilter

Table I. Performance and Complexity Comparison Summary between the Equalization Schemes for the 8-State 8-PSK
STTC over the TU EDGE Channel

Equalization SNR (dB) at Receiver Complexity
Scheme BER = 1073 (per block)
Full BCJR-MAP 21.3 512 states (each direction) & 20-tap WMF
TR-STBC 22.2 20-tap WMF & 3 feedback taps
FDE-STBC 24.2 Size-64 FFT/IFFT & 64-tap FDE
OFDM-STBC 26.5 Size—64 FFT & 64-tap FDE

Table II. Performance and Complexity Comparison Summary between the Alamouti-Type STBC Equalization Schemes
over the TU EDGE Channel Assuming 8-PSK Modulation and Block Size of 64
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Fig. 1. 8-State 8-PSK Space-Time Trellis Code with Two Transmit Antennas and a Spectral Efficiency of 3 bits/sec/Hz
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Fig. 2. Equivalent Encoder Model for 8-State 8-PSK Space-Time Trellis Code with Two Transmit Antennas
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Fig. 3. Receiver Structure for STTC Joint Equalization/Decoding with Two Transmit and One Receive Antennas
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Fig. 7. BER Performance of 2-Transmit 1-Receive 8-State 8-PSK STTC with Prefiltered M-BCJR Equalizer as a function
of M (the Number of Active States). The performance of a 4096-State Full BCJR-MAP Equalizer is Shown as a Benchmark
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Fig. 8. BER Performance of 2-Transmit 1-Receive 8-State 8-PSK STTC with Prefiltered 64-State DDFSE, Prefiltered
16-State M-BCJR, and Full BCJR-MAP Equalizers



30
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Fig. 9. BER Performance of 2-Transmit 1-Receive 8-State 8-PSK STTC with Prefiltered 16-State M-BCJR, with Perfect
and Estimated CSI. Full BCJR-MAP Equalizer Performance Shown as BER Lower Bound
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Fig. 10. BER Performance of 2-Transmit 1-Receive OFDM-STBC, FDE-STBC, and TR-STBC. For OFDM-STBC and
FDE-STBC, a Size-64 FFT is Assumed. For TR-STBC, An Ideal Whitened Matched Filter Front End and a 3-Tap Feedback

Filter are Assumed
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Fig. 11. Effect of Channel Estimation on Performance of SC FDE-STBC
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Fig. 12. BER Performance of 2-Transmit 1-Receive TR-STBC with 512-State Full BCJR-MAP, 8-State M-BCJR and SISO

MMSE-DFE with Ny = 3 feedback taps. An Ideal Whitened Matched Filter Front End is Assumed



