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Abstract—In this paper, we investigate equalization methods
for cooperative diversity schemes over frequency-selective fading
channels. Specifically, we consider three equalization schemes
proposed originally for conventional space-time block codes
(STBC) [1]–[3] and extend them to distributed STBC in a coop-
erative transmission scenario with amplify-and-forward relaying.
The distributed STBC equalization schemes are named after
their original counterparts as distributed time-reversal (D-TR)
STBC, distributed single-carrier (D-SC) STBC, and distributed
orthogonal frequency division multiplexed (D-OFDM) STBC. The
underlying orthogonality of distributed STBC results in decoupled
data streams at the receiver side allowing low-complexity imple-
mentations. Without loss of generality, we consider a single-relay
scenario where the source-to-relay , relay-to-destination

, and source-to-destination links experience
possibly different channel delay spreads. Under the assump-
tion of perfect power control for the relay terminal and high
signal-to-noise ratio (SNR) for the underlying links, our perfor-
mance analysis demonstrates that D-TR-STBC, D-SC-STBC, and
coded D-OFDM-STBC schemes are able to achieve a maximum
diversity order of min( 1 3) + 2 + 2 where 1, 2, and
3 are the channel memory lengths for , , and

links, respectively. This illustrates that the minimum
of the multipath diversity orders experienced in and

links becomes the performance bottleneck for the
relaying path. For the case of a nonfading relaying path where
line-of-sight propagation is possible in either one of these under-
lying links, we demonstrate that diversity orders of 1 + 2 + 2
and 3 + 2 + 2 are achievable assuming nonfading
and links, respectively. An extensive Monte Carlo simu-
lation study is presented to corroborate the analytical results and
to provide detailed performance comparisons among the three
candidate equalization schemes.

Index Terms—Cooperative diversity, distributed space-time
block coding (STBC), equalization, fading channels, pairwise
error probability.

Manuscript received August 2, 2005; revised April 25, 2006. The work of
M. Uysal was supported in part by an NSERC Special Opportunity (Grant
SROPJ305821-05). The work of N. Al-Dhahir was supported in part by the
Texas Advanced Technology (ATP) program under Contract 009741-0023-2003
and by NSF Contracts CCF 0430654 and DMS 0528010. The associate editor
coordinating the review of this paper and approving it for publication was Dr.
Michael Buehrer.

H. Mheidat and M. Uysal are with the Department of Electrical and Com-
puter Engineering, University of Waterloo, ON N2G3L1, Canada (e-mail:
hmheidat@ece.uwaterloo.ca; muysal@ece.uwaterloo.ca).

N. Al-Dhahir is with the Department of Electrical Engineering, The
University of Texas at Dallas, Richardson, TX 75083 USA (e-mail:
aldhahir@utdallas.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TSP.2006.889974

I. INTRODUCTION

THE increasing demand for wireless multimedia and in-
teractive internet services is fueling intensive research

efforts on higher-speed data transmission and improved power
efficiency compared to current wireless communication sys-
tems. Spatial diversity offers significant improvement in link
reliability and spectral efficiency through the use of multiple
antennas at the transmitter and/or receiver side [4]–[7]. These
gains are typically realized at the physical layer and require
colocated antenna elements (i.e., physical antenna arrays) at
the base station and/or the mobile terminal. Multiple-antenna
techniques are very attractive for deployment in cellular ap-
plications at base stations and have already been included
in the third-generation wireless standards. Unfortunately, the
use of multiple antennas might not be practical at the cellular
mobile devices, as well as in ad hoc mobile networks due to
size and power constraints. Recently, it has been demonstrated
that “cooperative diversity,” also known as “user cooperation,”
provides an effective means of improving spectral and power
efficiency of wireless networks as an alternative to multiple-an-
tenna transmission schemes [8]–[11]. The main idea behind
cooperative diversity is based on the observation that in a wire-
less environment, the signal transmitted by the source nodes
is overheard by other nodes, which can be defined as partners.
The source and its partners can jointly process and transmit
their information, creating a “virtual antenna array” although
each of them is equipped with only one antenna.

The pioneering works on cooperative diversity address infor-
mation-theoretic aspects of cooperative networks investigating
achievable rate regions and outage probabilities. The outage
analysis in [10] relies on a random coding argument and demon-
strates that full spatial diversity can be achieved using such a rich
set of codes. Laneman et al. [10] suggest the use of “conven-
tional” orthogonal space-time block coding (STBC) in a “dis-
tributed” fashion for practical implementation of user coopera-
tion. Nabar et al. [12], [13] analyze distributed STBC operating
in an amplify-and-forward (AF) mode through the derivation of
pairwise error probability (PEP) expressions. They show that the
original design criteria for conventional STBC (i.e., rank and de-
terminant criteria) still apply for the design of distributed STBC
schemes under the assumption that appropriate power control
rules are employed at relays.

Since space-time codes (conventional ones as well as
their distributed versions) were originally developed for fre-
quency-flat channels, applying them over frequency-selective
channels becomes a challenging design problem. The dispersive
nature of such channels causes intersymbol interference (ISI),
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leading to unavoidable performance degradation. A variety
of equalization techniques, which were initially developed
for single-input single-output (SISO) systems can be applied
to distributed STBC. However, straightforward extensions
result in an excessive complexity especially for higher-order
modulation schemes and/or long channel memory [14]. Among
the equalization techniques studied for STBC, three of those
deserve particular attention due to their low-complexity,
namely time-reversal STBC (TR-STBC) [1], single-carrier
frequency-domain equalization for STBC (SC-STBC) [2], and
orthogonal frequency division multiplexed (OFDM)-STBC [3].
An overview and comparison of these schemes can be found
in [15]–[17]. In this paper, we extend the three aforementioned
equalization schemes to a relay-assisted transmission scenario,
carefully exploiting the underlying orthogonality of distributed
STBC. We present a thorough comparative performance anal-
ysis of these schemes through the derivation of PEP expressions
and an extensive Monte Carlo simulation study.

Related Work and Contributions: Most of the current lit-
erature on cooperative diversity assumes frequency-flat fading
channel. Along with the conference version of this paper [18],
there have been only a few sporadic results reported on broad-
band cooperative transmission techniques for frequency-selec-
tive channels. Yatawatta et al. [19] study an OFDM cooperative
diversity system assuming AF relaying and derive upper bounds
on the channel capacity. They also investigate the achievable
diversity order for distributed cooperative OFDM assuming a
nonfading interuser channel. Barbarossa et al. [20] investigate
the performance of a distributed OFDM-STBC scheme through
a simulation study considering both AF and decode-and-for-
ward (DF) relaying. Building upon their previous work on dis-
tributed STBC [21], Anghel et al. [22] study the performance of
a relay-assisted uplink OFDM-STBC scheme and derive an ex-
pression for symbol error probability assuming DF with no error
propagation. To the best of our knowledge, the conference ver-
sion of this current paper [18] is the first attempt to investigate
TR-STBC and SC-STBC in a relay-assisted transmission sce-
nario (as well as OFDM-STBC along with the aforementioned
papers [19], [20], [22]). We should further emphasize that our
transmission model builds upon the Alamouti code (i.e., STBC
for two transmit antennas) although extensions to other STBCs
are straightforward, but not pursued here due to space limita-
tions. Our contributions in this work are summarized as follows.

• We propose three broadband cooperative transmis-
sion techniques for distributed STBC. The pro-
posed schemes, so-called distributed time-reversal
(D-TR)-STBC, distributed single-carrier (D-SC)-STBC,
and D-OFDM-STBC, are extensions of conventional
STBC equalization schemes which are able to preserve
low-decoding complexity due to the underlying orthogo-
nality of distributed STBC.

• We derive PEP expressions for D-TR-STBC and
D-SC-STBC schemes over frequency-selective chan-
nels. Through the derived PEPs, we demonstrate that both
schemes are able to achieve a maximum diversity order
of where , , and are the
channel memory lengths for source-to-relay ,
source-to-destination , and relay-to-destination

links, respectively. This illustrates that the
smaller multipath diversity order experienced in
and links becomes performance limiting for the
relaying path.

• We derive PEP expressions for uncoded D-OFDM-STBC
and frequency-interleaved D-OFDM-STBC concate-
nated with TCM (trellis coded modulation). Un-
coded D-OFDM-STBC is not able to exploit mul-
tipath diversity and achieves only a diversity order
of two in a single-relay scenario. The achievable di-
versity order for D-OFDM-TCM-STBC is given by

where
denotes the ceiling function and ECL stands for the

effective code length of the outer trellis code. Our deriva-
tion clearly points out that with an appropriate design
of an outer TCM code, i.e., with sufficiently large ECL,
coded D-OFDM-STBC achieves the same diversity order
as D-TR-STBC and D-SC-STBC.

• Finally, a comprehensive Monte Carlo simulation study is
presented to confirm the analytical observations and to fur-
ther investigate several practical issues within the consid-
ered relay-assisted transmission scenario.

The rest of this paper is organized as follows: In Section II,
the relay-assisted transmission model is introduced. The three
equalization schemes under consideration for distributed STBC
are described in Sections III, IV and V, followed by the cor-
responding diversity gain analysis in each section. Numerical
results are presented in Section VI and the paper is concluded
in Section VII. The Appendix provides mathematical details on
the PEP derivations.

Notation: , , and denote conjugate, transpose, and
Hermitian transpose operations, respectively. denotes Kro-
necker product, denotes expectation, denotes a trace
of a matrix, denotes the entry of a matrix,
denotes the entry of a vector, denotes the Euclidean
norm of a vector, denotes convolution, denotes the iden-
tity matrix of size , denotes all-zero matrix of size

, stands for a diagonal matrix with on its di-
agonal, and represents the FFT matrix whose
element is given by where

. We define a set of permutation ma-
trices that performs a reversed cyclic shift, i.e., for a
vector , .
Bold upper-case letters denote matrices and bold lower-case let-
ters denote vectors.

II. TRANSMISSION MODEL

A wireless communication scenario is considered where
the source terminal S transmits information to the destination
terminal D with the assistance of a relay terminal R (see Fig. 1).
The channel impulse responses (CIRs) for , , and

links for the th transmission block are given by
, ,

and , respectively, where
, , and denote the corresponding channel memory

lengths. The random vectors , , and are assumed
to be independent zero-mean complex Gaussian with power
delay profile vectors denoted by ,
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Fig. 1. Schematic representation of relay-assisted transmission.

, and ,
respectively, and are normalized such that ,

. The CIRs are assumed to be constant over four
consecutive blocks and vary independently every four blocks.

As for the user cooperation protocol, we adopt the so-called
Protocol III proposed by Nabar et al. [12], [13]: Specifically, the
source terminal communicates with the relay terminal during
the first signaling interval. There is no transmission from
source-to-destination during this period. This can be motivated
by the practical consideration that the destination terminal may
be engaged in data transmission to another terminal during this
period [12].1 In the second signaling interval, both the relay and
source terminals communicate with the destination terminal.
For the link, AF relaying is used, in which the relay
terminal amplifies and retransmits the signal received from the
source terminal in the first signaling interval. All terminals are
equipped with a single transmit and receive antenna. Any linear
modulation technique such as QAM or PSK modulation can be
used.

Information symbols are first parsed to two streams of
blocks , , 2 and then multiplied by a zero-padding
(ZP) matrix2 of size , where

and is the frame length. As ex-
plained in [23], the use of zero-padding as the precoding
method in a single-carrier transmission scenario ensures that
the available multipath diversity is fully exploited. To further
remove interblock interference and make the channel matrix
circulant, a cyclic prefix (CP) with length is added between
adjacent information blocks. Due to the adopted precoding
form, i.e., zero padding, we simply insert additional zeros at
the start of the frame as CP. In practical implementation, the
block of all-zeros at the end of the current frame can also be
used as the next frame’s block of all-zeros to be inserted at its
beginning, avoiding unnecessary additional overhead.

The signal received at the relay terminal during the first sig-
naling interval is

(1)

1It should be noted that the so-called Protocol I of [12] relaxes this assump-
tion and considers source-to-destination transmission within the first signaling
interval. A further modification of Protocol I is defined as Protocol II in [12]
where only the relay terminal communicates with the destination terminal within
the second signaling interval.

2The structure of the precoding matrix has the zero-padding form for D-TR-
STBC and D-SC-STBC. For D-OFDM-STBC the precoding matrix is given by
			 = Q , i.e., inverse Fourier transform (IFFT).

where is a circulant matrix with entries
and is the additive white Gaussian noise

vector with each entry having zero-mean and variance of
per dimension.

The relay terminal normalizes each entry of the re-
ceived signal , by a factor of

to ensure unit average energy
and retransmits the signal during the second time slot. There-
fore, the received signal at the destination terminal in the
second time slot is given by

(2)

where is the normalized received signal and , are
circulant matrices with entries

and , respectively. In (1), (2),
and are the additive white Gaussian noise vectors with each
entry having zero-mean and variance of per dimension.
Finally, , , and are the average energies avail-
able at the respective terminals which take into account possibly
different path loss and shadowing effects between the ,

, and links, respectively. Combining (1) and
(2), we obtain

(3)

where we define the effective noise term as

(4)

Each entry of effective noise term (conditioned on ) has
zero mean and a variance of

(5)

The destination terminal normalizes the received signal by a

factor of . This does
not affect the signal-to-noise ratio (SNR), but simplifies the en-
suing presentation [12]. After normalization, we have

(6)

where is complex Gaussian with zero mean and variance of
per dimension. In (6), and are defined as

(7)

(8)

III. D-TR STBC

TR-STBC was introduced in [1] as an extension of the
Alamouti STBC scheme [7] to frequency-selective channels
by imposing the Alamouti orthogonal structure at a block level
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Fig. 2. Transmission block format for D-TR-STBC and D-SC-STBC.

rather than the original symbol-level implementation used for
frequency-flat fading channels. We consider TR-STBC in a
distributed fashion where the transmitted blocks for
and links are generated by the encoding rule (cf. Fig. 2)

(9)

where , is the zero-padded information vector
and is a partial permutation matrix. Assuming
that the channel coefficients remain constant over blocks and

, i.e., , the received signals
are given by

(10)

(11)

Taking the conjugate of and then multiplying by the per-
mutation matrix , we have

(12)

where we use the identities and
. Combining (10) and (12) in matrix form yields

(13)
where . Multiplying (13) by

, we observe that the
output streams are decoupled (due to orthogonality of )
allowing us to write

(14)
where represents the filtered noise vector which is still
Gaussian with each entry having zero-mean and a variance of

per dimension. Since the two data streams and
are now decoupled, each can be detected by applying standard
equalization techniques such as minimum mean square error
(MMSE) or maximum likelihood sequence estimation (MLSE)
equalizers [24].

A. Diversity Gain Analysis

Here, we investigate the achievable diversity gain for the
D-TR-STBC scheme through the derivation of the PEP ex-
pression. PEP is the building block for the derivation of union
bounds to the error probability. It is widely used in the literature
to predict the attainable diversity order where the closed-form
error probability expressions are unavailable.

First, we assume that and links experi-
ence frequency-selectivity while the channel between the relay
and the destination terminals is AWGN, i.e., . Phys-
ically, this assumption corresponds to the case where the desti-
nation and relay terminals have a very strong line-of-sight con-
nection [12]. We should emphasize that this rather unrealistic
assumption of static (i.e., nonfading) link is made
only to simplify performance analysis since it is difficult to ana-
lyze the general case where all underlying links experience fre-
quency-selective fading. However, as we will demonstrate later,
under certain assumptions imposed on the SNR of the under-
lying links, the PEP derivation for the general case becomes also
analytically tractable.

Defining the transmitted codeword vector and the erro-
neously-decoded codeword vector as and , respectively, the
conditional PEP is given as

(15)

assuming maximum likelihood (ML) decoding with perfect
knowledge of the channel state information (CSI) at the re-
ceiver side. Here, is the Gaussian- function and
denotes the Euclidean distance between and . Without loss
of generality, we drop the the index in the PEP derivations
for brevity. Applying the standard Chernoff bound to (15), we
obtain

(16)

Noting that , we can write as follows:

(17)

where and in (7) and (8) now reduce to

(18)

(19)

under the static link assumption and further defining

...
...

...
(20)
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for (17) can be rewritten as

(21)

Substituting (21) in (16) and following the steps detailed in
Appendix I, we obtain the final PEP form as

(22)

where , denote the eigenvalues of the codeword
difference matrix defined by with

and .
Maximum Achievable Diversity for D-TR-STBC: We assume

perfect power control where and links are bal-
anced and high SNRs for all underlying links, i.e.,

. It is also assumed that SNR in is large
enough, i.e., . Under these assumptions,
we have , simplifying (22) to

(23)

Since is full rank, the maximum achievable diversity order
is given by . Under the assumption of nonfading

link, the maximum achievable diversity order can be
similarly found and is given by . If we further assume
that in (23) (or similarly for the
scenario with nonfading link), we obtain

(24)

which is the PEP expression for nondistributed TR-STBC.
Existence of Error Floor: In the investigation of the max-

imum achievable diversity order, we have assumed that SNR in
link is sufficiently large, i.e., .

Now we consider the limiting case of . For this
case, (22) takes the following form:

(25)

It is observed that the performance becomes independent of
and is now governed by . Therefore, the per-

formance is expected to deteriorate for low resulting in
error floors, which is an inherent disadvantage of the employed
user cooperation protocol of [12], [13]. It should be noted that
such error floors can be avoided if Protocol I of [12] is used as
the user cooperation protocol where the source-to-destination
transmission is allowed within the first signaling interval.

Effect of Power Imbalance: Now we consider the case of no
power control and assume where is a positive
number. Under this assumption, PEP takes the form of

(26)

For large , (26) reduces to

(27)

where the performance is governed by which means
that the link is the dominant link. On the other hand,
for small values of , (26) reduces to

(28)

where the performance is once again dominated by .
Next, we focus on the general case where all three underlying

links experience frequency-selective fading. Due to the presence
of terms in (7) and (8), the derivation of PEP becomes
analytically intractable without any assumptions imposed on the
SNR in the underlying links. However, for the asymptotic case
of with perfect power control and
sufficiently large values, the scaling fac-
tors in (7) and (8) reduce to . Then, we can
obtain the following PEP expressions (see Appendix II for de-
tailed steps of the derivations):
Case 1)

(29)

Case 2)

(30)
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TABLE I
ACHIEVABLE DIVERSITY ORDERS FOR DISTRIBUTED TR-STBC AND SC-STBC

Case 3)

(31)

In (29)–(31), and represent the gamma function and
the exponential-integral function, respectively, [25]. It is ob-
served from (29)–(31) that the maximum achievable diversity
order is given by . This illustrates that the
smaller of the multipath diversity orders experienced in
and links becomes the performance bottleneck for the
relaying path. In other words, it is not possible to extract the full
multipath diversity for D-TR-STBC in a cooperative scenario. A
summery of our results on the achievable diversity orders is pro-
vided in Table I. The term “fading” in the table is used to refer to
both frequency-flat and frequency-selective channels since the
derived expressions in (29)–(31) cover frequency-flat fading as
a special case.

IV. D-SC STBC

Single-carrier frequency domain equalization is an attractive
equalization scheme for broadband wireless channels which are
characterized by their long impulse response memory [26]. An
Alamouti-based scheme for frequency-selective channels which
relies on frequency-domain equalization was proposed in [2].
Here, we consider its distributed version within the context of
our relay-assisted transmission scenario (cf. Fig. 2). Assuming
that the channel coefficients remain constant over two consecu-
tive blocks, i.e. for the received
signals for blocks and are

(32)

(33)

which are identical to (10) and (11) and repeated here for conve-
nience. Next, we transform the received signals to the frequency
domain by applying the Discrete Fourier Transform (DFT),3 i.e.,
multiplying by the matrix

(34)

(35)

3In this paper, we assume that the DFT sizeN is a power of 2, thus, the terms
FFT and DFT are interchangeable.

Exploiting the circulant structure of the channel matrices, we
have

(36)

where , , 2, 3, is a diagonal matrix whose element
is equal to the DFT coefficient of . Using (36), we can
write (34) and (35) in matrix form a

(37)

Since is an orthogonal matrix of size , we can mul-
tiply (37) (without loss of optimality) by

(38)

The resulting output streams are now decoupled allowing us to
write each output sequence as

(39)

where is a noise vector with each entry still Gaussian with
zero-mean and variance of per dimension. After the de-
coupling, standard SISO equalizers can be used for the detection
of data streams , .

A. Diversity Gain Analysis

Here, we investigate the achievable diversity order for D-SC-
STBC scheme through the derivation of the PEP expression. For
a given channel realization, the Chernoff bound on PEP is given
by (16) where is

(40)

with . Then, (40) can be rewritten as

(41)

where . Using the property , we
write (41) as

(42)

Interestingly, comparing (17) and (42), we notice that dis-
tance metrics for TR-STBC and SC-STBC turn out to be iden-
tical. Thus, following the same steps of the previous section, we
obtain the same PEP expressions for D-TR-STBC, i.e., (22) and
(29)–(31). Therefore, the achievable diversity orders for both
schemes are the same (See Table I).

We should emphasize here that the equivalence between these
two schemes (assuming maximum likelihood detection) has not
been reported before in the literature (even for the noncoopera-
tive case) to the best of our knowledge. It is also interesting to
note that, under the following assumptions
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• Nonfading link;
• Perfect power control employed, i.e., and

;
• High SNR, i.e., ;
• Equal channel memory lengths, i.e., ;

Equation (22) reduces to

(43)

which was earlier reported in [27] for nondistributed SC-STBC.

V. D-OFDM STBC

In OFDM, the high-rate input stream is demultiplexed and
transmitted over a number of low-rate independent frequency
sub-carriers. This multicarrier transmission scheme can be effi-
ciently implemented in practice using the fast Fourier transform
(FFT). An elegant scheme for combining OFDM and STBC by
implementing the Alamouti orthogonal structure at a block level
was first reported in [3]. In this paper, we consider a similar
transmission format as illustrated in Fig. 3. Since we assume one
relay, the information data symbols are parsed to two streams of

blocks , 2 and then precoded by ma-
trix where represents the inverse FFT (IFFT) matrix. The
CP symbols here are the last symbols
of the transmission blocks. The received signals can be written
as

(44)

(45)

Applying the DFT operation to (44) and (45) and using (36), we
have

(46)

(47)

Combining (46) and the conjugated version of (47) in a matrix
form, we obtain

(48)

Multiplying (48) by (38) yields the decoupled streams

(49)
where is complex Gaussian noise with zero-mean and
variance of per-dimension.

It is clear from the above descriptions that both OFDM and
SC-FDE rely on FFT/IFFT operations. However, SC-FDE is
distinct from OFDM in that the IFFT block is moved to the
receiver end and placed before the decision device. This causes
the effects of deep nulls in the channel frequency response
(caused by the destructive addition of multipath) to spread out
by the IFFT operation over all symbols, thus reducing their
effect and improving the overall performance compared to
uncoded OFDM.

Fig. 3. Transmission block format for D-OFDM-STBC.

A. Diversity Gain Analysis

Here, we derive the PEP expression for the D-OFDM-STBC
scheme. Under the following assumptions: link is non-
fading, i.e., and , perfect power control where

and links are balanced, high SNRs for all un-
derlying links, i.e., and

, we follow the steps detailed in Appendix III and ob-
tain the PEP for D-OFDM-STBC as

(50)

where are, respectively, the eigenvalues of and
which are functions of the codeword difference matrices (See
Appendix III). From (50), we conclude that uncoded D-OFDM-
STBC achieves only a diversity order of two and fails to exploit
the underlying multi-path diversity. For the general case where
all underlying links experience frequency-selectivity and under
similar assumptions on SNRs, we obtain the PEP expression as
(See Appendix IV)

(51)

It is seen from (51) that the diversity order of uncoded
D-OFDM-STBC is again limited by two and is independent of
the channel memory lengths , , and . In other words, it
extracts only the available spatial diversity, but fails to exploit
the multipath diversity.

Outer coding with frequency interleaving can be combined
with OFDM to extract the multipath diversity available in
the considered cooperative scenario and, therefore, to further
improve the performance. Although different outer codes can
be employed, we consider trellis-coded modulation (TCM)
[28] since it does not result in additional bandwidth expansion
from the uncoded case. Previous works on the concatenation
of TCM-STBC for the flat-fading channel case should also be
noted [29]–[32].

For nonfading link, the PEP for trellis coded
D-OFDM-STBC is given by (see Appendix V)

(52)
Following a similar argument as in [33], it can be shown that the
diversity order is

(53)
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TABLE II
ACHIEVABLE DIVERSITY ORDERS FOR DISTRIBUTED OFDM-STBC

where is the effective code length of the outer TCM code.
For the general case where all links experience frequency-selec-
tivity, it can be shown that the diversity order is

(54)
Our derivation points out that with an appropriate choice of

underlying TCM code (i.e., with sufficiently large ECL), coded
D-OFDM-STBC achieves the same diversity order as D-TR-
STBC and D-SC-STBC. Therefore, using judiciously-designed
outer codes with frequency-interleaving, both spatial and multi-
path diversity gains can be achieved in a coded D-OFDM-STBC
scheme.4 A summary of our results on the achievable diversity
orders for D-OFDM-STBC is provided in Table II.

VI. NUMERICAL RESULTS

In this section, we present Monte Carlo simulation results
for distributed STBC systems which have been described and
analyzed in this paper. We assume a quasi-static Rayleigh fading
channel and employ 4-PSK modulation.

First, we consider a scenario with a nonfading link
which can be justified in a practical scenario by the existence
of a strong line-of-sight path. and links are
modeled as frequency-selective channels with memory lengths

and a uniform delay power profile. We further
assume perfect power control, i.e., the and
links are balanced. Under this scenario, Fig. 4 illustrates the
symbol error rate (SER) performance of D-TR-STBC, D-SC-
STBC, and uncoded D-OFDM-STBC for .
D-TR-STBC and D-SC-STBC yield identical performance and
both schemes (with MLSE decoding) are able to provide a di-
versity order of , confirming our conclu-
sions from the PEP analysis, cf. (23). Although MLSE is able to
collect the maximum achievable diversity gain, its complexity
might be prohibitive for some cases. Therefore, we also consider
MMSE in our simulations as an alternative suboptimum equal-
izer. Our simulation results indicate that the MLSE equalizer
outperforms the MMSE equalizer by 2.7 dB at .
This loss can be further reduced, if multiple antennas are em-
ployed at the destination [27]. It is also observed from Fig. 4
that both schemes outperform uncoded D-OFDM-STBC sig-
nificantly since the latter scheme is not able to exploit the un-
derlying multipath diversity without channel coding and fre-
quency interleaving as previously discussed. We notice from
the figure that both D-TR-STBC and D-SC-STBC outperform
D-OFDM-STBC by 4 dB and 6 dB at for
MMSE and MLSE implementations, respectively.

4Besides the employment of outer coding, another alternative to extract mul-
tipath diversity is to use space-time-frequency (STF) codes proposed in [34]
which cleverly exploit subgrouping technique to design low-complexity STF
block codes. We do not pursue it here due to the space limitations.

Fig. 4. SER performances of D-TR-STBC, D-SC-STBC, and D-OFDM STBC
for nonfading R ! D link (E =N = 25 dB).

Fig. 5. SER performances of D-TR-STBC, D-SC-STBC, and D-OFDM STBC
for nonfading R ! D link. (E =N = 5; 15 dB).

Fig. 5 illustrates the performance of D-TR-STBC,
D-SC-STBC, and uncoded D-OFDM-STBC for

and . The performances of all three
schemes are significantly degraded as decreases,
confirming our observations from (25). As noted previously,
this is an inherent disadvantage of the adopted user cooperation
protocol of [12], [13]. Relay-selection algorithms can be used
to remove the error floor and to preserve the diversity order at
an acceptable level [37].
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Fig. 6. SER performance of D-TR-STBC over frequency-selective S ! R,
R! D, and S ! D links for various combinations of channel lengths.

Fig. 7. SER performance of D-TR-STBC over frequency-selective S ! R,
R! D, and S ! D links for various combinations of channel lengths.

In Figs. 6 and 7, we investigate the performance of D-TR-
STBC assuming MLSE equalization and relaxing the assump-
tion of nonfading link. We assume various combina-
tions of channel memory lengths. It should be noted here that
interchanging the values of and yields identical perfor-
mance and those symmetrical scenarios are omitted here for the
sake of presentation simplicity. The case of nonfading
link, i.e., with , is also included as a bench-
mark. It is clear from the slopes of the error rate performance
curves in Figs. 6 and 7 that the maximum achievable diversity
order is for each case, confirming our ob-
servations from the PEP expressions in (29)–(31). For example,
in Fig. 6 for the considered scenarios of ( and ),
( and ), and ( and ), all three
give identical slopes achieving a diversity order of 4 as predicted

Fig. 8. SER performance of MMSE-D-SC-STBC scheme with power
imbalance.

through (29)–(31). For the nonfading link, we observe
a diversity order of 4 as predicted by (23). We should empha-
size here that the complexity of the MLSE receiver (given by
the number of trellis states in the Viterbi algorithm) is adjusted
according to the channel memory length for each scenario to
extract the available multipath diversity. For instance, we use a
total of states and states for ( and ) and
( and ), respectively.

Fig. 8 depicts the SER performance of D-SC-STBC scheme
with power imbalance, i.e., . We assume

and compare the error rate performance for two different
ratios, i.e., and 10. We also include the performance
of perfect power control case, i.e., as a benchmark. We
observe performance improvement in the low-to-intermediate
SNR range for , i.e., in comparison
to the balanced case, i.e., ; however, this also results in
an immediate error floor. On the other hand, larger values of

result in performance degradation in the low-to-intermediate
SNR range while it results in performance improvement over the
perfect power control case for asymptotically high SNR values.

Fig. 9 depicts the SER performance of coded D-OFDM-
STBC and compares it to that of D-TR-STBC. A 16-state
8-PSK Ungerboeck code with and
(labeled as U16) [28] is employed as an outer code. We assume

and consider the following scenarios:
1) and nonfading link, i.e.,

and .
2) and frequency flat link, i.e.,

.
As this figure clearly demonstrates, coded D-OFDM-STBC

has comparable performance to D-TR-STBC achieving
the same diversity order. Specifically, D-OFDM-STBC
achieves a diversity order of 4, as predicted by (53), i.e.

. For the second
scenario, we observe a diversity order of 3 confirming (54), i.e.

. It
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Fig. 9. SER performances of D-TR-STBC and D-STBC-OFDM schemes with
outer TCM code.

is also interesting to note that the performance of the uncoded
D-TR-STBC outperforms its coded version. This is a result of
the fact that we assume separate decoding and equalization in
our implementation. A similar observation has been reported in
[35], [36] in the context of conventional TCM systems.

VII. CONCLUSION

We have investigated the performance of three equalization
schemes proposed originally for nondistributed STBC schemes
within a cooperative user scenario, carefully exploiting the
underlying orthogonality of distributed STBC. Assuming a
single-relay scenario where , , and links
experience different channel delay spreads, we derived PEP ex-
pressions for D-TR-STBC, D-SC-STBC, and D-OFDM-STBC.
Under the assumption of perfect power control for the relay
terminal and high SNR for the underlying links, our perfor-
mance analysis shows that D-TR-STBC and D-SC-STBC
schemes yield identical performance achieving a maximum
diversity order of for a nonfading link
and for a nonfading link, where , ,
and are the channel memory lengths for , ,
and links, respectively. For the general case where all
underlying links experience frequency selectivity, these two
schemes achieve a diversity order of .
Under the same assumptions, the uncoded D-OFDM-STBC
scheme achieves only a maximum diversity order of two since
it is not able to exploit the underlying multipath diversity. How-
ever, by combining D-OFDM-STBC scheme with interleaving
and a judiciously-designed outer code, it is able to provide
the same diversity of D-TR-STBC and D-SC-STBC. Exten-
sive Monte Carlo simulation results were further presented to
corroborate our diversity gain analysis and to provide detailed
comparisons among the three candidate schemes.

APPENDIX I
DERIVATION OF (22)

In this section, we derive the PEP expression for D-TR-STBC
scheme for nonfading link and frequency-selective

and links. Defining the transmitted codeword
vector and erroneously decoded codeword vector as and ,
respectively, the Chernoff bound on PEP is given as

(55)

where is earlier defined by (21).
By introducing with dimensions

of , (21) can be written as follows

(56)

Further defining , , and
, , 2, we obtain

(57)

where , , 2, are full rank due to zero padding [27].
Since is Hermitian, there exists a unitary matrix such
that where is a real diagonal matrix of
size with nonnegative entries. Noting that
the diagonal elements of are the eigenvalues of , (57) can
be written as

(58)

where , is a zero-mean complex Gaussian
vector with unit variance. Thus, we can express (58) as

(59)
where denotes the eigenvalue of . Substituting (59)
in (55) and averaging the resulting expression with respect to

and which are Rayleigh distributed, we obtain
the final PEP expression as in (22)

(60)

APPENDIX II
DERIVATION OF (29)–(31)

In this Appendix, we derive the PEP expression for the D-TR-
STBC scheme assuming frequency-selective channels in

, , and links. The Chernoff bound on PEP is
given as

(61)

The Euclidean distance between and can be written as

(62)
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where and . To simplify analysis,
(62) can be approximated5 as

(63)

where is the frame length. Noting that
, , 2, we can further write (63) as

(64)

Following similar steps in Appendix I, we can write (64) as

(65)

or

(66)

where , , 2 denote the eigenvalue of codeword dif-
ference matrixes and are zero-mean complex Gaussian vec-
tors with unit variance. In the following, we will derive the PEP
expressions under three different scenarios:

Case 1: : First, we define the random vari-
ables and with

and .
Substituting (65) in (61) and averaging the resulting expression
with respect to and , we obtain

(67)

where and are the characteristic functions of
and , respectively. Since the entries of are Rayleigh

distributed, is given as [38]

(68)

5Through a Monte-Carlo simulation experiment, we observed that the
mean square error (MSE) difference between (62) and (63) is only 0.3 at
E =N = 4 dB. The approximate expression converges to the exact one as
early as E =N = 6 dB. Therefore, this approximation can be used safely
for any practical purpose.

can be evaluated as [39]

(69)

where , is the probability density function (pdf)
of and is the characteristic function of . In
our case, the entries of are modeled as zero-mean complex
Gaussian random variables with variance per-di-
mension (i.e. uniform power profile). Therefore, is a chi-
squared random variable with degrees of freedom
[40]

(70)

Substituting (70) in (69) and also noting
[38], (69) can be written as

(71)

Assuming high SNR, i.e. , (71) yields

(72)

Using the integral form given by [25, p.382, 3.351.3], we obtain

(73)

Substituting (73) and (68) in (67), we find the final PEP expres-
sion as

(74)

Case 2: : Using (66) and noting that this case is
similar to Case 1 with and now interchanged, the PEP
expression is given as

(75)
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Case 3: : Following the same argument in Case 1
and using partial fraction expansion, (71) can be rewritten as

(76)

where . Using the inte-
gral form given by [25, p.338, 3.353.5.7] and after some math-
ematical manipulation, we obtain

(77)

Using the fact , and noting
that , becomes zero. Substituting (77) and (68) in
(67) and assuming high SNR, we find the final PEP expression
given as in (31).

APPENDIX III
DERIVATION OF (50)

Here, we derive the PEP expression for the D-OFDM-STBC
scheme assuming a nonfading link. For this scheme,
the distance metric is given by

(78)

where we define ,
, . This can be further simplified

as

(79)

where

, and is a unitary matrix, , 2.
Note that is a rank-one Hermitian matrix of size

. Substituting (79) in (55), we follow similar steps as in
Appendix I to obtain the final form for PEP

(80)

where are the eigenvalues of and , respectively.

APPENDIX IV
DERIVATION OF (51)

Here, we derive the PEP expression for the D-OFDM-STBC
scheme given that all underlying links are frequency-selective.
For this scheme, the distance metric is given by

(81)

Using similar arguments of Appendix II, we can find an approx-
imation for the distance metric as

(82)

Substituting (82) in (61) and following the steps in detailed in
Appendix II, we obtain

(83)

where are the eigenvalues of and , respectively.

APPENDIX V
DERIVATION OF (52)

Here, we derive the PEP expression for trellis-coded
D-OFDM-STBC scheme. Instead of the uncoded data in the
original D-OFDM-STBC scheme, the TCM encoder outputs
are interleaved and then precoded by the IFFT matrix .
Denote
as the output of the TCM encoder. Furthermore, let the trans-
mitted symbols be and

. For this scheme, assuming
nonfading link, we have

(84)

where and
. We further define and ,

for , 2, as the rank and the eigenvalues of ,
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respectively. Replacing (84) in (55) and following similar steps
as in Appendix I, we obtain the final PEP as

(85)
where is defined as .
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