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Distributed Space-Time Coding For Cooperative
Diversity Networks

Ghaith N. Hattab

Abstract—Cooperative diversity networking is a promising
paradigm to combat the channel impairments, particularly
fading. In this paradigm, distributed terminals, namely relays,
collaborate among each other to transmit the source signal to the
destination such that space diversity is achieved. This paradigm
brings the benefits of multi-antenna space diversity to single
antenna terminals that form virtual antenna arrays. Distributed
space-time block coding has proven to be an effective solution that
allows simultaneous transmission among the relays in the coop-
erative network. In this paper, an overview of distributed space-
time coding for cooperative diversity networks is presented. Two
different protocols, namely decode-and-forward, and amplify-
and-forward are discussed, and their performance is analyzed.

Index Terms—Cooperative diversity, diversity techniques,
multiple-antenna systems, space-time coding, , wireless relay
networks.

I. INTRODUCTION

COOPERATIVE diversity networking paradigm is a
promising technology that combat fading by allowing

multiple single-antenna terminals, namely relays, to collab-
oratively transmit the source signal to the destination such
that space diversity is achieved [1]. Cooperative networks
bring the benefits of multiple-input multiple-output (MIMO)
systems to single-antenna terminals where a virtual antenna
array is formed to achieve the spatial diversity, and hence,
the performance of the wireless communication system is
significantly improved.

Distributed space-time block codes (DSTBCs) are shown
to be an effective tool to exploit the spatial diversity in
multi-relay networks. Nevertheless, the inherent differences
between MIMO systems and cooperative networks have made
the design of conventional space-time codes for cooperative
networks more challenging, and therefore, additional care
must be considered to assure that the relays cooperate in
the transmission of the space-time codework. In this paper,
we study two different protocols that are commonly used in
cooperative networks, and they are decode-and-forward (DF),
and amplify-and-forward (AF).

This paper provides a general overview of distributed space-
time block codes (DSTBCs) for cooperative networks, and it
is organized as follows. Section II provides a fundamental
background of cooperative diversity and DSTBCs. Also, a
comparison between the conventional MIMO system and
the cooperative network is outlined. Section III presents the
system model. Section IV analyzes the Decode-and-Forward
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DSTBC while Amplify-and-Forward DSTBC is addressed in
Section V. Fundamental results for DSTBC are presented in
Section VI. Finally, the conclusions are outlined in Section
VII.

The following notation is used. Boldface upper-case letters
denote matrices, boldface lower-case letters denote vectors,
and italics denote scalars. The superscripts (.)t, and (.)H

denote transpose, and Hermitian operations, respectively. E[.]
denotes the expectation operator while ‖.‖ denotes the Frobe-
nius norm. Finally, to avoid unnecessary confusion, P denotes
the average transmit power while P denotes the “probability
of”.

II. PRELIMINARIES

A. Cooperative Diversity
Due to the random nature of the wireless channel, the

received signal is usually composed of several replicas that
were scattered, reflected, diffracted, etc. That is, the receiver
receives a signal with multiple replicas, which have different
amplitudes and phases that could be either added construc-
tively or destructively at the receiver front-end. This phe-
nomenon is known as fading [2]. Fading is considered as one
of the main channel impairments that significantly degrades
the performance of the wireless communication system [2].
Therefore, the imperative need to mitigate this problem has
led to a novel paradigm, namely diversity. Diversity basically
relies on the concept of providing multiple replicas whose
fading patterns are different (i.e. independent). Thus, the
probability that all of the received replicas are in fade at
the same time is reduced significantly, and consequently, the
performance of the communication system is improved.

Diversity has shown to be an attractive solution to combat
fading, and several techniques have been proposed in the
literature to achieve it [3]. For example, in frequency diversity,
the signal is sent over two or more widely spaced frequencies
such that if one portion is in fade the other may not (i.e. the
same signal is transmitted over multiple carriers). Moreover,
time diversity is a technique where the signal is transmitted
repeatedly at different instants. In addition, in polarization
diversity, the signal is transmitted at different polarizations
(i.e. if the first transmission is horizontally polarized, the
next one must be vertically polarized). Different polarized-
signals encounter different reflection patterns [3] (i.e. this
exhibits an uncorrelated behaviour on the transmitted replicas).
However, the receiver must be equipped with two antennas
that are orthogonally polarized. Moreover, in space diversity,
the same signal is transmitted over multiple antennas, which
are deployed at the transmitter, the receiver, or both. Never-
theless, there must be enough spacing between the antennas



2

to guarantee that the repeated transmitted signals encounter
independent fading. The spatial diversity is a very attractive
technique because it can be seamlessly combined with the
aforementioned diversity techniques (e.g., frequency and time
diversity), and because it provides dramatic gains when the
other techniques are infeasible [4]. However, most of the
existing wireless paradigms such as cellular networks, ad hoc
networks, and sensor networks have mobile terminals with lim-
ited capabilities. Thus, deploying multiple antennas on these
devices is usually impractical due to the hardware limitations
(i.e. processing capabilities, limited power resources, and most
importantly the terminal size). Therefore, a new attractive
paradigm has caught the attention where several single-antenna
terminals cooperate with each other and achieve the spatial
diversity by forming a virtual antenna array system, and this
is referred as cooperative diversity [1].

Fig. 1 shows the basic concept of cooperative diversity.
The source transmits a signal directly to the destination as
regular point-to-point communications. It, also, transmits the
same signal to other terminals in vicinity, namely relays.
Relays forward the signal to the destination, so that in overall,
the destination will receive multiple replicas where each one
experiences independent channel conditions, and therefore,
spatial diversity is achieved.

In [4], [5], several cooperative protocols are proposed for
cooperative diversity, namely repetition-based cooperative di-
versity algorithms. In these protocols, the source broadcasts
the signal to the relays, in which, they forward the information
to the destination over orthogonal subchannels. In a broad
sense, orthogonal subchannels may refer to disjoint time slots,
different frequency subbands, or orthogonal spreading codes.
It was demonstrated that the proposed algorithms achieve full
diversity. However, the fact that the relays do not enforce
simultaneous transmission will decrease the bandwidth ef-
ficiency proportionally with the number of the cooperating
relays. In addition, significant signaling overhead, and/or syn-
chronization between the terminals are required. Therefore,
several alternatives have been proposed in the literature to
improve the bandwidth efficiency such as path selection and
cooperative beamforming.

1) Path Selection: In [6], the authors proposed a novel
protocol where the destination selects the best relay between

Fig. 1. The basic concept of cooperative diversity where relays help improve
the system’s performance.

the source and itself based on instantaneous channel mea-
surements that are locally performed by the relays. The main
advantage is that both the source and the relays do not require
channel-state information (CSI) at the physical layer [6].
Nevertheless, CSI is assumed to be known at the destination,
and it must feed it back to the relays with minimal overhead.
It was shown that path selection achieves full diversity order
of R+1 where R is the number of the relays, and 1 is due the
source contribution. However, this scheme poorly performs at
low SNR regions.

2) Cooperative Beamforming: The concept of this scheme
is that different relays are assigned different weights according
to their channel conditions. In this scheme, the relays must
have full CSI to achieve full diversity. This requirement is hard
to achieve in practice. In [1], another beamforming technique
is addressed where the source and the relays adjust the phase
of their signals so that the replicas can be added constructively
at the destination. This, however, requires phase knowledge as
well as proper synchronization mechanisms.

These techniques achieve full diversity as well as improve
the bandwidth efficiency because more than one relay can
simultaneously transmit the information to the destination.
However, and due to their limitations, a third technique has
caught the attention, namely distributed space-time block
codes (DSTBCs) where feedback overhead is not required as
well as better bandwidth efficiency is utilized [5].

B. Distributed Space-Time Block Codes

One of the key issues in cooperative networks is how to
forward the information from the relays to the destination, and
more particularly, how the information is spread out among
the relays over space and time. This is akin to the classical
multiple-input multiple-output (MIMO) systems where one of
the design elements is how to spread the information among
the antennas over space and time. However, there are some
distinguish features between the diversity achieved by the
classical MIMO systems, and the diversity achieved by the
virtual antenna array formed in cooperative networks. First,
the antennas in MIMO systems are implemented on the same
terminal, whereas the antennas in cooperative networks are
distributed among different terminals (each terminal usually
has one single antenna). In addition, the transmitted signal
is usually known by the destination in the classical MIMO,
but in cooperative diversity, the relays do not have any a
priori knowledge about the information transmitted from the
source. Moreover, the number of antennas in MIMO systems is
known, and more importantly it is fixed. This is not the case in
cooperative networks since the number of participating relays
is usually not fixed (i.e. random), and hence, the number of
the antennas may not be known. Also, DSTBC is subject to
some challenging synchronization issues because the relays
are randomly distributed in space (i.e. each relay may receive
the information with different delays), and therefore, when
the information is retransmitted, the destination receives it
at different time offsets. As a consequence, the conventional
space-time block codes (STBCs) that are originally imple-
mented for the classical MIMO require careful modifications
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and considerations when implemented distributively for the
cooperative networks [4], [5], [7]. In distributed space-time
block codes, there are two major protocols that are commonly
deployed for cooperative networks, and they are the following.

1) Amplify-and-Forward (AF): It is the simplest relay tech-
nique where the relay amplifies the signal before retransmitting
it to the destination. Besides to its simplicity, it is a very cost-
effective mechanism with short processing delays. However,
the major drawback is that the noise is amplified, which
deteriorates the system’s performance.

2) Decode-and-Forward (DF): In this relay technology, the
relay demodulates and decodes the received signal. Then, it
encodes and modulates the signal before sending it to the
destination. Unlike AF, DF does not amplify the noise, and
hence, a better throughput-enhancement is achieved. Never-
theless, due to the decoding/encoding process, we will have
inevitable delay and additional complexity.

For AF protocols, a fixed number of relays can aid the
source in improving the system’s performance. In contrary,
the DF protocols are more challenging because not all of the
relays are guaranteed to successfully decode the information
from the source. In general, the number of relays that are
able to decode, and thus, participate in the space-time code is
usually not known to the system. Hence, proper management
and coordination between the relays must be forced during the
transmission of the space-time codeword.

III. SYSTEM MODEL

The system consists of a source, a destination, and a set of
single-antenna relay nodes N = {Ni : 1 ≤ i ≤ R}. In other
words, we will have R+2 terminals in the system. The model
consists of two phases as illustrated in Fig. 2. In the first phase,
the source broadcasts the information, and it is received by R
relays, and possibly by the destination. In the second phase,
a subset of the relays (or all of them) simultaneously forward
the information to the destination (possibly in conjunction with
the source).

In Phase I, a signal of duration T1 symbol periods is broad-
casted by the source to R relays. Without loss of generality, it
is assumed that the source does not directly communicate with
the destination. In Phase II, a subset of the relays (or all of
them) will simultaneously, but not necessarily synchronously,
retransmit signals of duration T2 symbol periods to the des-
tination. After approximately T = T1 + T2 symbol periods,
the source broadcasts the next message, or it retransmits the
first message in case of a failed message. A special case in [8]
is demonstrated where the time slots for the two transmission
phases are equal (i.e. T1 = T2). This is because for T1 > T2,
we will have T1 symbol periods transmitted by the source to
the relays, yet at most T2 of them can be independent for the
DSTBC to be full diverse [8]. Thus, no benefit is achieved
by prolonging the time interval for Phase I. In contrast, if
T2 > T1, the diversity can be improved if there are enough
relays, yet the transmission rate is reduced (to be identified
next) [8].

In Phase I, the source transmits the signal s = [s1, ..., sT1]t

with power P1. The signal is normalized as

E[sHs] = 1. (1)

Therefore, the signal received by the ith relay is expressed as

ri = fi
√
P1s + vi, (2)

where fi is the complex channel coefficient between the source
and the ith relay, and vi = [vi,1, ..., vi,T1

]t is a circularly-
symmetric complex gaussian vector with zero mean and unit-
variance (i.e. vi ∼ NC(0, I)). In Phase II, a subset D ⊆ N
of the relays will simultaneously forward the information to
the destination. Node Ni ∈ D will transmit the discrete-time
vector ti = [ti,1, ..., ti,T2 ]t with power P2. Assuming that the
signals are perfectly synchronized at the receiver, the signal at
the destination is

y =
∑

i:Ni∈D
gi
√
P2ti + w, (3)

where gi is the complex gain of the channel between relay
Ni and the destination, and w = [w1, ..., wT2

]t is a circularly-
symmetric complex gaussian vector with zero mean and unit-
variance (i.e. w ∼ NC(0, I)).

It is assumed that fi and gi are independent and identically
distributed (i.i.d.), specifically, they are circularly-symmetric
complex gaussian with zero mean and unit-variance. Without
loss of generality, it is assumed that the fi coefficients are held
fixed during the transmission of the signal s (i.e. a coherence
interval of T1 symbol periods), and the gi coefficients are held
fixed during the transmission of the signal ti (i.e. a coherence
interval of T2 symbol periods). In other words, the channels
are assumed to be Rayleigh flat fading. Moreover, it is assumed
that all the relays transmit with an equal power of P2. This is
optimal when the CSI is not available at the transmitter side
as well as when the average channel powers are all equal.

In this work, linear dispersion (LD) codes are used. Since
they are linear, they retain the decoding simplicity [9]. In
addition, they can handle any number of relays, and many
powerful space-time block codes are basically a subset of lin-
ear dispersion codes (e.g., orthogonal space-time block codes
(OSTBCs)). An Ni relay will transmit a linear combination
of the T1 symbols in s and their complex conjugates. This is
expressed as

ti = Ais + Bis̄, (4)

where s̄ is a column vector containing the complex conjugates
of s, and Ai and Bi are complex unitary matrices of dimension
T2×T1, and they are referred as dispersion matrices. We will
consider a special case where either Ai or Bi is a matrix of
zeros for every i. A lot of codes of interests implement this
procedure such as OSTBCs [10]. In other words, a relay only
transmits a linear combination of the symbols in s or a linear
combination of the symbols in s̄, but not both. Therefore, we
can rewrite (4) as

ti = Cis(i), (5)

where

Ci =

{
Ai if Bi = 0
Bi, if Ai = 0

, (6)

and

s(i) =

{
s, if Bi = 0
s̄, if Ai = 0

. (7)
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Fig. 2. The cooperative system model.

The received signal expressed in (3) can be rewritten as

y =
√
P2Sh + w, (8)

where
S = [C1s(1) · · · CRs(R)] (9)

is a space-time codework of dimension T2 ×R, and

h = [g1 · · · gR]t (10)

is the channel vector. The maximum-likelihood (ML) decoder
at the destination estimates the source signal as

ŝ = arg min
s∈X

∥∥∥y−
√
P2Sh

∥∥∥, (11)

where X is the complex constellation. Typically, ML detection
has exponential complexity in the number of source symbols
T1. However, using orthogonal codes (e.g., Alamouti coding),
the complexity reduces to be linear with T1. This is due to the
fact that orthogonal codes provide single-symbol decoding (i.e.
we can have separate decoding for each individual symbol).

Another important measure is the code rate. The rate of
a distributed space-time block code in this model is simply
T1/T2, and if this ratio is unity, the block code is called a
full rate. It is well-established that the maximum achievable
full rate for 2 transmit antennas is 1 using Alamouti coding [7].
However, for R = 3 or R = 4, the maximum achievable rate
for complex-constellation using orthogonal codes is 3/4 [11].
Nevertheless, another type of codes, namely quasi-orthogonal
space-time block codes can achieve full rate for R = 4 [12].
This comes at the expense of increasing the ML decoding
complexity relative to the orthogonal codes decoding (the ML
detection problem is reduced to the joint detection of pairs of
complex symbols). Also, for quasi-OSTBC and R = 4, the
full diversity is not achieved [12]. In general, we will have
tradeoffs between spectral efficiency and diversity gain (to be
outlined).

IV. DECODE-AND-FORWARD DISTRIBUTED STBC

In this protocol, the relay, in Phase I, receives and decodes
the signal expressed in (2). In Phase II, it encodes the signal,
and then it transmits the information to the destination in
the form given by (4). This protocol does not amplify the
noise, and hence, it has a better performance compared to
AF. Nevertheless, there will be inevitable delay due to the
decoding/encoding signal processing.

The main challenge in DF in cooperative diversity is that
not all of the relays are guaranteed to successfully decode
the signal r in Phase I. Therefore, in general, the number of
cooperating relays is usually random. Let us define a decoding
set D that contains the set of relays that correctly decode the
source signal [5]. The number of the relays in the decoding
set is D = |D|, such that max{D} ≤ R.

Several considerations must be carefully managed to combat
the random size of the decoding set. First, the DSTBC must be
designed for a certain number of relays, denoted as Dmax. It
is possible to have D < Dmax, and consequently, the diversity
will reduce from Dmax to D as long as the DSTBC has
the scale-free property. That is, it must achieve the maximum
possible diversity even if not all of the relays are available.
In [10], the scale-free property is defined as a feature where
if some columns of an original codework are deleted, the
new lower dimensional codework will preserve the highest
possible diversity. For example, if some of the columns of an
orthogonal codework are deleted, the new codework maintains
the orthogonality of the columns. In general, both OSTBCs
and quasi-OSTBCs have the scale-free property [10]. Second,
the dispersion matrices Ai and Bi that are assigned for each
relay may change in each source transmission to adapt the
changes in the number of cooperating relays. Third, if the
received signal at the destination is given by (8) where each
relay transmits a column of the codeword S, and D < Dmax,
then D columns are merely transmitted while Dmax − D
columns are set to zeros (i.e null columns).

The performance of the DF protocols is highly dependent on
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the error control codes used [7]. In this section, it is assumed
that a capacity-achieving code is used (e.g., turbo code [7]).
Therefore, the performance metric is the information-outage
probability of the wireless channel. The information-outage
probability is the probability that the conditional mutual in-
formation between the channel input and output is below a
predefined threshold [7], or in other words, the probability
that a certain transmission rate cannot be supported.

In Phase I, the conditional mutual information between the
source signal and the signal received by Ni is expressed as

I(s, ri|fi) =
T1

T
log2(1 + P1|fi|2), (12)

where P1|fi|2 is the instantaneous SNR1 of the channel
between the source and the relay Ni, and the scale factor T1/T
is due to the fact that the source-relay link is merely used for
T1 out of every T symbol periods (i.e. the source-relay link
is not used all the time). The information-outage probability
of the channel between the source and Ni is expressed as [7]

PI,i = Pr
[
I(s, ri|fi) < r

]
, (13)

where r is the rate of the error control code. We can rewrite
(13) as

PI,i = Pr
[
T1

T
log2(1 + P1|fi|2) < r

]
. (14)

After direct manipulations, (14) is simplified to

PI,i = Pr
[
|fi|2 < Γ1

]
, (15)

where

Γ1 =
2rT/T1 − 1

P1
. (16)

It is observed that (15) is simply the cumulative distribution
function (CDF) of the channel coefficient |fi|2 evaluated at
Γ1. Since it is stated that fi is circularly-symmetric complex
Gaussian with zero mean and unit variance, then |fi|2 is an
exponential distribution with unit mean. As a result, we rewrite
(15) as

PI = 1− e−Γ1 , (17)

where the subscript i in PI is dropped because the channel
coefficients fi are assumed to be i.i.d, and the threshold Γ1 is
considered to be common among all the relays. In other words,
in Phase I, each relay will have identical information-outage
probability PI.

Before analyzing Phase II, it is important to investigate the
random behaviour of the decoding set D. Let Zi = {0, 1} be a
Bernoulli random variable with P [Zi = 1] = PI. The number
of relays that successfully decode the first-phase transmission
is expressed as

D =

R∑
i=1

Zi. (18)

Since the channel coefficients are i.i.d, the Zi’s are inde-
pendent. Thus, D is a binomial random variable, and the

1Note that the noise variance σ2 = 1.

probability that D = d is basically defined by the probability
mass function (PMF) of D, and it is expressed as

PD(d) = Pr[D = d] =

(
R

d

)
(1− PI)

dPR−d
I . (19)

In Phase II, the mutual information is given by [7]

I(S, y|h) =
T2

T

(
T1

T2
log2(1 + P2||h||2)

)
, (20)

where S is the codework, h is a channel vector of dimension
1×min(d,Dmax), and it consists of the channel gains gi asso-
ciated with the link between the relay Ni and the destination,
T2/T is a scale factor to indicate that the relay-destination
link is merely active for T2 out of every T symbol periods,
and T1/T2 is a scale factor to account for the code rate. The
outage probability will depend on the D as well as Dmax,
the maximum allowable relays that can transmit in Phase II.
Consequently, the conditional end-to-end information-outage
probability for Phase II is given by2

PII(Out|d) = Pr

[
I(S, y|h) < r|D = d

]
. (21)

Substituting (20) into (21), then the the conditional end-to-end
information-outage probability is given by

PII(Out|d) = Pr

[
T1

T
log2(1 + P2||h||2) < r|D = d

]
. (22)

This can be further simplified to

PII(Out|d) = Pr
[
||h||2 < Γ2|D = d

]
, (23)

where

Γ2 =
2rT/T1 − 1

P2
. (24)

Note that (23) is basically the CDF of ||h||2 evaluated at Γ2.
It is shown in [7] that ||h||2 follows an Erlang-m distribution
with min(d,Dmax) degrees of freedom. As a result, (23) can
be rewritten as

PII(Out|d) = 1−
min(d,Dmax)−1∑

k=0

Γk
2

k!
e−Γ2 . (25)

From the theorem of total probability [13], the information-
outage probability can be expressed as

PII(Out) =

R∑
d=0

PD(d)PII(Out|d). (26)

Substituting both (19) and (25) into (26), we get the final
expression for an end-to-end information-outage probability,
and it is expressed as [7]

PII(Out) = PR
I +

R∑
d=1

(
R

d

)
(1− PI)

dPR−d
I

{
1

−
min(d,Dmax)−1∑

k=0

Γk
2

k!
e−Γ2

}
. (27)

2The argument ‘Out’ denotes the event I < r.
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V. AMPLIFY-AND-FORWARD DISTRIBUTED STBC

The key feature of this relaying scheme is that no decoding
is done at the relay terminal. A relay will only samples the
received signal ri, and then transmits a linear combination of
the samples in ri and its conjugates r̄i. In Phase II, the Ni

will transmit the signal

ti =

√
1

P1 + 1
(Airi + Bir̄i). (28)

Comparing between (4) and (28), we can observe two major
differences between the relay transmitted signals in DF and
AF. First, the transmitted signal in AF is a linear combination
of the samples in the received vector ri and its conjugates,
whereas in DF, the transmitted signal is a linear combination
of the symbols in s and its conjugates. Second, the average
received signal power in AF is P1 + 1.3 The scaling factor is
for normalizing the signal. If we considered the special case
where either one of the dispersion matrices is zero, (28) can
be rewritten as

ti =

√
1

P1 + 1
Cir(i), (29)

where Ci is expressed as (6), and

r(i) =

{
r, if Bi = 0
r̄, if Ai = 0

. (30)

Assuming that we have perfect synchronization at the
symbol-level, the received signal at the destination can be
expressed as

y =

R∑
i=1

gi
√
P2ti + w, (31)

where P2 is the signal power transmitted by each relay. The
difference between DF and AF is that the summation term in
AF is up to R while in DF, the summation limit depends on
the decoding set D. From (2) and (30), we write (31) as

y =

R∑
i=1

gifi

√
P1P2

P1 + 1
Cis(i)

+

√
P2

P1 + 1

R∑
i=1

giCivi + w. (32)

This equation can be neatly represented as [7]

y =

√
P1P2

P1 + 1
Sh + n, (33)

where S is a space-time codeword of dimension T2 ×R, h =
[f1g1 · · · fRgR]t is the channel vector, and n is a complex
noise vector given by

n =

√
P2

P1 + 1

R∑
i=1

giCivi + w. (34)

The noise, in general, will be colored because the relay will
transmit a signal that contains a linear combination of the
elements of the white-noise vector vi.

3The 1 is the contribution of the noise power (i.e. σ2 = 1)

To summarize the differences between AF and DF we can
conclude the following. First, in AF all the relays R = |N |
participate in Phase II transmission while only D = |D| relays
participate in DF. The noise in DF is white while in AF is, in
general, colored and will have higher power (i.e. amplified).
Third, the channel gains in AF consist of the product of the
source-relay and relay-destination channel gains, whereas in
DF, they only consist of the relay-destination channel gains.

It is shown in [7] that the diversity of the DSTBC in AF
system can be determined using the classical technique for
point-to-point space-time coded systems, which is to bound
the pairwise error probability (PEP). For a full rank codework
difference matrix M = (Sl−Sk)H(Sl−Sk),4 the diversity gain
for the AF system is [7]5

Gd = R

(
1− log(logP )

P

)
(35)

Fig. 3 illustrates the diversity gain with respect to the average
transmitted power. Clearly at high power P , the diversity
gain converges to R. That is, the diversity gain is linearly
proportional to the number of relays. This is very similar to
the diversity achieved in the classical MIMO system with R
transmit antennas and 1 receive antenna. According to [7], the
coding gain for the distributed LD codes is the same as for
LD codes in point-to-point systems given that both R and P
are large. In addition, for moderate average transmit power
P , the code must be scale-free (discussed earlier), or in other
words, M must maintain the full rank when some columns are
removed (i.e. when D < Dmax).

Finally, the ML decoding is given by

ŝ = arg min
s∈X

∥∥∥y−
√

P1P2

P1 + 1
Sh
∥∥∥. (36)

This usually has high complexity, and to alleviate this problem
we can either use orthogonal or quasi-orthogonal codes where
the decoding becomes much simpler. In the former, it becomes
single-symbol decodable while in the latter it is double-symbol
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Fig. 3. The diversity gain of the AF system.

4Sl and Sk are codewords in the distributed space-time code where k 6= l.
5A very similar diversity gain is derived in [5], [8]. The only difference

is that the denominator is logP instead of P .
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decodable (i.e. the symbols can be decoupled in a pairwise
manner). Nevertheless, it is worth to mention that the noise n is
in general colored; therefore, the linear decoding complexity is
suboptimal, yet it is shown in [10] that the performance when
using the suboptimal decoding is approximately degraded by
just 0.5 dB to that of using true-ML decoding.

VI. RESULTS

In this section, some of the fundamental results obtained in
the literature for DSTBCs in cooperative diversity networks
are presented.

A. Optimum Power Allocation

In [8], an optimum power allocation between the source
and the relays, such that the PEP is minimized, is developed.
Assume that in the cooperative network, the total power
consumed by the source and the relays is P . Then, the total
power for AF protocol, where R relays are cooperating is
P = P1+RP2. The optimal power allocation, for this protocol,
is given by [8]

P1 =
P

2
and P2 =

P

2R
. (37)

The number of the relays in the decoding set D must be
considered in the DF protocol. Assume there are D relays
that participate in the cooperation in Phase II. Then, the total
power is P = P1 + min(D,Dmax)P2, and the optimal power
allocation is given by

P1 =
P

2
and P2 =

P

2D̂
, (38)

where D̂ = min(D,Dmax).
To summarize, the optimum power allocation halves the

total power such that the source will transmit the first half
while the cooperating relays will share the other half. If there
are a very large number of relays, then each individual relay
will spend a very small amount of power in Phase II [8].

B. Diversity Gain

We have demonstrated in (35) that the diversity gain
achieved by AF is linearly proportional with the number of
cooperating relays at high power. A more general equation is
derived in [5], [8] such that the diversity gain is proportional
to min(T,R), where T is the coherence interval. Assuming
that T > R, we will achieve the gain in (35). Interestingly,
it is demonstrated in [5] that in high SNR, the DF protocols
achieve full diversity in the number of relays R, and not just
the number of the decoding relays D.

C. Coherence Interval and Number of Relays

In [8], the BERs of an AF cooperative network for different
coherence intervals T and R relays are analyzed6. Fig. 4 shows
the BER comparison between different combinations of T and
R. It is observed that as R increases, the BER decays more
rapidly. This agrees with (35) where the diversity increases

6It is assumed that T1 = T2 = T .
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Fig. 4. BER of the cooperative network with different T and R.

linearly with R at high power P . In addition, having the same
number of relays with different coherence interval does not
improve diversity. Nevertheless, increasing T improves the
coding gain [8], and this is observed for R = 5 where the BER
curve horizontally shifts to the left when increasing T = 5 to
T = 10.

D. Information Outage Probability

In [7], the information-outage probability given in (27)
is determined. Three systems are compared. The first one
is a conventional uncoded single-input single-output (SISO)
system. The second one is an the Alamouti-coded system with
a maximum number of relays Dmax = 2. The third system is
an OSTBC with a maximum number of relays Dmax = 4. In
other words, in Alamouti-coded system, only two relays can
transmit during Phase II, whereas in the other OSTBC, up to
four relays can cooperate in Phase II. Both systems use a rate
r = 1/2 error control code.

Fig. 5 illustrates the information-outage probability as a
function of SNR and a variable number of relays. It is assumed
that for the Alamouti-coded system, the number of relays
is between 2 and 8, yet only a maximum of 2 relays can
cooperate in Phase II. For the other OSTBC, the number
of relays is between 4 and 10, yet a maximum of 4 can
simultaneously transmit in Phase II. It is observed that increas-
ing the number of relays will improve the performance even
though there is a maximum limit of the participating relays in
the second phase. This is because increasing the number of
relays in the system will increase the probability that Dmax

relays will successfully decode the source signal instead of
just D < Dmax. Also, for the Alamouti-coded system, a
diversity of order Dmax = 2 is achieved, whereas a diversity
of order Dmax = 4 is achieved for other OSTBC system.
Adding additional relays (i.e. D > Dmax) will not improve
the diversity gain, but instead it will provide an additional
coding gain, and this is observed by the curves’ shift to the
left. Note that SISO system has a unity diversity order. It is
observed that at a very low SNR region, the SISO outperforms
the other systems primarily because it may concentrate all of
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5

Fig. 5. A comparison of the information outage probability among three different systems. The first system is a conventional SISO system. The second is an
Alamouti-coded system (i.e. Dmax = 2) with a DF protocol, and a total number of relays from 2 to 8. The third is another OSTBC system with Dmax = 4,
and a total number of relays from 4 to 10.

its power into a single transmission rather than distributing the
energy across the two phases. Nevertheless, in practice we are
usually interested in high SNR regions, and it is observed that
the DSTBC provides drastic gains to the system performance.

E. Diversity Multiplexing Tradeoff

In [14], a fundamental tradeoff between the diversity gain
and the multiplexing gain of a channel is developed in the con-
text of multiple-antenna systems. One can either maximize the
reliability via an increase of diversity gain, or increase the data
rate via an increase of the multiplexing gain. This fundamental
tradeoff is known as diversity-multiplexing tradeoff (DMT).

DMT outlines the full picture for analyzing MIMO systems,
and it provides insights for designing space-time codes for
MIMO systems. Interestingly, this concept has been extended
for cooperative networks in [5], specifically, a tradeoff between
the diversity order and normalized spectral efficiency of a
protocol is identified.

Table I compares between three different systems that are
tested in [5]. R is simply the number of the relays, whereas
r is the spatial multiplexing gain, and it is normalized by
the channel capacity (i.e. r represents the spectral efficiency
normalized by the maximum achievable spectral efficiency).
The system achieves full diversity when as r −→ 0, the outage
probability decays proportional to 1/SNRR. Clearly, both
the repetition-based cooperative diversity and the space-time
coded cooperative diversity achieve full diversity. It is also
observed that the spatial multiplexing gain of the repetition-
based system is inversely proportional to the number of relays
because the resources are shared over orthogonal subchannels

among these relays.
Fig. 6 illustrates the DMT of the three systems. It is

observed that the cooperative schemes achieve full diversity of
order R. Nevertheless, the space-time-coded system provides
better spectral efficiency because unlike the repetition-based
system, distributed space-time block codes (DSTBCs) allow

Fig. 6. A comparison of the DMT for several systems.
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the relay to simultaneously transmit the source signal to the
destination, and thus, better efficiency is utilized.

VII. CONCLUSION

Cooperative diversity is an attractive paradigm that brings
the advantages of conventional MIMO systems into single-
antenna terminals such that the system achieves spatial di-
versity, and it also provides robustness against channel im-
pairments (i.e. fading and shadowing). However, one of the
key issues is how to distribute the information among the
cooperating relays in time and space. Distributed space-time
block coding has shown to be an effective tool to bring spatial
diversity to cooperative networks. Two main technologies have
been investigated, namely amplify-and-forward, and decode-
and forward. Both systems achieve full diversity linearly pro-
portional to the number of cooperating delays, yet additional
care must be considered for the DF protocols as the number of
the relays that successfully decode the source signal is usually
not fixed.
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TABLE I
THE OUTAGE PERFORMANCE OF DIFFERENT SYSTEMS

Cooperative System The outage probability decays asymptotically in
SNR proportional to

The Spatial Multiplexing Gain

Non-cooperative 1/SNR(1−r) 0 < r < 1

Repetition-based 1/SNRR(1−Rr) 0 < r < 1/R

Space-time Coded lower bound: 1/SNRR(1−2r) 0 < r < 1/2

upper bound: 1/SNRR
(
1−2r(R−1

R
)
)

0 < r < R
2(R−1)


