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Bypassing Orthogonal Relaying Transmissions via
Spatial Signal Separation
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Abstract—We argue for incorporating Space Division Multiple
Access (SDMA) into cooperative relaying, in order to bypass
orthogonal relaying transmissions and thus achieve diversity gain
without any cost on the available degrees of freedom. In partic-
ular, we propose a cooperative relaying scheme that utilizes two
single-antenna relays and multiple antennas at the destination
terminal, in order to spatially separate the concurrently arriving
signals. The whole concept is based upon two key elements:
a) To combat the half-duplex constraint by having two relays
transmitting alternatively, i.e., the one receiving while the other
transmitting and vice versa, and b) to spatially separate the
signals arriving concurrently at the destination using the well-
known optimum combining technique. Closed-form expressions
for the average capacity and outage probability are provided.
Numerical results manifest that the proposed model outperforms
orthogonal relaying as well as distributed space-time coding in
terms of average capacity and outage probability, owing to the
former’s advantage of higher spectral efficiency.

Index Terms—Space division multiple access (SDMA), opti-
mum combining, wireless relaying technology.

I. INTRODUCTION

RECEIVING from multiple antennas is a well-known
method that attains the beneficial effects of diversity and

thus provides higher quality of service in wireless communica-
tion systems. Despite its ability to combat small-scale fading,
however, the above technique is unable to tackle the problem
of hidden terminals, where high large-scale attenuation on
the channel between the transmitter and the receiver, caused
by either shadowing or path-loss, significantly degrades the
performance. Cooperative relaying [1]-[11] on the other hand
has been recently proposed as a promising method that offers
robustness against this problem, by employing a number of
relaying terminals that are willing to forward the information
received by the source terminal to a specified destination one.
In this way, the multiple paths through which communication
is achieved are spatially separated from one another, reducing
thus their level of correlation. This leads to spatial-diversity
achievement, resulting finally in better error performance [6]-
[11].
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A. Motivation

Nonetheless, as demonstrated in many papers dealing with
cooperative diversity, the advantages of the above protocols
come at a spectral efficiency cost. This is mainly because of

∙ the half-duplex constraint (i.e., the fact that the relays
cannot transmit and receive simultaneously and at the
same frequency band [1]), resulting in “two-stage” trans-
missions from the source terminals to the destination ones

∙ the fact that the multiple relays must transmit in orthogo-
nal channels in either the time or the frequency domain,
in order for the destination to be able to separate the
multiple relaying transmissions thus taking full advantage
of the multiple available paths.

Therefore, particularly for the case of multiple participat-
ing relays per source-destination pair, one may realize that
according to conventional orthogonal relaying protocols the
available degrees of freedom are not fully exploited, since
there exists a resource waste on account of the orthogonality
among the multiple relaying transmissions. As a result, the
overall capacity per unit bandwidth is considerably reduced,
a fact which has negative impact on the outage performance
as well [3]-[5].

Furthermore, this drawback of spectral inefficiency becomes
more evident in cases where the destination terminal is capable
of employing multiple receiving antennas (for example, in the
uplink of cellular communications or wireless LANs), since
for those cases one may argue that the extra degrees of free-
dom induced by this multiple-antenna usage may be utilized
for achieving higher multiplexing gains, instead of diversity
ones. To the best of the authors’ knowledge, although there
exist some remarkable works in the literature where protocols
that mitigate the spectral efficiency loss are proposed [12]-
[14], none of them takes advantage of the extra resource that
multiple-antenna reception entails, leaving thus the potential
for spatial signal separation unexploited.

B. Contribution

To this end, in this paper we propose utilizing the extra
degrees of freedom that the employment of multiple receiving
antennas at the destination entails, towards the incorporation
of Space Division Multiple Access (SDMA) in cooperative
relaying systems. In particular, a novel relaying protocol that
utilizes two single-antenna relays and multiple antennas at the
destination is proposed, which bypasses orthogonal relaying
transmissions and thus combats the aforementioned spectral
inefficiency disadvantage. Specifically, the multiple antennas
are used so as to spatially separate the concurrently arriving
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signals and thus let the source and the relays transmit in the
same band at the same time, while still being able to attain
diversity.

The whole concept is based on two key ideas: a) To
combat the half-duplex constraint by having the two relays
transmitting alternatively, i.e., as long as the one operates
at the transmitting mode the other remains at the receiving
mode and vice versa, and b) to spatially separate the signals
arriving concurrently at the destination (i.e., one directly from
the source and one from one of the relays) using the well-
known SDMA technique [15, Ch. 14]-[16, Ch. 10]. As a result,
this enables cooperative communications to provide diversity
and/or robustness against large-scale fading without paying the
price of spectral inefficiency that described above.

Additionally, we provide an analysis of the distribution
of the resulting signal-to-interference-plus-noise ratio (SINR),
that allows us to derive approximate closed-form expressions
for the average capacity per unit bandwidth, as well as outage
probability. The numerical outage results are also verified by
simulations.

II. SYSTEM MODEL

We consider a single-antenna source node 𝑆, communi-
cating with an 𝐿-antenna destination node, denoted by 𝐷.
Two single antenna relays, namely 𝑅1 and 𝑅2, are willing to
assist this communication, by decoding the message received
from 𝑆 and forward the re-encoded data to 𝐷, operating thus
in the well-known decode and forward (DF) mode. In order
to protect the system from error propagations, the relays are
assumed to decode only if the signal-to-noise-ratio (SNR) at
their inputs is greater than a pre-specified activation threshold
value, denoted by 𝑇, following thus the so-called threshold DF
protocol (see e.g., [17]). It is further assumed that the value
of 𝑇 is appropriately selected so that practically zero error
propagations take place; that is, the signal transmitted by the
relays is assumed error-free. Moreover, half-duplex relaying
is assumed, implying that the relays cannot transmit and
receive simultaneously, but on different timeslots. The whole
system is operating in flat, Rayleigh fading environment, that
is supposed to be slowly varying. The AWGN noise powers in
each receiving antenna are identical with one another, denoted
by 𝜎2.

A. Protocol Description

Contrary to typical multi-relay cooperative diversity sys-
tems, the relays in the proposed scheme are assumed not to
decode at the same time, nor to transmit the same symbol
to the destination in orthogonal channels. Instead, they are
activated alternatively, according to the protocol shown in Fig.
1. In particular, the whole transmission period is divided into
a series of frames, each one consisting of two subframes:
During the first subframe, 𝑅1 transmits to the destination what
it previously received, while 𝑅2 listens to the source; during
the second subframe, the roles of 𝑅1 and 𝑅2 are inverted, i.e.,
𝑅2 transmits while 𝑅1 listens.

Let us assume that the symbols 𝑥1 and 𝑥2 are transmitted by
the source at the first and second subframe, respectively. The
received signal at the destination at these subframes consists
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Fig. 1. The proposed protocol: first and second subframe.
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Fig. 2. The proposed protocol: first and second combining stage.

of the signal received directly from the source and the signal
received from one of the relays, that was actually received by
the corresponding relay one subframe earlier. Hence, denoting
by r𝑖 the 𝐿-dimensional vector received at the destination at
the 𝑖th subframe, we have

r1 = 𝑥1u𝑆𝐷 + 𝑥0u𝑅1𝐷 + n1 (1)

r2 = 𝑥2u𝑆𝐷 + 𝑥1u𝑅2𝐷 + n2. (2)

In (1) and (2), the column vectors u𝑆𝐷 and u𝑅𝑖𝐷 (𝑗, 𝑖 =
1, 2) are mutually independent 𝐿-dimensional zero-mean com-
plex Gaussian random vectors that represent the spatial signa-
tures of the 𝑆-𝐷 and the 𝑅𝑖-𝐷 channel, respectively; n𝑗 (𝑗 =
1, 2) is the noise vector at the 𝑗th subframe. The mean powers
of the components of u𝑆𝐷 are identical with each other,
denoted by Ω𝑆𝐷; likewise, Ω𝑅1𝐷 = Ω𝑅2𝐷 = Ω𝑅𝐷 are the
mean powers of the components of u𝑅1𝐷 and u𝑅2𝐷, implying
independent and identically distributed (i.i.d.) fading between
the relays and the destination. For the sake of simplicity of
the analysis, unitary source and relay transmitting powers are
assumed; the analysis however can be easily extended to the
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case of non-identical transmitting powers between the source
and the relays, as well as non-identically distributed fading on
the 𝑅1-𝐷 and 𝑅2-𝐷 channels.

It is important to note that the transmissions of the source
and the relays require the usage of a single channel (i.e., they
occur concurrently and at the same frequency band). This
implies that the proposed scheme offers no loss in spectral
efficiency compared to conventional point-to-point communi-
cations, while still achieving diversity since two independent
replicas of each symbol are received by 𝐷. This is contrary to
what is usually assumed in the literature, where the beneficial
effects of diversity come at the expense of spectral efficiency
loss, since at most half of the available degrees of freedom
are utilized [1], [3].

B. System Model Variations: Deployment of Infrastructure-
Based or Mobile Relays

Depending on the type of the relaying terminals employed,
i.e., infrastructure based relays or mobile relays, two variations
of the main concept are introduced, dubbed here as variations 1
and 2, respectively. In fact, variation 1 corresponds to the case
where the relays are “isolated” from one another; variation 2 to
the case where some inter-relay communication exists. Below,
these variations are described in detail.

1) Variation 1: Infrastructure-based relays: Observing Fig.
1, one may note that according to the proposed setup, along
with the signal transmitted by the source the receiving relay
may receive part of the signal incident from the transmitting
relay. Apparently, the presence of this inter-relay link impedes
the decoding of the signal incident from the source and
actually represents an interfering component to the 𝑆-𝑅 chan-
nel. However, for the particular case of fixed, infrastructure-
based relays, such interference may be canceled using highly
directive antennas at the relays, hence eliminating inter-relay
communications. Then, the decision regarding the activation
of the receiving relay at the ensuing subframe is based upon
comparing the SNR of the corresponding 𝑆-𝑅 channel with
the activation threshold, 𝑇 .

2) Variation 2: Mobile relays: On the other hand, for the
versatile case where the relays are generally non-fixed and
employ non-directive antennas, each of them is assumed to
perform single-antenna interference cancelation mechanisms
in order to cancel out the signal received from the other
relay. In particular, the relays employ the so-called mono in-
terference cancelation (MIC) algorithm proposed in [18]. This
algorithm consists of multiplying the received complex signal
(which equals the complex sum of the signal vectors received
from the source and the transmitting relay, together with the
noise component) with a unitary vector on the direction of
the complex conjugate vector of the interferer; then taking the
imaginary part of the resulting product leads to completely
canceling out the interfering signal. However, the power of
the desired-signal component undergoes an attenuation since
only a part of its total power is projected to the imaginary
axis.

The above procedure results in an output instantaneous SNR

having the form of [18, eq. (6)]

𝑆𝑁𝑅𝑀𝐼𝐶 =
Im2 {ℎ∗𝐼ℎ𝐷}

∣ℎ𝐼 ∣2
1

𝜎2
(3)

where the nominator of the second term of (3) is unity
because of the assumption that both the source and the relays
transmit with unitary power; ℎ𝐷, ℎ𝐼 denote the instantaneous
complex channel gain corresponding to the desired and the
interfering signal, respectively. If, for instance, 𝑅1 operates
at the receiving mode, while 𝑅2 at the transmitting mode
at a given time instance 𝑡, then ℎ𝐷 represents the complex
channel gain between 𝑆 and 𝑅1; ℎ𝐼 is the complex channel
gain between 𝑅2 and 𝑅1. One may note from (3) that the
instantaneous SNR after applying the MIC algorithm equals
the SNR of the desired signal, though attenuated by a factor
of Im2 {ℎ∗𝐼ℎ𝐷} / ∣ℎ𝐼 ∣2. Hence, its upper and lower bounds are
given by

0 ≤ 𝑆𝑁𝑅𝑀𝐼𝐶 ≤ ∣ℎ𝐷∣2 1

𝜎2
(4)

implying that in the best case the output SNR equals that of the
infrastructure-based relay case, where the interference is can-
celed without reducing the power of the desired signal; in the
worst case, the desired signal is eliminated together with the
interfering one. In other words, employing the MIC algorithm
as described above (and presented in detail in [18]) results
in completely canceling out inter-relay interference, yet with
some power cost. This cost on the output SNR at the relays
and thereby on the overall performance is quantified in Section
V. It should be noted that, apparently, the decision on whether
a mobile relay is activated (according to the threshold-DF
protocol) is determined by the result of comparing 𝑆𝑁𝑅𝑀𝐼𝐶

with 𝑇 . Next, we derive the distribution of the overall SINR,
i.e. the SINR at the output of the destination terminal.

III. ON THE OVERALL INSTANTANEOUS SINR

A. First Combining Stage: Signal Separation through SDMA

As observed from (1) and (2), in each subframe the desti-
nation receives two co-channel signals, one incident from the
source and another from either 𝑅1 or 𝑅2. Taking advantage
of the multiple antennas at the destination, these two signals
are separated with one another by utilizing the well-known
concept of SDMA. In particular, in each subframe the com-
bined signal received by the multiple antennas passes through
two space diversity combiners, that weight each of the 𝐿
diversity branches by a complex weight. These weights are
appropriately chosen so that the two combiners perform the
so-called optimum combining [19], that leads to the maximum
SINR in wireless systems in the presence of co-channel
interference and thermal noise. For example, during the first
subframe the first optimum combiner (OC1) considers the 𝑆-
𝐷 signal as the desired one, and the 𝑅1-𝐷 as the interfering,
whereas the second combiner (OC2) considers these signals as
the interference and the desired one, respectively. During the
second subframe, the two combiners involved (namely OC3
and OC4) extract the 𝑆-𝐷 signal out of the “interfering” 𝑅2-
𝐷 one, and the 𝑅2-𝐷 out of the “interfering” 𝑆-𝐷 signal,
respectively. Fig. 2 summarizes the way these combiners are
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allocated in each subframe, as well as the resulting signals at
their outputs.

Let us adopt the general notation of 𝐴 representing the
terminal transmitting the desired signal, and 𝐵 representing
the interfering one, with 𝐴,𝐵 ∈ {𝑆,𝑅1, 𝑅2} (e.g., during the
first subframe 𝐴 = 𝑆, 𝐵 = 𝑅1). Define

𝛾𝐴𝐷
△
= u𝐻

𝐴𝐷u𝐴𝐷/𝜎
2 (5)

i.e., 𝛾𝐴𝐷 represents the instantaneous SNR of the 𝐴-𝐷 link
at the output of the combiner given that no interference takes
place. This is the case when the relay supposed to transmit at
a given subframe (e.g., 𝑅1 referring to the first subframe) is
inactive due to the previously mentioned thresholding mech-
anism, i.e., the source-relay SNR at the previous subframe
was below the threshold 𝑇 . Moreover, we denote by 𝛾𝐴𝐷 =
Ω𝐴𝐷/𝜎

2 the average SNR per antenna associated with the 𝐴-
𝐷 link. Due to the fact that u𝐴𝐷 is comprised of 𝐿 complex
Gaussian components, 𝛾𝐴𝐷 is an 𝐿-order Gamma distributed
random variable (RV); its probability density function (PDF)
is thus given by

𝑓𝛾𝐴𝐷 (𝛾𝐴𝐷) =
𝛾𝐿−1
𝐴𝐷

𝛾𝐿
𝐴𝐷Γ (𝐿)

exp

(
−𝛾𝐴𝐷

𝛾𝐴𝐷

)
(6)

where Γ (⋅) is the gamma function defined in [20, eq.
(8.310.1)].

Because of the slow fading assumption, constant spatial
signatures in each subframe are considered. Therefore, the
𝐿×𝐿-dimensional interference-plus-noise covariance matrices
are constructed as

Φ𝐵 = u𝐵𝐷u𝐻
𝐵𝐷 + 𝜎2I𝐿 (7)

where I𝐿 is the 𝐿-dimensional identity matrix and (⋅)𝐻
represents the Hermitian operator. Let w𝐴,𝐵 represent the
complex weight vectors associated with the combiner that
filters the 𝐴-𝐷 and nulls the 𝐵-𝐷 channel. With optimum
combining, w𝐴,𝐵 are given as [19]

w𝐴,𝐵 = Φ−1
𝐵 u𝐴𝐷.

Consequently, denoting with 𝑃𝐴 and 𝑃𝐵+𝑁 the signal power
at the output of the combiner associated with the signal
incident from 𝐴, and the signal-plus-noise power associated
with terminal 𝐵, respectively, the resulting SINR is given by
[19], [21]

𝛾𝐴,𝐵
𝑏 =

𝑃𝐴

𝑃𝐵+𝑁
=

∣∣w𝐻
𝐴,𝐵u𝐴𝐷

∣∣2
w𝐻

𝐴,𝐵Φ𝐵w𝐴,𝐵

=

(
u𝐻

𝐴𝐷Φ−1
𝐵 u𝐴𝐷

)2
u𝐻

𝐴𝐷Φ−1
𝐵 u𝐴𝐷

= u𝐻
𝐴𝐷Φ−1

𝐵 u𝐴𝐷. (8)

B. Second Combining Stage: Time Diversity

As observed from Figs. 1 and 2, the destination collects
two independent replicas of each of the transmitting symbols
within a window of two consecutive subframes. Hence, the
attained diversity order can be increased if the signals issuing
from the first combining stage are combined again into a
proper time-diversity combiner. Next, the operation of this
second-stage combiner that maximizes the overall SINR is
analyzed.

Without loss of generality, we focus henceforth on the
reception of 𝑥1. The resulting analysis thus refers to the perfor-
mance associated with that symbol, and actually represents the
overall performance due to the symmetry assumption between
the 𝑆-𝑅1-𝐷 and 𝑆-𝑅2-𝐷 links. Symbol 𝑥1 is extracted once
at the first subframe from 𝑆, with a suppressed version of
that transmitted on 𝑅1-𝐷 being the interference; it is also
extracted at the second subframe from 𝑅2, where the 𝑆-𝐷
link is interfering. Hence, the instantaneous signal powers at
output of the first-stage combiners associated with these two
versions of 𝑥1 are taken from (8) as

𝑃
(𝑥1)
𝑆 =

(
u𝐻

𝑆𝐷Φ−1
𝑅1

u𝑆𝐷

)2
, 𝑃

(𝑥1)
𝑅2

=
(
u𝐻

𝑅2𝐷Φ−1
𝑆 u𝑅2𝐷

)2
whereas the corresponding interference-plus-noise powers as

𝑃
(𝑥0)
𝑅1+𝑁 = u𝐻

𝑆𝐷Φ−1
𝑅1

u𝑆𝐷, 𝑃
(𝑥2)
𝑆+𝑁 = u𝐻

𝑅2𝐷Φ−1
𝑆 u𝑅2𝐷.

The two versions of 𝑥1 together with the interference com-
ponents are co-phased and added into the second-stage time
diversity coherent equal gain combiner (EGC). The resulting
overall SINR, namely 𝛾, is the ratio of the total signal power
over the total interference plus noise power, i.e.,

𝛾 =

(√
𝑃

(𝑥1)
𝑆 +

√
𝑃

(𝑥1)
𝑅2

)2

𝑃
(𝑥0)
𝑅1+𝑁 + 𝑃

(𝑥2)
𝑆+𝑁

= u𝐻
𝑆𝐷Φ−1

𝑅1
u𝑆𝐷 + u𝐻

𝑅2𝐷Φ−1
𝑆 u𝑅2𝐷

= 𝛾𝑆,𝑅1

𝑏 + 𝛾𝑅2,𝑆
𝑏 (9)

Notice that 𝛾 is the sum of SINRs in the first and second
subframe; this means that the performance of the second-
stage EGC is identical with that of a maximal ratio combiner
(MRC). This can be also verified by noting that the weights of
a MRC in this particular case would be identical, namely 𝜔1 =√
𝑃

(𝑥1)
𝑆 /𝑃

(𝑥0)
𝑅1+𝑁 =

√
𝑃

(𝑥1)
𝑅2

/𝑃
(𝑥2)
𝑆+𝑁 = 𝜔2 = 11. The reader

should also note that the overall SINR expression shown in
(9) is general enough so as to also hold for the case where one
of the relays is inactive due the aforementioned thresholding
mechanism. Should 𝑅1 be inactive, for example, then the cor-
responding interference-plus-noise covariance matrix becomes
Φ𝑅1 = 𝜎2I𝐿, yielding 𝛾𝑆,𝑅1

𝑏 = u𝐻
𝑆𝐷u𝑆𝐷/𝜎

2 = 𝛾𝑆𝐷; should
𝑅2 be inactive, then the time-diversity EGC does not take the
second subframe into account, hence 𝛾𝑅2,𝑆

𝑏 = 0.

IV. VARIATION 1: OVERALL SINR DISTRIBUTION

A. Moment Generating Function (MGF) Analysis

The MGF of 𝛾 is defined as

ℳ𝛾 (𝑠) = 𝐸𝛾

〈
𝑒−𝑠𝛾

〉
=

4∑
𝑖=1

𝜌𝑖𝐸𝛾 ⟨exp (−𝑠𝛾 ∣Θ𝑖 )⟩ (10)

where 𝐸𝑋 ⟨⋅⟩ denotes expectation over the random variable
𝑋 ; Θ1, ...,Θ4 are the four cases that may be considered,
corresponding to each of the possible combinations of whether

1We note that a second-stage MRC in our case would differ from the
conventional one used in noise limited systems in the sense that the denomi-
nator in our case is the instantaneous interference plus noise power, whereas
in conventional systems is the average noise power; the resulting SINRs,
however, are the same.
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or not 𝑅1 and 𝑅2 are active; 𝜌1, ..., 𝜌4 are the corresponding
occurrence probabilities. The above cases are further analyzed
below.

1) Case Θ1, Both 𝑅1 and 𝑅2 active: Should this be the
case, the received signal at both subframes contains the symbol
𝑥1 together with an interference component. Under the i.i.d.
Rayleigh fading assumption on 𝑆-𝑅1 and 𝑆-𝑅2, this case
occurs with probability

𝜌1 = Pr {𝛾𝑆𝑅1,𝛾𝑆𝑅2 > 𝑇 } = 𝑒
− 2𝑇

𝛾𝑆𝑅 . (11)

Let us keep the notation of 𝐴 representing the desired and
𝐵 the interfering terminal. The eigen decomposition of the
covariance matrix Φ𝐵 in (7) yields

Φ𝐵= V𝐵Λ𝐵V
𝐻
𝐵 (12)

where V𝐵 is the eigenvector matrix and
Λ𝐵=diag

(
𝜆𝐵
1 , ..., 𝜆

𝐵
𝐿

)
, with 𝜆𝐵

𝑖 representing the 𝑖th
eigenvalue of Φ𝐵, which can be easily evaluated as

𝜆𝐵
𝑖 =

{
u𝐻

𝐵𝐷u𝐵𝐷 + 𝜎2, 𝑖 = 1
𝜎2, 𝑖 = 2, ..., 𝐿

. (13)

Therefore, combining (10), (8) and (12) we obtain the MGF
of 𝛾𝐴,𝐵

𝑏 as

ℳ𝛾𝐴,𝐵
𝑏

(𝑠) = 𝐸𝑣𝐴𝑖
𝑣∗
𝐴𝑖

〈
exp

(
−

𝐿∑
𝑖=1

𝑠𝑣𝐴𝑖𝑣
∗
𝐴𝑖

𝜆𝐵
𝑖

)〉
(14)

where (⋅)∗ stands for the complex conjugate of its argument
and 𝑣𝐴𝑖 is the 𝑖th component of the vector v𝐴𝐷 = V𝐵u𝐴𝐷.
Note that the Hermitian nature of Φ𝐵 implies that the lat-
ter transformation is unitary, hence 𝐸

〈
𝑣𝐴𝑖𝑣

∗
𝐴𝑖

〉
= Ω𝐴𝐷.

Consequently, averaging over the exponential distribution of
𝑣𝐴𝑖𝑣

∗
𝐴𝑖

and then using (13), (5) and (14), we may obtain the
conditional MGF of 𝛾𝐴,𝐵

𝑏 given 𝛾𝐵𝐷 as [22]

ℳ𝛾𝐴,𝐵
𝑏

(𝑠 ∣𝛾𝐵𝐷 ) =

𝐿∏
𝑖=1

𝜆𝐵
𝑖

𝜆𝐵
𝑖 + 𝑠Ω𝐴𝐷

=
(𝛾𝐵𝐷 + 1) /𝛾𝐴𝐷

(𝛾𝐵𝐷 + 1) /𝛾𝐴𝐷 + 𝑠

(
1/𝛾𝐴𝐷

1/𝛾𝐴𝐷 + 𝑠

)𝐿−1

. (15)

Then, ℳ𝛾𝐴,𝐵
𝑏

(𝑠) is obtained by averaging (15) over the PDF
given in (6), which using [20, eq. (3.353.5)], [20, eq. (8.352.3)]
and [23, eq. (6.5.9)] yields

ℳ𝛾𝐴,𝐵
𝑏

(𝑠) =

∫ ∞

0

ℳ𝛾𝐴,𝐵
𝑏

(𝑠 ∣𝛾𝐵𝐷 ) 𝑓𝛾𝐵𝐷 (𝛾𝐵𝐷) 𝑑𝛾𝐵𝐷

=

[
ℰ𝐿

(
1+𝑠𝛾𝐴𝐷

𝛾𝐵𝐷

)
+ 𝐿𝛾𝐵𝐷ℰ𝐿+1

(
1+𝑠𝛾𝐴𝐷

𝛾𝐵𝐷

)]
𝑒

1+𝑠𝛾𝐴𝐷
𝛾𝐵𝐷

𝛾𝐵𝐷 (1 + 𝑠𝛾𝐴𝐷)
𝐿−1

(16)

where ℰ𝑛 (⋅) is the exponential integral function of order 𝑛, de-
fined in [23, eq. (5.1.4)]. It follows then from (9) that the over-
all MGF for this case is ℳ𝛾 (𝑠 ∣Θ1 ) = ℳ𝛾𝑆,𝑅

𝑏
(𝑠)ℳ𝛾𝑅,𝑆

𝑏
(𝑠) ,

where due to symmetry it holds 𝛾𝑅1𝐷 = 𝛾𝑅2𝐷 = 𝛾𝑅𝐷.
2) Case Θ2, 𝑅1 active; 𝑅2 inactive: The occurrence prob-

ability for this case is evaluated as

𝜌2 = 𝑒
− 𝑇

𝛾𝑆𝑅

(
1− 𝑒

− 𝑇
𝛾𝑆𝑅

)
= 𝑒

− 𝑇
𝛾𝑆𝑅 − 𝑒

− 2𝑇
𝛾𝑆𝑅 . (17)

The overall SINR is 𝛾 = 𝛾𝑆,𝑅1

𝑏 , hence the resulting MGF
ℳ𝛾 (𝑠 ∣Θ2 ) is that given in (16), with 𝐴 = 𝑆,𝐵 = 𝑅1.

3) Case Θ3, 𝑅1 inactive; 𝑅2 active: Because of the sym-
metry between the 𝑆-𝑅1 and 𝑆-𝑅2 links, it holds 𝜌3 = 𝜌2.
Due to the absence of interference at the first subframe, the
SINR now becomes 𝛾 = 𝛾𝑆𝐷+𝛾𝑅2,𝑆

𝑏 . The MGF of 𝛾 for this
case is therefore derived as

ℳ𝛾 (𝑠 ∣Θ3 ) = ℳ𝛾𝑆𝐷 (𝑠)ℳ
𝛾
𝑅2,𝑆

𝑏

(𝑠) =
ℳ

𝛾
𝑅2,𝑆

𝑏

(𝑠)

(1 + 𝑠𝛾𝑆𝐷)
𝐿

(18)

where ℳ𝛾𝑆𝐷 (𝑠) = (1 + 𝑠𝛾𝑆𝐷)−𝐿 , obtained by averaging
exp (−𝑠𝛾𝑆𝐷) over the PDF of 𝛾𝑆𝐷 given in (6).

4) Case Θ4: Both 𝑅1 and 𝑅2 inactive: This case oc-

curs with probability 𝜌4 =
(
1− 𝑒

− 𝑇
𝛾𝑆𝑅

)2
. Since the SINR

now reduces to 𝛾 = 𝛾𝑆𝐷, the resulting MGF for Θ4 is
ℳ𝛾 (𝑠 ∣Θ4 ) = ℳ𝛾𝑆𝐷 (𝑠) = (1 + 𝑠𝛾𝑆𝐷)

−𝐿
.

Considering the above, the MGF of the overall SINR,
ℳ𝛾 (𝑠), can be expressed as

ℳ𝛾 (𝑠) = 𝜌1ℳ𝛾𝑆,𝑅
𝑏

(𝑠)ℳ𝛾𝑅,𝑆
𝑏

(𝑠) + 𝜌2ℳ𝛾𝑆,𝑅
𝑏

(𝑠)

+𝜌3 (1 + 𝑠𝛾𝑆𝐷)−𝐿 ℳ𝛾𝑅,𝑆
𝑏

(𝑠) + 𝜌4 (1 + 𝑠𝛾𝑆𝐷)−𝐿(19)

where ℳ𝛾𝑆,𝑅
𝑏

(𝑠), ℳ𝛾𝑅,𝑆
𝑏

(𝑠) are taken from (16).

B. An Approximate MGF Expression

The above analysis provides an exact closed-form expres-
sion for the overall MGF, by substituting in (10) the condi-
tional MGF expressions, conditioned on the cases Θ1, ...,Θ4.
Nevertheless, an approximate yet much easier to process
closed-form expression for ℳ𝛾𝐴,𝐵

𝑏
(𝑠) (and thus for ℳ𝛾 (𝑠))

can be derived, by using a first-order Taylor approximation on
the conditional MGF ℳ𝛾𝐴,𝐵

𝑏
(𝑠 ∣𝛾𝐵𝐷 ) [24, ch. 7], from which

ℳ𝛾𝐴,𝐵
𝑏

(𝑠) is derived in terms of 𝐸𝛾𝐵𝐷 ⟨𝛾𝐵𝐷⟩ = 𝐿𝛾𝐵𝐷 as

ℳ𝛾𝐴,𝐵
𝑏

(𝑠) ≃ (𝐿𝛾𝐵𝐷 + 1) /𝛾𝐴𝐷

(𝐿𝛾𝐵𝐷 + 1) /𝛾𝐴𝐷 + 𝑠

(
1/𝛾𝐴𝐷

1/𝛾𝐴𝐷 + 𝑠

)𝐿−1

.

(20)
It turns out that this approximation on the MGF of optimum
combining SINR is accurate in most cases, as it also noted
in [25]. Consequently, a tight approximate expression on
the overall MGF is directly derived from (19), where the
ℳ𝛾𝑆,𝑅

𝑏
(𝑠), ℳ𝛾𝑅,𝑆

𝑏
(𝑠) are now taken from (20), instead of

(16).

C. PDF of 𝛾

An approximation of the PDF of 𝛾, 𝑓𝛾 (⋅), is derived by
taking the inverse Laplace transform of the approximate MGF
of 𝛾 yielding

𝑓𝛾 (𝑥) ≃ 𝜌1

[
Ξ1𝑒

− (𝐿𝛾𝑅𝐷+1)𝑥
𝛾𝑆𝐷 +

𝐿∑
𝑖=2

Ξ𝑖𝑥
𝑖−2𝑒

− 𝑥
𝛾𝑆𝐷

(𝑖− 2)!

+ Ψ1𝑒
− (𝐿𝛾𝑆𝐷+1)𝑥

𝛾𝑅𝐷 +

𝐿∑
𝑖=2

Ψ𝑖𝑥
𝑖−2𝑒

− 𝑥
𝛾𝑅𝐷

(𝑖 − 2)!

]

+ 𝜌2

[
Δ1𝑒

− (𝐿𝛾𝑅𝐷+1)𝑥
𝛾𝑆𝐷 +

𝐿∑
𝑖=2

Δ𝑖𝑥
𝑖−2𝑒

− 𝑥
𝛾𝑆𝐷

(𝑖 − 2)!

]

+ 𝜌3

[
Ϝ1𝑒

− (𝐿𝛾𝑆𝐷+1)𝑥
𝛾𝑅𝐷 +

𝐿∑
𝑖=2

Ϝ𝑖𝑥
𝑖−2𝑒

− 𝑥
𝛾𝑅𝐷

(𝑖− 2)!
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+

𝐿∑
𝑖=1

Υ𝑖𝑥
𝑖−1

(𝑖− 1)!
𝑒
− 𝑥

𝛾𝑆𝐷

]
+ 𝜌4

𝑥𝐿−1𝑒
− 𝑥

𝛾𝑆𝐷

𝛾𝐿
𝑆𝐷 (𝐿− 1)!

(21)

where Ξ𝑖, Ψ𝑖, Δ𝑖, Ϝ𝑖, Υ𝑖, 𝑖 = 1, ..., 𝐿 are the fraction
nominators derived by expanding the MGF in partial fractions,
as it is shown in Appendix A.

V. VARIATION 2: OVERALL SINR DISTRIBUTION

Recall that variation 2 refers to the case where commu-
nication between the relays exists; the inter-relay signal is
suppressed using the so-called MIC algorithm proposed in
[18] and analyzed in Section II-B2. In fact, utilizing the
MIC algorithm leads to completely canceling out the inter-
relay signal, however the value of the source-relay SNR is
decreased. Consequently, given the assumption that the value
of the activation threshold, 𝑇 , is appropriately selected so as
the signals forwarded by the relays are error-free, the SINR
analysis for variation II is the same as that of variation I shown
in Section IV, yet the occurrence probabilities of the cases
Θ1, ...,Θ4 are now different. These probabilities are derived
in the following subsection.

A. Derivation of the Occurrence Probabilities, 𝜌1, ..., 𝜌4
Variation 2 implies that the decision on whether the relays

are activated is determined by the comparing the SNR of
the MIC algorithm with 𝑇 . Hence, in order to obtain the
occurrence probabilities 𝜌1, ..., 𝜌4 it suffices to derive the CDF
of the 𝑆𝑁𝑅𝑀𝐼𝐶 expression given in (3). Following similar
analysis as in [26], we may express 𝑆𝑁𝑅𝑀𝐼𝐶 as a fraction of
the inner product of ℎ∗𝐼 and ℎ𝐷𝑒

𝑗𝜋/2 divided by 𝜎2, yielding

𝑆𝑁𝑅𝑀𝐼𝐶 =
1

𝜎2

∣ℎ∗𝐼 ∣2 ∣ℎ𝐷∣2 sin2 𝜃
∣ℎ𝐼 ∣2

= 𝛾𝑆𝑅 sin2 𝜃 (22)

where 𝜃 denotes the absolute difference in the argument of
the desired and the interfering signal at the receiving relay,
which is uniformly distributed in (−𝜋, 𝜋]; e.g., when the
desired symbol is 𝑥1, 𝜃 = ∣arg (ℎ𝑆𝑅2)− arg (ℎ𝑅1𝑅2)∣ with
ℎ𝐴𝐵 denoting the complex channel gain between terminals 𝐴
and 𝐵. The PDF of sin2 𝜃 is derived as (see Appendix B)

𝑓sin2 𝜃 (𝑥) =
1

𝜋
√
𝑥 (1− 𝑥)

. (23)

Therefore, using [24, eq. (6-42)] and given that 𝛾𝑆𝑅 is
exponentially distributed with average value equal to 𝛾𝑆𝑅, the
PDF of 𝑆𝑁𝑅𝑀𝐼𝐶 is derived from (22), (6) and (23) as

𝑓𝑆𝑁𝑅𝑀𝐼𝐶 (𝑥) =

∫ 1

0

exp
(
− 𝑥

𝑦𝛾𝑆𝑅

)
𝜋𝛾𝑆𝑅𝑦

√
𝑦 (1− 𝑦)

𝑑𝑦

=
exp
(
− 𝑥

𝛾𝑆𝑅

)
√
𝑥
√
𝜋𝛾𝑆𝑅

. (24)

Then, the CDF of 𝑆𝑁𝑅𝑀𝐼𝐶 is derived using [20, eq.
(3.361.1)] as

𝐹𝑆𝑁𝑅𝑀𝐼𝐶 (𝑥) =

∫ 𝑥

0

𝑓𝑆𝑁𝑅𝑀𝐼𝐶 (𝑦) 𝑑𝑦 = erf

(√
𝑥

𝛾𝑆𝑅

)
(25)

where erf (⋅) denotes the well-known error function.

Therefore, the occurrence probabilities of the cases
Θ1, ...,Θ4, as analyzed in Sections IV-A1-IV-A4, are derived
as follows.

𝜌1 = erf2
(√

𝑇

𝛾𝑆𝑅

)
(26a)

𝜌2 = 𝜌3 = erf

(√
𝑇

𝛾𝑆𝑅

)
erfc

(√
𝑇

𝛾𝑆𝑅

)
(26b)

𝜌4 = erfc2
(√

𝑇

𝛾𝑆𝑅

)
(26c)

B. MGF and PDF of the Overall SINR, 𝛾

Variation 2 leads to exactly the same expressions for the
MGF and the PDF of 𝛾 as that of variation 1, yet with dif-
ferent occurrence probabilities regarding the cases Θ1, ...,Θ4.
Therefore, the MGF of 𝛾 for variation 2 is given by (19),
by substituting 𝜌1, ..., 𝜌4 with the corresponding expressions
provided in (26); the PDF of 𝛾 is derived by plugging (26)
into (21).

VI. CAPACITY AND OUTAGE ANALYSIS

A. Average Capacity

The average capacity (per unit bandwidth) 𝐶𝑎𝑣 of the
proposed scheme can be written as

𝐶𝑎𝑣 =

∫ ∞

0

log2 (1 + 𝛾) 𝑓𝛾 (𝛾) 𝑑𝛾. (27)

Hence, we may obtain an approximate closed-form expression
for 𝐶𝑎𝑣 by plugging (21) in (27) yielding

𝐶𝑎𝑣 ≃ 𝜌1

⎡
⎣Ξ1ℐ

(
𝐿𝛾𝑅𝐷 + 1

𝛾𝑆𝐷

, 0

)
+

𝐿∑
𝑖=2

Ξ𝑖ℐ
(

1
𝛾𝑆𝐷

, 𝑖− 2
)

(𝑖− 2)!

+ Ψ1ℐ
(
𝐿𝛾𝑆𝐷 + 1

𝛾𝑅𝐷

, 0

)
+

𝐿∑
𝑖=2

Ψ𝑖ℐ
(

1
𝛾𝑅𝐷

, 𝑖− 2
)

(𝑖− 2)!

⎤
⎦

+ 𝜌2

⎡
⎣Δ1ℐ

(
𝐿𝛾𝑅𝐷 + 1

𝛾𝑆𝐷

, 0

)
+

𝐿∑
𝑖=2

Δ𝑖ℐ
(

1
𝛾𝑆𝐷

, 𝑖− 2
)

(𝑖− 2)!

⎤
⎦

+ 𝜌3

⎡
⎣Ϝ1ℐ

(
𝐿𝛾𝑆𝐷 + 1

𝛾𝑅𝐷

, 0

)
+

𝐿∑
𝑖=2

Ϝ𝑖ℐ
(

1
𝛾𝑅𝐷

, 𝑖− 2
)

(𝑖− 2)!

+

𝐿∑
𝑖=1

Υ𝑖ℐ
(

1
𝛾𝑆𝐷

, 𝑖− 1
)

(𝑖− 1)!

⎤
⎦+ 𝜌4

ℐ
(

1
𝛾𝑆𝐷

, 𝐿− 1
)

𝛾𝐿
𝑆𝐷 (𝐿− 1)!

. (28)

The auxiliary function ℐ (⋅, ⋅) used in (28) is defined as (please
refer to Appendix C)

ℐ (𝑏,𝑚) =

∫ ∞

0

𝑥𝑚 log2 (1 + 𝑥) exp (−𝑏𝑥) 𝑑𝑥 (29)

=

𝑚∑
𝑘=0

(
𝑚
𝑘

)
𝑒𝑏𝑏𝑘−𝑚−1

(−1)
𝑘+1

ln 2
[Γ (𝑚− 𝑘 + 1) (ln 𝑏− 𝜓 (𝑚− 𝑘 + 1))

− 2𝐹2 (1− 𝑘 +𝑚, 1− 𝑘 +𝑚; 2− 𝑘 +𝑚, 2− 𝑘 +𝑚;−𝑏)
𝑏𝑘−𝑚−1 (𝑚− 𝑘 + 1)

2

]
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Fig. 3. Average capacity of the proposed scheme, as compared to orthogonal
relaying (OR) with a single or two relays, the hybrid DSTC-OR, the DSTC
and the no-relaying case, for 𝐿 = 2 and 𝑇 = 10𝑑𝐵.

where 𝑝𝐹𝑞 (𝛼1, ..., 𝛼𝑝;𝛽1, ..., 𝛽𝑞; 𝑧) and 𝜓 (⋅) denotes the gen-
eralized hypergeometric function and the digamma function,
defined in [20, eq. (9.141)] and [20, eq. (8.360.1)], respec-
tively.

B. Outage Probability

The outage probability of the proposed scheme is actually
the cumulative distribution function (CDF) of 𝛾, evaluated at
the outage threshold SNR 𝛾𝑡ℎ, that is related to the target
rate 𝑟 through 𝛾𝑡ℎ = 2𝑟 − 1. Consequently, using (21), [20,
eq. (3.381.3)] and [20, eq. (3.381.4)], we may derive an
approximate closed-form expression for the outage probability
as shown in (30) at the top of the next page. where Γ (⋅, ⋅) is
the incomplete Gamma function defined in [20, eq. (8.350.2)].

VII. NUMERICAL EXAMPLES AND DISCUSSION

The average capacity and outage performance of the pro-
posed model are illustrated in Figs. 3-8, where the correspond-
ing performances of five different schemes are also depicted,
for comparison purposes. These schemes are a) classical point-
to-point communications where no relaying takes place, b)
threshold-based DF relaying with a single relay, satisfying
the half-duplex constraint, c) threshold-based orthogonal DF
relaying with two relays transmitting in orthogonal channels,
d) Alamouti-based Distributed Space-Time Coding (DSTC)
with two relays [27], where an outage occurs in case any
of the relays is inactive due to insufficient quality of the
corresponding 𝑆-𝑅 link and e) Hybrid DSTC - Orthogonal
Relaying (OR), where in case one of the relays is in outage
the other relay is utilized in OR fashion. We note that the
comparison with the latter scheme is included in order to
present a more fair comparison with the DSTC concept, since
in a more complicated system the destination may switch to
receiving from the active relay in a typical OR fashion, in case
the other relay is inactive due to the thresholding mechanism.
The 𝑥-axis refers to the average channel conditions on the

Fig. 4. Average capacity of the proposed scheme, as compared to orthogonal
relaying (OR) with a single or two relays, the hybrid DSTC-OR, the DSTC
and the no-relaying case, for 𝐿 = 2 and 𝑇 = 6𝑑𝐵.

relay-destination channels, which are assumed identical with
the source-relay ones for the sake of simplicity. Moreover, the
direct 𝑆-𝐷 channel is assumed relatively shadowed with re-
spect to the relaying ones, so that 𝛾𝑆𝐷 = 𝛾𝑆𝑅/10 = 𝛾𝑅𝐷/10.
The reasoning behind this assumption lies in the fact that in
cases where multiple receiving antennas are employed, space
diversity can combat small-scale fading but not the large-scale
one; generally and loosely speaking, this is the case where
relaying transmissions are expected to be employed, so as to
tackle both small-scale fading and shadowing.

Figs. 3-4 depict the average capacity per unit bandwidth
of the proposed scheme and the five comparison schemes
mentioned above, for the case of 𝐿 = 2 and 𝑇 = 10𝑑𝐵,
𝑇 = 6𝑑𝐵, respectively, presenting thus an outage comparison
of the schemes under consideration, as well as the effect of the
value of 𝑇 on the outage performance. As can be seen from
these Figs, variation 1 is superior than variation 2 in terms
of average capacity, since the SNR at the relays is larger for
variation 1, hence the relays’ activation probabilities are also
larger. As expected, the spectral efficiency advantage that the
proposed model offers leads to generally higher capacity than
that of OR, which becomes more evident in the high SNR
regime. This is because of the orthogonality assumption that
leads to a capacity decrease by a factor of 𝑀+1, where 𝑀 is
the total number of participating relays, resulting in a capacity
expression that has the form of [3]

𝐶𝐶𝑅 =
1

𝑀 + 1
log2 (1 + 𝑆𝑁𝑅) (31)

where 𝑆𝑁𝑅 is the instantaneous output SNR. In other words,
one may conclude that the advantage of OR (that is, not
to induce any interference) is contradicted by the spectral
inefficiency that orthogonal transmissions entail, resulting in
generally lower average capacity compared to that of the pro-
posed scheme. Moreover, one may observe that the proposed
scheme outperforms also the DSTC and Hybrid DSTC-OR
schemes, which lead to a pre-log capacity decrease factor of
1/2. Additionally, it is interesting to note that the proposed
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𝑃𝑜 (𝛾𝑡ℎ) = 𝜌1

⎡
⎣ Ξ1𝛾𝑆𝐷

𝐿𝛾𝑅𝐷 + 1

(
1− 𝑒

−𝐿𝛾𝑅𝐷+1

𝛾𝑆𝐷
𝛾𝑡ℎ

)
+

𝐿∑
𝑖=2

Ξ𝑖𝛾
𝑖−1
𝑆𝐷

⎛
⎝1−

Γ
(
𝑖− 1, 𝛾𝑡ℎ

𝛾𝑆𝐷

)
Γ (𝑖− 1)

⎞
⎠+

Ψ1𝛾𝑅𝐷

𝐿𝛾𝑆𝐷 + 1

(
1− 𝑒

−𝐿𝛾𝑆𝐷+1

𝛾𝑅𝐷
𝛾𝑡ℎ

)

+

𝐿∑
𝑖=2

Ψ𝑖𝛾
𝑖−1
𝑅𝐷

⎛
⎝1−

Γ
(
𝑖− 1, 𝛾𝑡ℎ

𝛾𝑅𝐷

)
Γ (𝑖− 1)

⎞
⎠
⎤
⎦+ 𝜌2

[
Δ1𝛾𝑆𝐷

𝐿𝛾𝑅𝐷 + 1

(
1− 𝑒

−𝐿𝛾𝑅𝐷+1

𝛾𝑆𝐷
𝛾𝑡ℎ

)
+

𝐿∑
𝑖=2

Δ𝑖𝛾
𝑖−1
𝑆𝐷

⎛
⎝1−

Γ
(
𝑖− 1, 𝛾𝑡ℎ

𝛾𝑆𝐷

)
Γ (𝑖− 1)

⎞
⎠
⎤
⎦

+𝜌3

⎡
⎣ Ϝ1𝛾𝑅𝐷

𝐿𝛾𝑆𝐷 + 1

(
1− 𝑒

−𝐿𝛾𝑆𝐷+1

𝛾𝑅𝐷
𝛾𝑡ℎ

)
+

𝐿∑
𝑖=2

Ϝ𝑖𝛾
𝑖−1
𝑅𝐷

⎛
⎝1−

Γ
(
𝑖− 1, 𝛾𝑡ℎ

𝛾𝑅𝐷

)
Γ (𝑖− 1)

⎞
⎠ +

𝐿∑
𝑖=1

Υ𝑖𝛾
𝑖
𝑆𝐷

⎛
⎝1−

Γ
(
𝑖, 𝛾𝑡ℎ

𝛾𝑆𝐷

)
Γ (𝑖)

⎞
⎠
⎤
⎦

+𝜌4

⎛
⎝1−

Γ
(
𝐿, 𝛾𝑡ℎ

𝛾𝑆𝐷

)
Γ (𝐿)

⎞
⎠ (30)

model’s superiority in terms of capacity is greater for high
SNRs, owing to the concavity of the log (⋅) function. Similar
conclusions are obtained from Figs. 5-6, where five receiving
antennas at the destination terminal are assumed and the
relays activation threshold on the received SNR is again set
to 𝑇 = 10𝑑𝐵 and 𝑇 = 6𝑑𝐵, respectively. Nevertheless, one
may notice that the 𝐿 = 5 case leads to greater capacity dif-
ference between the proposed model and the aforementioned
comparison schemes. Hence, despite the fact that increasing 𝐿
increases the diversity order in OR, DSTC and Hybrid DSTC-
OR schemes, it seems that the proposed model takes better
advantage of the large number of receiving antennas at the
destination since in that case the spatial separation between
the desired and the interfering signals through SDMA is more
clearly distinguishable [15, Ch. 14].

Figs. 7-8 illustrate the outage performance of the proposed
and the five comparison schemes, for the cases of target data
rate 𝑟 = 1bps/Hz and 𝑟 = 2bps/Hz, respectively. In those
Figs., the relay activation threshold, 𝑇 , was set equal to the
outage one, i.e., 𝑇 = 2𝑟 − 1 for the proposed scheme; 𝑇 =
2(𝑀+1)𝑟 − 1 for OR, DSTC and Hybrid DSTC-OR, so as to
follow the outage definition of relaying channels where an
outage occurs if either the 𝑆-𝑅 or the 𝑅-𝐷 channels cannot
support the desired spectral efficiency. The reader may also
notice the tightness of the outage probability approximation
shown in (30) as compared to simulation results, where the
same assumptions regarding the outage, as well as the relay
activation threshold were made.

As a general comment, one may notice that variation 1
offers improved outage performance, within the region of prac-
tical outage probabilities. Variation 2 on the other hand yields
inferior outage performance, owing to the lower probabilities
of activating the relays. Moreover, it is important to note that
for high spectral efficiency requirements (for instance, in high
data rate applications) the difference on the outage probability
between the proposed and the OR systems increases. This is
due to the aforementioned orthogonality assumption, that leads
to an outage threshold SNR that has the form of

𝑆𝑁𝑅𝑡ℎ,𝐶𝑅 = 2(𝑀+1)𝑟 − 1 (32)

i.e., higher than the proposed model’s threshold SINR 𝛾𝑡ℎ =
2𝑟 − 1, which is the same as the SNR threshold of point-to-
point communications. This implies that the beneficial effects

of diversity that OR offers seem insufficient to support high
spectral efficiencies without a large SNR increase, resulting
in higher outage probabilities of OR, as compared to the
proposed model. On the other hand, one may note that for
low data rate requirements the outage probability of Hybrid
DSTC-OR may be lower than that of the proposed scheme,
particularly in the high SNR region. Generally speaking, one
may conclude that the proposed scheme allows for reducing
the transmitting power needed to achieve a given target rate,
owing to the somewhat non-orthogonal setup. However, in the
high SNR region the OR setup may still perform adequately.

VIII. CONCLUSIONS

In this paper we developed a relaying scheme that attains the
beneficial effects of diversity without incurring any reduction
in the overall spectral efficiency. This scheme takes advan-
tage of the (extra) spatial dimension that multiple receiving
antennas entail, so as to avoid orthogonal transmissions in
either the time or frequency domain, keeping thus the overall
spectral efficiency identical with that of communications under
the conventional setup, where no relaying takes place. The
analysis demonstrated that the proposed model outperforms
orthogonal relaying and distributed space-time in terms of
average capacity, as well as outage probability, due to its
advantage of achieving high data rates without a large SNR
sacrifice; it also outperforms point-to-point communications
in cases of deep shadowing between the source and the
destination. As a result, the proposed scheme appears as a
suitable method for providing diversity gain in relay-assisted
applications with high data rate requirements.

APPENDIX A
DERIVATION OF THE APPROXIMATE PDF OF 𝛾

Expanding the expression for the ℳ𝛾𝑆,𝑅
𝑏

(𝑠) shown in (20)
in partial fractions yields

ℳ𝛾𝑆,𝑅
𝑏

(𝑠) ≃ Δ1

𝑠+ (𝐿𝛾𝑅𝐷 + 1) /𝛾𝑆𝐷

+

𝐿∑
𝑖=2

Δ𝑖

(𝑠+ 1/𝛾𝑆𝐷)
𝑖−1

(33)
where the nominators are derived as

Δ𝑖 =

⎧⎨
⎩

𝐿𝛾𝑅𝐷+1
𝛾𝑆𝐷

(
− 1

𝐿𝛾𝑅𝐷

)𝐿−1

, 𝑖 = 1

(𝐿𝛾𝑅𝐷+1)𝛾1−𝑖
𝑆𝐷

(𝐿𝛾𝑅𝐷)𝐿+1−𝑖 (−1)
𝐿−𝑖

, 𝑖 = 2, ..., 𝐿
. (34)
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Fig. 5. Average capacity of the proposed scheme, as compared to orthogonal
relaying (OR) with a single or two relays, the hybrid DSTC-OR, the DSTC
and the no-relaying case, for 𝐿 = 5 and 𝑇 = 10𝑑𝐵.

Likewise, the MGF product ℳ𝛾𝑆,𝑅
𝑏

(𝑠)ℳ𝛾𝑅,𝑆
𝑏

(𝑠) can be
written as

ℳ𝛾𝑆,𝑅
𝑏

(𝑠)ℳ𝛾𝑅,𝑆
𝑏

(𝑠)

≃ Ξ1

𝑠+ (𝐿𝛾𝑅𝐷 + 1) /𝛾𝑆𝐷

+
𝐿∑

𝑖=2

Ξ𝑖

(𝑠+ 1/𝛾𝑆𝐷)𝑖−1

+
Ψ1

𝑠+ (𝐿𝛾𝑆𝐷 + 1) /𝛾𝑅𝐷

+
𝐿∑

𝑖=2

Ψ𝑖

(𝑠+ 1/𝛾𝑅𝐷)𝑖−1
(35)

where Ξ𝑖 and Ψ𝑖 are given in (36) and (37) shown at the top
of the next page.

Working similarly, the product (1 + 𝑠𝛾𝑆𝐷)
−𝐿 ℳ𝛾𝑅,𝑆

𝑏
(𝑠) is

expanded in partial fractions as

(1 + 𝑠𝛾𝑆𝐷)−𝐿 ℳ𝛾𝑅,𝑆
𝑏

(𝑠) ≃ Ϝ1

𝑠+ (𝐿𝛾𝑆𝐷 + 1) /𝛾𝑅𝐷

+

𝐿∑
𝑖=2

Ϝ𝑖

(𝑠+ 1/𝛾𝑅𝐷)
𝑖−1 +

𝐿∑
𝑖=1

Υ𝑖

(𝑠+ 1/𝛾𝑆𝐷)
𝑖 (39)

where Υ𝑖 is given by

Υ𝑖 =
𝐿𝛾𝑆𝐷 + 1

(𝐿− 𝑖)!𝛾𝐿
𝑆𝐷𝛾

𝐿
𝑅𝐷

× ∂𝐿−𝑖

∂𝑠𝐿−𝑖

[
(1/𝛾𝑅𝐷 + 𝑠)

1−𝐿

(𝐿𝛾𝑆𝐷 + 1) /𝛾𝑅𝐷 + 𝑠

]
𝑠=− 1

𝛾𝑆𝐷

(40)

while Ϝ𝑖 is shown in (38) at the top of the next page.
The approximate PDF of 𝛾 is then derived by taking
the inverse Laplace transform of the approximate MGF.
Specifically, 𝑓𝛾 (⋅) can be evaluated in closed form by us-

ing (33)-(??) and the fact that ℒ−1
{
(𝑠+ 𝛼)

−𝑛
}
(𝑥) =

𝑥𝑛−1 exp (−𝛼𝑥) / (𝑛− 1)!, where ℒ−1 {⋅} denotes the inverse
Laplace transform operator, finally yielding (21).

Fig. 6. Average capacity of the proposed scheme, as compared to orthogonal
relaying (OR) with a single or two relays, the hybrid DSTC-OR, the DSTC
and the no-relaying case, for 𝐿 = 5 and 𝑇 = 6𝑑𝐵.

Fig. 7. Outage probability of the proposed scheme, as compared to
orthogonal relaying (OR) with a single or two relays, the hybrid DSTC-OR,
the DSTC and the no-relaying case, for 𝐿 = 3 and 𝑟 = 1.

APPENDIX B
DERIVATION OF THE CDF OF sin2 𝜃

Given that 𝜃 is uniformly distributed in (−𝜋, 𝜋], its PDF in
this interval is given by 𝑓𝜃 (𝜃) = 1/2𝜋. Hence, the PDF of
sin 𝜃 is derived using the standard technique for transformation
of a RV [24, eq. (5-5)], yielding

𝑓sin 𝜃 (𝑥) =
1

𝜋 cos (arcsin (𝑥))
=

1

𝜋
√
1− 𝑥2

. (41)

Then, using [24, eq. (5-8)], (41) yields (23).
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Ξ𝑖 =

⎧⎨
⎩

− (𝐿𝛾𝑅𝐷+1)(𝐿𝛾𝑆𝐷+1)𝛾𝐿−1
𝑆𝐷 (𝐿𝛾𝑆𝐷+𝐿𝛾𝑅𝐷+1)−1

𝐿𝐿−1(𝛾𝑅𝐷−𝛾𝑆𝐷)𝛾𝐿−1
𝑅𝐷 (𝛾𝑅𝐷−𝛾𝑆𝐷+𝐿𝛾2

𝑅𝐷)
𝐿−1 , 𝑖 = 1

(𝐿𝛾𝑅𝐷+1)(𝐿𝛾𝑆𝐷+1)

(𝐿−𝑖)!𝛾𝐿
𝑆𝐷𝛾𝑅𝐷

∂𝐿−𝑖

∂𝑠𝐿−𝑖

[
(1+𝛾𝑅𝐷𝑠)1−𝐿

[(𝐿𝛾𝑅𝐷+1)/𝛾𝑆𝐷+𝑠][(𝐿𝛾𝑆𝐷+1)/𝛾𝑅𝐷+𝑠]

]
𝑠=− 1

𝛾𝑆𝐷

, 𝑖 = 2, ..., 𝐿
(36)

Ψ𝑖 =

⎧⎨
⎩

− (𝐿𝛾𝑆𝐷+1)(𝐿𝛾𝑅𝐷+1)𝛾𝐿−1
𝑅𝐷 (𝐿𝛾𝑅𝐷+𝐿𝛾𝑆𝐷+1)−1

𝐿𝐿−1(𝛾𝑆𝐷−𝛾𝑅𝐷)𝛾𝐿−1
𝑆𝐷 (𝛾𝑆𝐷−𝛾𝑅𝐷+𝐿𝛾2

𝑆𝐷)
𝐿−1 , 𝑖 = 1

(𝐿𝛾𝑆𝐷+1)(𝐿𝛾𝑅𝐷+1)

(𝐿−𝑖)!𝛾𝐿
𝑅𝐷𝛾𝑆𝐷

∂𝐿−𝑖

∂𝑠𝐿−𝑖

[
(1+𝛾𝑆𝐷𝑠)1−𝐿

[(𝐿𝛾𝑆𝐷+1)/𝛾𝑅𝐷+𝑠][(𝐿𝛾𝑅𝐷+1)/𝛾𝑆𝐷+𝑠]

]
𝑠=− 1

𝛾𝑅𝐷

, 𝑖 = 2, ..., 𝐿
. (37)

Ϝ𝑖 =

⎧⎨
⎩

𝛾𝐿−1
𝑅𝐷 (𝐿𝛾𝑆𝐷+1)

𝛾𝐿−1
𝑆𝐷 𝐿𝐿−1[𝛾𝑅𝐷−𝛾𝑆𝐷(𝐿𝛾𝑆𝐷+1)]𝐿

(−1)
𝐿−1

, 𝑖 = 1

𝐿𝛾𝑆𝐷+1

(𝐿−𝑖)!𝛾𝐿
𝑆𝐷𝛾𝐿

𝑅𝐷

∂𝐿−𝑖

∂𝑠𝐿−𝑖

[
(1/𝛾𝑆𝐷+𝑠)−𝐿

(𝐿𝛾𝑆𝐷+1)/𝛾𝑅𝐷+𝑠

]
𝑠=− 1

𝛾𝑅𝐷

, 𝑖 = 2, ..., 𝐿
(38)

Fig. 8. Outage probability of the proposed scheme, as compared to
orthogonal relaying (OR) with a single or two relays, the hybrid DSTC-OR,
the DSTC and the no-relaying case, for 𝐿 = 3 and 𝑟 = 2.

APPENDIX C
DERIVATION OF ℐ (⋅, ⋅)

Using the variable change 𝑦 = 𝑥+1, the auxiliary function
ℐ (𝑏,𝑚) can be written as

ℐ (𝑏,𝑚) =

∫ ∞

1

(𝑦 − 1)
𝑚 ln (𝑦)

ln 2
exp (−𝑏 (𝑦 − 1)) 𝑑𝑦

=

𝑚∑
𝑘=0

(
𝑚

𝑘

)
(−1)

𝑘

ln 2

∫ ∞

1

𝑦𝑚−𝑘 ln (𝑦) exp (−𝑏 (𝑦 − 1)) 𝑑𝑦.

(42)

where the last equation is derived by expanding (𝑦 − 1)𝑚

into binomial series. Then, (29) is inferred from (42) after
some manipulations, using [20, eq. (4.358.1)], the definition
of 𝜓 (⋅) [20, eq. (8.360.1)] and the infinite series representation
of Γ (⋅, ⋅) and 2𝐹2 (⋅, ⋅; ⋅, ⋅; ⋅) given in [20, eq. (8.354.2)] and
[20, eq. (9.14.1)], respectively.
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