With the rapid growth of multimedia services,
future generations of wireless communications
require higher data rates and a more reliable
transmission link while keeping satisfactory quality
of service. In this respect, multiple-input multipleoutput (MIMO) antenna systems have been considered as an efficient approach to address these
demands by offering significant multiplexing and
diversity gains over single antenna systems without increasing requirements on radio resources
such as bandwidth and power. Although MIMO
systems can unfold their huge benefit in cellular
base stations, they may face limitations when it
comes to their deployment in mobile handsets.
In particular, the typically small-size of mobile
handsets makes it impractical to deploy multiple
antennas. To overcome this drawback, the concept
of cooperative communications has recently been
proposed and gained large interest in the research
community. The key idea is to form a virtual MIMO
antenna array by utilizing a third terminal, a socalled relay node, which assists the direct communication. After receiving the source’s message, the
relay processes and forwards it to the destination.
With this approach, the benefits of MIMO systems
can be attained in a distributed fashion. Furthermore, cooperative communications can efficiently
combat the severity of fading and shadowing effects through the assistance of relay terminals. It
has been shown that using the relay can extend
the coverage of wireless networks. In this thesis,
we focus on the performance evaluation of such

cooperative communication systems and their
application to mobile multimedia.
The thesis is divided into five parts. In particular,
the first part proposes a hybrid decode-amplifyforward (HDAF) relaying protocol which can
significantly improve the performance of cooperative communication systems compared to the
two conventional schemes of decode-and-forward
(DF) and amplify-and-forward (AF). It is interesting
to see that the performance gain of HDAF over
DF and AF strictly depends on the relative value
of channel conditions between the two hops. The
second part extends HDAF to the case of multiple relays. It is important to note that the gains
are saturated as the number of relays tends to
be a large value. This observation motivates us to
use a small number of relays to reduce network
overhead as well as system complexity while the
obtained gains are still as much as in the largenumber case. In the third part, we analyze the performance of DF relaying networks with best relay
selection over Nakagami-m fading channels. Besides the diversity gain, we show in the fourth part
that the spatial multiplexing gain can be achieved
by cooperative communications. We analyze the
performance of cooperative multiplexing systems
in terms of symbol error rate and ergodic capacity
over composite fading channels. Finally, in the fifth
part, we exploit the benefit of both diversity and
multiplexing gain by proposing an unequal error
transmission scheme for mobile multimedia services using cooperative communications.
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Abstract
With the rapid growth of multimedia services, future generations of wireless
communications require higher data rates and a more reliable transmission
link while keeping satisfactory quality of service. In this respect, multipleinput multiple-output (MIMO) antenna systems have been considered as an
efficient approach to address these demands by offering significant multiplexing and diversity gains over single antenna systems without increasing requirements on radio resources such as bandwidth and power. Although MIMO
systems can unfold their huge benefit in cellular base stations, they may face
limitations when it comes to their deployment in mobile handsets. In particular, the typically small-size of mobile handsets makes it impractical to deploy
multiple antennas. To overcome this drawback, the concept of cooperative
communications has recently been proposed and gained large interest in the
research community. The key idea is to form a virtual MIMO antenna array
by utilizing a third terminal, a so-called relay node, which assists the direct
communication. After receiving the source’s message, the relay processes and
forwards it to the destination. With this approach, the benefits of MIMO
systems can be attained in a distributed fashion. Furthermore, cooperative
communications can efficiently combat the severity of fading and shadowing
effects through the assistance of relay terminals. It has been shown that using the relay can extend the coverage of wireless networks. In this thesis,
we focus on the performance evaluation of such cooperative communication
systems and their application to mobile multimedia.
The thesis is divided into five parts. In particular, the first part proposes a hybrid decode-amplify-forward (HDAF) relaying protocol which can
significantly improve the performance of cooperative communication systems
compared to the two conventional schemes of decode-and-forward (DF) and
amplify-and-forward (AF). It is interesting to see that the performance gain
of HDAF over DF and AF strictly depends on the relative value of channel
conditions between the two hops. The second part extends HDAF to the case
of multiple relays. It is important to note that the gains are saturated as the
number of relays tends to be a large value. This observation motivates us to
use a small number of relays to reduce network overhead as well as system
complexity while the obtained gains are still as much as in the large-number
case. In the third part, we analyze the performance of DF relaying networks
with best relay selection over Nakagami-m fading channels. Besides the diversity gain, we show in the fourth part that the spatial multiplexing gain can
be achieved by cooperative communications. We analyze the performance of
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cooperative multiplexing systems in terms of symbol error rate and ergodic
capacity over composite fading channels. Finally, in the fifth part, we exploit
the benefit of both diversity and multiplexing gain by proposing an unequal
error transmission scheme for mobile multimedia services using cooperative
communications.
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Introduction

Wireless communications has grown successfully over the last twenty years
and is expected to continue on into the foreseen future. With the deployment
of services such as mobile multimedia, mobile video applications, and mobile
streaming on-demand, we are witnessing an increasing demand for higher
data rates in the third-generation (3G) mobile cellular systems and this trend
enormously evolves into the 4G systems.
On the other hand, the performance of the transmission of the aforementioned bandwidth demanding services faces fundamental limitations due to
impairments inflicted by the mobile radio channel. Specifically, as signals
traverse from transmitter to receiver the related electromagnetic wave propagation has to generally cope with reflection, diffraction, and scattering. In
addition, multipath propagation of the signals causes rapid fluctuations of
the amplitude, phases, and delays which is commonly referred to as fading.
These impairments caused to the signals can be compensated for by various
ways such as increasing transmit/receive power, bandwidth, and/or applying
powerful error control coding (ECC). However, power and bandwidth are very
scarce and expensive radio resources while ECC yields reduced transmission
rate. Hence, acquiring a high data rate together with reliable transmission
over error-prone mobile radio channels is a major challenge of mobile radio
system design.
Multiple-input multiple-output (MIMO) systems, where multiple antennas
are equipped at the transceiver of the wireless link, can significantly increase
the data rate and reliability of wireless networks [1–6]. As one of the most vibrant research themes of wireless communications, space-time coding has been
developed to approach the information theoretical limit of MIMO channels.
It has been shown that using the Vertical Bell Laboratories Layered SpaceTime (VBLAST) code can achieve spectral efficiency of up to 42 bps/Hz. In
comparison to the contemporary systems such as cellular and wireless local
area networks (WLANs) where the spectral efficiency is up to 3 bps/Hz, this
1
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achievement is remarkable. Besides, using multiple antennas also enhances
the spatial diversity gain compared to a single antenna system.
However, MIMO systems strictly rely on the rich scattering propagation
environment of wireless links. In fact, the potential of MIMO is limited by
both the spatial fading correlation of antennas and rank deficiency of the channel. Specifically, spatial fading correlation between the antennas co-located
at one side reduces the diversity gains while rank deficiency due to double
scattering or pinhole effects of multiple antenna channels causes a decrease of
the spatial multiplexing gain of MIMO systems [7–10].
To overcome the above drawback, the three-terminal wireless system has
been proposed to exploit MIMO’s benefit in a distributed fashion. If two
terminals want to communicate with each other but the link between is too
weak, then the third terminal will act as a relay to assist the direct communication. With this setup, the correlation effect caused by multiple co-located
antennas can be alleviated. Furthermore, the destination can combine the
signals from source and relay terminals to attain spatial diversity gain. It
has been demonstrated that such cooperative communication is a promising
technique to improve capacity and reliability of the communication, save the
battery consumption for extending network lifetime, and finally expand the
transmission coverage area [11].
Different from non-realtime data such as file-transfer, multimedia applications have a stringent delay constraint including real-time delivery. In the
video streaming scenario, for example, even a correctly decoded packet at the
destination can be considered as outdated if its arrival time is later than some
predefined constraint. Furthermore, for multimedia services, e.g., image and
video, some parts of the encoded bit-stream require higher priority of protection than others. The distorted high priority data can remarkably degrade
the performance of the whole image or video. These properties constitute
the multimedia transmission over time variant fading channels a huge challenge. Recently, it has been shown that using relays is a promising approach
to improve the performance of multimedia transmission.
This introduction briefly reviews the field of cooperative communications
and its applications to mobile multimedia as well as provides the reader an
overview on the contribution of the thesis. The remaining of this thesis is
organized as follows. In Section 1, we mainly introduce cooperative communications. We first provide a short review of fundamental work in the field
and then continue with background of cooperative communications. Some
important concepts of relaying such as relaying protocols, relaying combining
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strategies, and relaying geometry are further discussed. In addition, other
alternative aspects extended from conventional cooperative communications,
e.g., two-way relay networks and multi-hop relay communications, are described. In Section 2, the transmission of mobile multimedia using cooperative communications is discussed. Finally, in Section 3, we emphasize the
main contribution of the thesis.

1
1.1

Overview of Cooperative Communications
A Brief Review on Fundamental Research Work of
Cooperative Communications

The research in the area of cooperative communications dates back to the
pioneering work of [12] in the 1970’s, where the capacity of relay channels
was studied for the problem of information transmission over three terminals.
Then the channel capacity of relay networks over non-faded channel has been
examined in [13]. Because of its advantage over conventional one-way communications as discussed above, the relaying concept has gained great attention
in recent research for an extension to fading channels [14–23]. Many important aspects of relay networks have been extensively studied. For example,
the capacity of relay networks over Rayleigh fading channels has been investigated in [14–16]. The diversity-multiplexing tradeoff of DF and AF relays
has been investigated in [17, 18]. In addition, some distributed space-time
codes designed for relay networks have been proposed in [17, 21]. User cooperation which is the generalization of relay networks to multiple sources has
been investigated in [19, 20]. Relaying/cooperation has been shown to offer
a performance enhancement in terms of the capacity [22, 23]. Although the
problems of relaying and cooperations have been studied for years in many
aspects such as communications, signal processing, networking, and information theory, they still attract the research community as a new paradigm for
wireless and mobile networks. Recently, the relaying method has been introduced in the WiMAX standard and is expected to spread into many other
commercial standards [24].

1.2

Basic Background on Cooperative Communications

The concept of cooperative communications is to exploit the broadcast nature
of wireless networks where the neighbouring nodes overhear the source’s sig-
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nals and relay the information to the destination. As can be seen from Fig. 1,
after receiving the signals resulting from the source, a third-party terminal
acting as relays forwards their overhearing information to the destination so
as to increase the capacity and/or improve reliability of the direct communication. The end-to-end transmission is clearly divided into two separate
stages in the time domain: Broadcasting and relaying phase. In the broadcasting phase, i.e., broadcasting channel as seen from the source’s viewpoint,
all the receiving terminals including the relays and destination work in the
same channel (time or frequency) as opposed to the second stage. In the
relaying phase, i.e., multiple access channels as seen from the destination’s
viewpoint, the transmitting terminals (relay nodes) may operate in different
channels to avoid co-channel interference.
Relay

R

D
S
Source

Destination

Figure 1: Basic cooperative communications system with a single relay.

1.3

Relaying Protocols: Processing Modes at Relays

The key idea behind cooperative communications is how the relay operates the
source’s signals. This aspect is called relaying protocol or processing mode at
relays. In general, relaying protocols are classified in two categories: Decodeand-forward (DF) and amplify-and-forward (AF). A hybrid scheme combining DF and AF, namely, hybrid decode-amplify-forward (HDAF), exploits
the advantage of both conventional modes. Besides these two main relaying
protocols, other techniques such as compress-and-forward (CF), estimate-andforward (EF), and coded cooperation are extensively reported in the literature.
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5

Decode-and-Forward: Regenerative Relay

This relaying protocol is the earliest approach of traditional cooperative communications. Using the regenerative method, the relay decodes the source’s
message and re-encodes it before forwarding it to the destination. Due to the
error propagation, the potentially wrongly decoded message at the relay can
significantly degrade the system performance. Hence, it has been assumed
that the relays only assist direct communications if the signal from the source
is correctly decoded [25, 26]. This can be done by a cyclic redundancy check
(CRC) code. With this strong assumption on the perfect capability of decoding by CRC, the relay can be considered as adaptive DF.
However, in practice, it is not always possible for the relay to detect if the
source’s signal is correctly received or not. By relaxing the above assumption,
another version of DF relays, namely fixed DF, has been extensively studied
in [27–30]. Under fixed DF mode, the relay always forwards the decoded
message to the destination regardless of the quality of received signals. It
has been demonstrated that the instantaneous received signal-to-noise ratio
(SNR) is asymptotically approximated as the minimum SNR among two hops.
Moreover, the conventional adaptive DF protocol is limited by the fact
that the decision time is fixed a priori. When the channel quality of the
source-to-relay link is very good, the relay will be able to decode very quickly.
Hence, being forced to wait until half-time before the relay can transmit leads
to some waste of resources. The dynamic DF protocol, proposed in [31, 32]
where the decision time is a random variable, can overcome the drawback
faced by the adaptive DF scheme.
1.3.2

Amplify-and-Forward: Nonregenerative Relay

In a nonregenerative system, it is realistic for relay terminals to amplify the
signal from the source terminal without performing any sort of decoding. The
relay multiplies the noisy version of the source’s signal with the amplifying
gain under a certain constraint, e.g., power constraint, and then transmits
the resulting signal to the destination. As the relay simply retransmits the
received signal from the source without any decoding manipulation, the nonregenerative method reduces the hardware complexity of relay compared to
its DF counterpart. This approach was first proposed by Laneman et al. [18].
Although the noise is amplified by the relay, the cooperation has been made at
the destination by combining two independently faded signals resulting from
source and relay. Hence, the second order diversity has been achieved which
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is the best possible result of this setup [18, 33].
The choice of the amplifying gain leads to further subcategories of AF
relays. If the relay has the full knowledge of the channel state information
(CSI), the amplifying gain can be varied and its name is CSI-assisted AF
relay or variable-gain AF relay. In contrast, the semi-blind AF relay or fixedgain AF relay requires only the statistical property for the channel between
source to relay. The former outperforms the latter in terms of the error-rate
performance with the increased complexity [34]. Hence, there is a trade-off
between the two versions of AF relays.

1.3.3

Compress-and-Forward and Estimate-and-Forward

Other relaying techniques without requirement of decoding at the relay are
CF [35] and EF [36, 37]. The key idea of CF is that the relay quantizes
and compresses the received signal using Wyner-Ziv lossy source coding and
transmits the compressed version to the destination. Then, the destination
combines the received message from the source and its quantized/compressed
version from the relay. In EF mode, the relay forwards an analog estimate of
its received signals. The estimation can be performed by entropy constrained
scalar quantization of its received signal [36] or by an unconstrained minimum
mean square error (MMSE) scheme [37]. It has been shown that the performance of CF and EF in terms of achievable rate is better than DF when the
relay is close to the destination and vice versa.

1.3.4

Coded Cooperations

Coded cooperation is different from above relaying strategies by integrating
channel coding into cooperation [38–40]. Each user’s data is punctured into
two segments, i.e., a codeword is divided into two parts. For the first phase,
each user transmits the first part of its own codeword and attempts to decode
the other part of its corresponding communication partner. If the signal is
decoded successfully, which is determined by the CRC, the user will generate
the remaining part of its partner’s codeword and transmit it to the destination.
Otherwise, the user transmits its own second part. It is important to note that
the user and its corresponding communication partner operate over orthogonal
channels. In general, several channel coding schemes can be applied for coded
cooperation for example block or convolutional code or a combination of both.
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Relaying Combining Strategy and Relaying Geometry for Cooperative Communications
Relaying Combining Strategy

Most of the research work in cooperative cooperations has employed the maximum ratio combining (MRC) technique to combine all the coming signals
from source and relays based on the assumption that the destination has the
global knowledge on CSI. Conventionally, the MRC technique is the maximum
likelihood (ML) decoding for AF relays. However, this does not hold for DF
relays. A new weighted MRC has been proposed for DF relays in [27], namely,
cooperative-MRC (C-MRC). This new combining approach has been shown
to achieve the full diversity gain regardless of the constellation used. However, deploying MRC and C-MRC at the destination requires the full knowledge on CSI of all links which is hard to implement in practical scenarios.
To achieve the full diversity while keeping the complexity acceptable, a distributed switch-and-stay combining (DSSC) has been investigated in [41–43].
The destination compares the quality of received signals, i.e., received instantaneous SNR, with the predetermined threshold and makes the decision
to switch branch between source or relay. This scheme works similarly as
incremental relaying without applying MRC between two branches.
Best relay selection (BRS) has been considered as one of the simplest relaying combining strategies achieving the full diversity [25, 26, 28–30, 44, 45].
The BRS technique can be divided into opportunistic relay where the relay
holding the maximum of the minimum SNR between two hops is selected and
best relay where the relay has the largest global received SNR is chosen. Similarly as in C-MRC, again the destination is assumed to have the perfect CSI
for making the decision to select the best relay to collaborate with. A simpler
version of BRS, called partial relay selection (PRS), has been considered to
relax the above assumption [46–53]. In contrast, only the CSI of the second
hop is taken into account for relay selection. Although this scheme exhibits a
poorer performance compared to its counterpart BRS, its low complexity has
made it attractive for practical implementation.
1.4.2

Relaying Geometry

In this thesis, we assume collinear geometry for locations of three communicating terminals, as shown in Fig. 2. This assumption holds in case of
long-distance communication between source and destination and is widely
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D

( 1 − ε) d

εd
d

Figure 2: Collinear topology with an exponential-decay path-loss model where
−α
Ω0 ∝ d−α , Ωh = ε−α Ω0 , and Ωf = (1 − ε) Ω0 .
applied in literature (see, e.g., [18, 34, 35, 54, 55] and references therein). The
path-loss of each link follows an exponential-decay model: If the distance between the source and destination is equal to d, the channel mean power of the
source-to-destination link is Ω0 ∝ d−α where the path-loss exponent α = 4
corresponds to a typical non line-of-sight propagation. Then, Ωh = ǫ−α Ω0
and Ωf = (1 − ǫ)−α Ω0 where Ωh and Ωf are the channel mean powers of
the source-to-relay and relay-to-destination links, respectively. Hereafter, the
scalar value ǫ stands for the fraction of the distance from source to relay
and the distance from source to destination. For example, when the relay is
located half-way between the source and destination, we have ǫ = 0.5.

1.5

One-Way and Two-Way Relays

Dual-hop half-duplex relay networks lose half of the throughput compared
to the direct communication due to the fact that the relay cannot transmit
and receive simultaneously. To overcome this drawback, a two-way (or bidirectional) relay network has been presented in [56], where two nodes, namely
S1 and S2 , transmit simultaneously to the relay R in the first hop, and in
the second hop the relay R forwards its received signals to both terminals
S1 and S2 . With this strategy, this loss of throughput can be remarkably
compensated. As a result, two-way relay networks have gained great attention
in the research community (e.g., see [56–60]).

1.6

Multi-hop Relay Networks

The multi-hop communication in relay networks is a very promising approach
to improve the transmission coverage of cellular and ad hoc networks [61–66].
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R

Source 1

Relay

Source 2

Figure 3: Basic model of a two-way relay system.
In multi-hop relay networks, a transmission between a source node and destination node is composed of multiple hops as illustrated in Fig. 4. Multihop transmission can significantly reduce the transmit power compared to
direct communications. In addition, because of transmit power constraints,
multi-hop transmission also leads to remarkable coverage extensions by dividing a total end-to-end transmission into a group of shorter paths. On the
other hand, due to the rigorous effect of fading and shadowing, the lack of
line-of-sight can severely degrade the system performance. Using multi-hop
transmission can overcome this dead-end spots problem and thus another advantage of multi-hop relaying has been pointed out, especially for rural areas
with low traffic density and sparse population. In these areas, there is no
economic benefit in building the whole cellular networks but multi-hop relay
networks. Hence, the multi-hop technique is a promising candidate to meet
the desirable goal of contemporary wireless systems with respect to providing
seamless communications [67].

Destination
Hop 1

S

Hop 2

R1

R2

Rk

RN-1

Hop N

Source

Figure 4: Example of a multi-hop relay system.
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Mobile Multimedia over Cooperative Communications

Future mobile communication systems are expected to satisfy the increasing
demand for services with stringent constraints on quality of service (QoS)
such as mobile multimedia, mobile video applications, and mobile streaming
on-demand. Due to the source encoding that is usually imposed to multimedia applications, e.g., speech, audio, image, and video, some parts of the
produced multimedia format have a higher priority for the signal reconstruction than others. Specifically, errors to headers and markers of such formats
that may be induced during transmission over the radio channel can severely
degrade the multimedia quality regardless of the reception of the remaining parts. In [68], a coded image sequence based on the wavelet transform,
so-called embedded zerotree wavelet (EZW), is divided into two priorities.
The higher priority contains the most significant information of image pixels
consisting of the wavelet coefficients of dominant pass and subordinate pass
extracted from several early scanning steps. The lower priority conveys less
important information. Using cooperative communications, two pre-assigned
relays cooperate to form a distributed-Alamouti code which help the source
to transmit the low priority sequence of the image over error-prone wireless
channels. Among the whole relay nodes in the networks, two relay nodes are
selected which provide the maximum signal-to-noise ratio to convey the higher
priority. With this strategy, unequal error protection is implicitly achieved
for image transmission without controlling power or varying modulation and
coding at the transmitter at the expense of increasing network’s overhead (i.e.
feedback information). The selection of relays needs limited feedback, hence,
making the proposed scheme feasible for practical applications.
Apart from prioritized data structures caused by source encoding techniques, the actual content of a multimedia application may result in some
parts being more important to the end-user than others. In particular, as
far as context or content of images is concerned, the region of interest (ROI)
prioritizes those areas that attract more attention over the background (BG)
content. Viewers will commonly pay attention to ROI rather than BG. Accordingly, it appears to be more annoying to observe distortions in the ROI
of an image although the BG has high quality. Hence, it is beneficial from a
perceptual quality point of view to rather improve the quality of an ROI than
spending too much resources on the BG. Clearly, this is particularly helpful
for wireless imaging and mobile video services where bandwidth is scarce and
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expensive. For image transmission, for example, a more efficient use of available radio resources such as bandwidth and power may be unequally allocated
between ROI and BG in the way that the former receives a higher portion.
In other words, resources could be controlled to increase the quality of the
portion of an image that would be of most interest to the viewer. In [69], for
instance, unequal error protection for ROI coded images over fading channels
has been proposed. In [70], a novel ROI-based image transmission scheme for
wireless fading channels to improve the quality of ROI using cooperative diversity is proposed. Specifically, image communications with three terminals,
i.e., source, relay, and destination, is considered. In the first-hop transmission,
the source broadcasts the ROI frame to both the relay and the destination. In
the second-hop transmission, the source sends the BG frame to the destination
while the relay assists to enhance the quality of the ROI at the destination
by forwarding the ROI received from the first-hop transmission. With this
transmission scheme, the relay does not consume the power used to transmit
BG as in the conventional communications. Therefore, to satisfy the total
power constraint, the relay can allocate more power for the ROI-based image transmission by using the remaining power reserved for the BG. At the
destination, the ROI frames from the first-hop and second-hop transmission
are combined using the MRC technique to enhance the quality of ROI. It has
been shown that the proposed scheme significantly improves the ROI and the
quality of the image compared to conventional approaches.
Using relays to transmit videos has recently also gained an increased interest in the research community [71,72]. Specifically, a video multicast strategy
for a two-hop cooperative transmission scheme has been proposed in [71]. A
H.264/SVC encoded video with two layers, namely, base and enhancement
layers is considered so that receptions of more layers lead to better video
quality. The randomized distributed space-time codes (RDSTC) are used to
provide users different video quality based on their channel conditions. The
performance of the proposed relaying scheme has been shown to outperform
a conventional multicast systems.

3

Thesis Contribution

The thesis consists of five parts. Part I proposes a hybrid relaying protocol
combining adaptive DF and AF, called HDAF, to enhance the performance
of cooperative communications compared to two conventional relaying modes.
Part II extends the HDAF scheme to the case of multiple relays. In Part III, we
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analyze the performance of BRS with fixed DF relays in Nakagami-m fading
channels. In Part IV, the performance of cooperative spatial multiplexing
system with adaptive DF relays is investigated over the composite channel
of Rayleigh fading and log-normal shadowing. Finally, in Part V, unequal
error protection using cooperative communications has been proposed which
can achieve the maximum spatial diversity gain for high priority data and a
high spatial multiplexing gain for low priority data. In the following, a brief
summary on the contribution of each part will be described.

3.1

PART I: On the Performance Gain of Hybrid Decode-Amplify-Forward Cooperative Communications

In this part, we propose a hybrid decode-amplify-forward (HDAF) protocol
combining the AF mode and adaptive DF mode with hard decision and study
its symbol error probability (SEP) performance over Rayleigh fading channels.
Instead of remaining silent during the second-hop transmission if the signal
is corrupted as in the adaptive DF protocol, the HDAF scheme can increase
the performance by having the relay perform in the AF mode. Below are
important contributions of this part:
• In [62], the SEP performance of CSI-assisted AF relay was obtained from
the moment-generating function (MGF) of the harmonic mean of two
independent exponential variables. As a result, the MGF expression
is given in integral form, containing the hypergeometric function. In
contrast, in this part, we derive simple MGF formulas including only elementary functions, without introducing any hypergeometric functions.
We further show that our result is numerically identical but provide a
simpler mathematical expression compared to the works in [62].
• This finding enables us to calculate asymptotically tight approximations
for SEP of the AF protocol. Recently, the SEP approximation for AF
relays has been investigated in [54]. It has been shown that although
both formulas, i.e., our approximation and [54, eq. (20)], are derived
independently they can be expressed in a similar form, only with the
difference at the scale value. Interestingly, we demonstrate that our
SEP approximation for the AF protocol is tighter than the work given
in [54].
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PART II: Hybrid Decode-Amplify-Forward Cooperative Communications With Multiple Relays

This part extends our previous work in Part I to the case of multiple relays.
Our contribution is summarized as follows:
• We derive closed-form expressions and very tight approximations for
SEP of the three relay protocols, i.e., HDAF, adaptive DF and AF, for
multiple relays.
• Using these approximations, we further calculate the SEP performance
gain of the HDAF protocol over the two conventional ones, i.e., adaptive
DF and AF. These gains strongly depend on the ratio of channel mean
powers between the source-to-relay and relay-to-destination links. For
the symmetric case, i.e., the relays are placed half-way between the
source and destination, we obtain a medium gain of HDAF over adaptive
DF and AF. For the asymmetric relaying topology, as the relays are
close to the destination HDAF achieve a large improvement in SEP
performance compared to adaptive DF and AF but these gains are very
small when the relays are located nearby the source.
• It is shown that the gain increases with the number of relays. However,
it is observed that the gain saturates towards a limit as the number of
relays becomes large. Specifically, the gain increases very little once the
number of relays is greater than three. This observation motivates us
to use a small number of relays to reduce the network overhead and
hardware complexity while the obtained gain is still as much as in the
large-number case.

3.3

PART III: On the Performance of Selection Decodeand-Forward Relay Networks Over Nakagami-m Fading Channels

In this part, we derive closed-form expressions of outage probability and SEP
for the fixed DF relay with the BRS scheme in Nakagami-m fading channels.
The contributions of this part are summarized as follows:
• The analysis covers the general cases, i.e., dissimilar fading parameters
for all links and no assumption of perfect decoding received signals’ CRC
at relays.
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• Various numerical examples are shown to validate correctness of our
analysis.

3.4

PART 4: Cooperative Spatial Multiplexing With
Decode-and-Forward Relays Over Composite Fading
Channels

Similarly as in MIMO systems, spatial multiplexing gain can be obtained
in wireless relay and ad hoc networks. The cooperative spatial multiplexing
(CSM) system significantly improves the spectral efficiency compared to the
cooperative diversity system by having all participating relay transmit simultaneously to the destination in the same physical channel. Hence, in this part,
we analyze the performance of CSM systems with adaptive DF relays. Below
are the contributions of this part:
• We derive closed-form expressions for average SEP and ergodic capacity of CSM systems with linear equalization receiver in the composite
channel of log-normal shadowing and Rayleigh fading.
• The final results are given in the form of hypergeometric function by
using the Gauss-Hermite quadrature integration which readily enable
us to evaluate the SEP and capacity of CSM in some representative
scenarios.

3.5

PART 5: Unequal Error Protection for Wireless Multimedia Transmission in Decode-and-Forward Relay
Networks

This part proposes an unequal error protection scheme for multimedia transmission in wireless relay networks achieving the maximum diversity order for
delivering high priority sequence and high data rate for low priority bit stream.
Our contributions in this part are as follows:
• Closed-form expressions of SEP and spectral efficiency have been derived.
• Asymptotically tight approximations for SEP have been shown to render
insight into the effect of number of relays on the diversity gain.
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• Monte-Carlo simulations and numerical results verify that our proposal
outperforms two well-known all-participate relaying schemes, i.e., distributed space-time code and orthogonal transmission using MRC.
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Decode-Amplify-Forward Cooperative
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Trung Q. Duong and Hans-Jürgen Zepernick

Abstract

In this paper, we investigate the performance of adaptive decodeforward (ADF), amplify-forward (AF), and hybrid decode-amplify-forward (HDAF) relaying protocol. In particular, we derive the closed-form
expression of symbol error probability (SEP) for these three relaying
protocols. For the AF protocol, we derive a simpler and more tractable
final result than previously published work [1]. Furthermore, analyzing
the high signal-to-noise ratio (SNR) regime, we derive an asymptotically tight approximation for SEP. Especially, for the AF protocol, our
SEP approximation is tighter than the result in [2]. The SEP approximation is used to assess an important aspect between the three different
relaying protocols, i.e., the SEP performance gain of HADF over the
two conventional relaying schemes ADF and AF. It is shown that the
performance gain of HDAF over ADF and AF significantly depends
on the relative value of channel conditions between source-to-relay and
relay-to-destination link (relay channels). Interestingly, it is shown that
the HDAF protocol has no benefit compare to the two others if the relay is located close to the source. In contrast, the performance gains of
HDAF over the ADF and AF scheme are remarkably large as the relay
moves nearby the destination. Specifically, the numerical results given
as well as our analysis indicate that for QPSK modulation, HDAF outperforms ADF and AF with a performance improvement by 5 dB and
6 dB, respectively.
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Part I

Introduction

The research in the area of cooperative communications dates back to the
work of [3], where the capacity of relaying channels with three terminals was
studied. The basic idea of this cooperative system is that a source broadcasts
information to both the relay and the destination; the relay retransmits the
information about the same message to the destination; then, the destination
combines the information received from both the source and the relay to enhance the reliability, thereby achieving spatial diversity albeit each terminal
has only a single antenna. More recently, it has been shown that cooperative diversity can be modeled with multiple terminals and therefore attain a
spatial diversity gain in a distributed fashion [4, 5, 6, 7, 8]. Cooperative relaying protocols can be subcategorized according to their forwarding scheme
as amplify-forward (AF) and decode-forward (DF). An AF scheme simplifies
relaying operation in order to minimize cooperation overhead. In AF relaying mode, relay terminals simply amplify the signal received from the source
and forward it to the destination without performing any sort of signal regeneration. In DF relaying mode, the relay fully decodes and then transmits
the received message to the destination. The DF mode can be further classified as: 1) fixed decode-forward (FDF): the relay always forwards its received
message, where potential propagating errors could lead to wrong decision at
the destination and 2) adaptive decode-forward (ADF): the relay will not be
active if the signal from the source is corrupted. In [9], focusing on the worst
case scenarios, it has been shown from simulation results that the performance
of FDF and AF modes are not much different and are both pretty bad. A
hybrid scheme of ADF and AF for orthogonal frequency division multiplexing (OFDM) systems has been proposed in [10]. Depending on the channel
condition of the source-to-relay link on each sub-carrier, the better protocol
between ADF and AF is selected. Simulation results have verified the advantage of the proposed hybrid scheme. Recently, a hybrid scheme combining
AF and FDF with soft-decision, namely decode-amplify-forward protocol, has
been reported in [11]. By having the relay perform soft decoding and forward
the reliability information at the output of its decoder to the destination, this
hybrid scheme cleverly combines the merit of both AF and DF mode.
In this paper, we focus on a cooperative communication scheme with hybrid decode-amplify-forward (HDAF) protocol combining the AF mode and
ADF mode with hard decision and study its symbol error probability (SEP)
performance over Rayleigh fading channels. Instead of remaining silent during
the second-hop transmission if the signal is corrupted as in the ADF protocol,
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the HDAF scheme can increase the performance by having the relay perform
in the AF mode. When the relay has full knowledge about the instantaneous
fading channel of the source-to-relay link, it can operate in channel state information (CSI)-assisted AF relay mode. Besides, when only the channel mean
power of the first hop is available at the relay, semi-blind AF relay is considered. In this paper, we focus on CSI-assisted AF relays and Rayleigh fading
channels for all links.
Our contribution is summarized as follows. In [1], the SEP performance
of CSI-assisted AF relay was obtained from the moment-generating function
(MGF) of the harmonic mean of two independent exponential variables. As
a result, the MGF expression is given in integral form, containing the hypergeometric function. In contrast, in this paper, we derive the simple MGF
formulas including only elementary functions, without introducing any hypergeometric functions. We further show that our result is numerically identical
but provide a simpler mathematical expression compared to the works in [1].
This finding enables us to calculate asymptotically tight approximations for
SEP of the AF protocol. Recently, the SEP approximation for AF relays has
been investigated in [2]. It has been shown that although both formulas, i.e.,
our approximation and [2, eq. (20)], are derived independently they can be
expressed in a similar form, only with the difference at the scale value. Interestingly, we demonstrate that our SEP approximation for the AF protocol is
tighter than the work given in [2].
These findings lead to deriving the performance gain of HDAF over ADF
and AF systems. We show that the gain of HDAF over ADF and AF depends on the relative values of channel quality of source-to-relay and relayto-destination link. When the relay is placed halfway between the source and
destination, we observe an improvement of 1 dB and 1.5 dB in SEP performance of HDAF scheme over ADF and AF, respectively. Specifically, it is
shown that for QPSK modulation HDAF can increase SEP performance by 5
dB and 6 dB, respectively, compared to ADF and AF as the channel quality
of relay-to-destination link is much better than that of source-to-relay link.
The remaining parts of this paper are organized as follows. In Section 2, we
briefly review the system and channel model for cooperative communications.
In Section 3, we then derive the associated SEP performance gain in the high
SNR regime. Numerical results are provided in Section 4 to verify our analysis.
Some discussion and future work have been addressed in Section 5. Finally,
Section 6 concludes the paper.

30

2

Part I

System and Channel Model

Let us consider the specific half-duplex cooperative relay-based wireless system with three terminals as shown in Fig. 1, where the direct communication between the source S and destination D is assisted by the relay R. The
communication occurs in two hops. During the first-hop transmission (broadcasting phase) spanning one symbol-interval, the source S sends the symbol
to the relay R and destination D. In the second-hop transmission (relaying
phase) lasting one symbol-interval, for the DF mode, the relay terminal decodes the message and forwards it to the destination. For the AF mode, the
received signal from the source-to-relay link is retransmitted with an amplifying parameter G to satisfy the power constraint at the relay (i.e., equal
power allocation between S and R). In this paper, to simplify the analysis we
only consider the orthogonal AF (OAF) protocol, i.e., the source S remains
silent in the relaying phase. In contrast, a non-orthogonal AF protocol (the
source S continues to transmit in the relaying phase) which improves the performance compared to the OAF scheme has been investigated in [12, 13, 14].
Finally, the destination combines the signals from two hops transmission using
a maximum-ratio-combining (MRC) scheme to enhance the reliability. We assume that the channels of all links induce quasi-static fading, i.e., the channel
remains constant for the duration of a frame and changes independently to a
new value for each subsequent frame. Furthermore, we restrict our attention
to the ADF protocol as the relay does not propagate the error message to the
destination as in the FDF scheme.
Relay

R
hSR

S
Source

hRD
hSD

D
Destination

Figure 1: Cooperative communications with three terminals.
The received signals at the destination and relay, respectively, during the
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broadcasting phase are given as
ySD = hSD st + nSD

(1)

ySR = hSR st + nSR

(2)

where st is the transmitted signal at the source with the average transmit
power per symbol Ps . Depending on the relaying operation during the secondhop transmission, the received signals at the destination for ADF and AF
mode, respectively, are given as follows:
ADF
yRD
= hRD st + nRD
AF
yRD
= hRD GySR + nRD

(3)
(4)

In (1), (2), (3), and (4), the notations hA , yA , and nA , A ∈ {SD, SR, RD},
represent the fading channel magnitude with the channel mean power ΩA ,
received signals, and additive white Gaussian noise (AWGN) with variance
N0 , respectively. It is noted that all random variables hA ∼ CN (0, ΩA ),
where CN (0, ΩA ) denotes the complex Gaussian random variable with zero
mean and variance ΩA , and nA ∼ CN (0, N0 ) are statistically independent. At
the destination, the received signals from the source and relay are combined
together using the MRC technique.
In case of the ADF protocol, if the relay correctly decodes the message,
it will be forwarded to the destination during the relaying phase. Then, the
instantaneous SNR of the MRC output is given by
1
γADF
= γSD + γRD

(5)

where γSD and γRD are the instantaneous SNR of source-to-destination link
and relay-to-destination link, respectively. Otherwise, the relay remains silent,
hence, in this case we have
2
γADF
= γSD

(6)

For the AF protocol, as stated earlier, the amplifying parameter G is
chosen based on the power constraint between the two phases. In this paper,
without considering the power optimization problem, we assume the relay
consumes the same amount of power as the source does in the first-hop. In
case of available instantaneous CSI at R (CSI-assisted relay), an amplifying
parameter G can be formulated as [1]
−1
G2 = |hSR |2 + 1/γ0
(7)
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where γ0 = Ps /N0 is the common SNR of each link without fading [7]. Hence,
the instantaneous SNR after MRC for CSI-assisted AF protocol is expressed
as [1]
γAF = γSD +

γSR γRD
γSR + γRD + 1

(8)

For the second term in (8), it is somewhat difficult to find the CDF and MGF.
Fortunately, it can be tightly bounded in the form of harmonic mean of two
independent exponent random variables as [1]
γAF = γSD + z1

(9)

γSR γRD
γSR + γRD

(10)

where
z1 =

3

Symbol Error Probability and Performance
Gain

In this section, we derive closed-form expressions for SEP of M -PSK modulation with three relaying protocols, i.e., ADF, AF, and HDAF, by applying
the well-known MGF approach [15, 16]. We further show very tight approximations for SEP, induced from the numerical results given in Section 4, which
help to assess asymptotic behavior of SEP in the high SNR regime. In practice, the decoding decision at the relay is determined by checking the cyclic
redundancy check (CRC) of a frame. However, in this paper, it is assumed
that this decision is made symbol by symbol for mathematical tractability
of SEP derivation. Denoting Pc as the probability that the relay correctly
decodes the symbol, we have [15, 16]
Pc = 1 −

1
π

Z

0

π
π− M

ΦγSR



g
sin2 θ



dθ

(11)

where g = sin2 (π/M ) and ΦγA (s) is the MGF of γA defined as
ΦγA (s) = EγA {exp (−γA s)}
where Ex {.} is the expectation operator over the random variable x.

(12)
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Adaptive Decode-Forward Relay Protocol

1
2
By defining Pr{γADF
} and Pr{γADF
} as the average SEP associated with the
events that the relay correctly and incorrectly decodes the symbol transmitted
from the source, respectively, the average SEP of the ADF protocol can be
written as
1
2
SEPADF = Pc Pr{γADF
} + (1 − Pc ) Pr{γADF
}
1
γADF

(13)

2
γADF

From the expressions of
and
given in (5) and (6), respectively, along
with the fact that γSD and γRD are statistically independent, we have




π
Z
Pc π− M
g
g
SEPADF =
ΦγSD
Φ
dθ
γRD
π 0
sin2 θ
sin2 θ


π
Z
1 − Pc π− M
g
+
ΦγSD
dθ
(14)
π
sin2 θ
0
Moreover, by substituting (11) in (14), we obtain the SEP of ADF as follows




π
Z
1 π− M
g
g
SEPADF =
Φ
dθ
ΦγSD
γRD
π 0
sin2 θ
sin2 θ
 Z π− π



π
Z π− M
M
1
g
g
+ 2
ΦγSR
dθ
ΦγSD
dθ
π 0
sin2 θ
sin2 θ
0






π
π
Z π− M
Z π− M
1
g
g
g
− 2
ΦγSR
ΦγSD
dθ
ΦγRD
dθ (15)
π 0
sin2 θ
sin2 θ
sin2 θ
0
By assessing the SEP expression of ADF given in (15) at large SNR, we observe
that the negative term is much smaller compared to two positive terms as there
are three MGF values included in the last term. Therefore, eliminating the
last term (negative term) of (15) leads to the SEP approximation




π
Z
g
g
1 π− M
ΦγSD
Φ
dθ
SEPADF ≈
γRD
π 0
sin2 θ
sin2 θ

 Z π− π


π
Z π− M
M
1
g
g
+ 2
ΦγSR
ΦγSD
dθ
dθ (16)
π 0
sin2 θ
sin2 θ
0
2

Since hA ∼ CN (0, ΩA ), A ∈ {SD, SR, RD}, it is obvious that γA = γ0 |hA |
obeys an exponential distribution with parameter γ01ΩA and as a consequence
the MGF of γA can be written as
−1

ΦγA (s) = (1 + γ0 ΩA s)

(17)
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Also, at the high SNR regime, i.e., γ0 ≫ 1, the MGF of γA , by omitting the
unit value in (17), can be approximated by
−1

ΦγA (s) ≈ (γ0 ΩA s)

(18)

Eventually, from (16) and (18) the approximation of SEPADF is obtained as


1
α
β2
SEPADF ≈
+
(19)
πΩSD γ02 g 2 ΩRD
πΩSR
where
α=

Z

π
π− M



sin 4π
3π (M − 1) sin 2π
M
M
sin θdθ =
+
−
8M
4
32
4

0

(20)

and
β=

Z

π
π− M

0

3.2

π (M − 1) sin 2π
M
sin θdθ =
+
2M
4M
2



(21)

Amplify-Forward Relay Protocol

γRD
From (9) and using the fact that γSD and γγSRSR+γ
are assumed to be statistiRD
cally independent, the average SEP of the AF protocol is given by

SEPAF

1
=
π

Z

0

π
π− M

ΦγSD



g
sin2 θ



ΦZ1



g
sin2 θ



dθ

(22)

γRD
where z1 = γγSRSR+γ
and ΦZ1 (s) is derived in the Appendix A. In [1], the
RD
closed-form expression of SEP for AF relay is given in the form of hypergeometric function. We will show in the next section that both formulas, i.e.,
our final expression of ΦZ1 (s) given in (43) and [1, eq. (20)], provide the
identical numerical result. It is worth mentioning that our final expression,
contains only elementary functions and therefore is much simpler than [1,
eq. (20)]. This finding helps us to derive the asymptotically tight approximation of SEP for both AF and HDAF relay protocols. Moreover, using the
asymptotic approximation of ΦZ1 (s) in (48), a tight approximation of SEPAF
in the high SNR can be obtained as follows:


α
1
1
1
SEPAF ≈
+
(23)
πγ02 g 2 ΩRD
ΩSR ΩSD
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Remark: In [2], the SEP of the AF protocol has been approximated in the high
SNR regime using the McLaurin series expansion of the probability distribution
function (PDF) of γAF given in (9). Specifically, for M -PSK modulation and
Rayleigh fading channels for all links, the SEP approximation for the AF
protocol derived in [2] is rewritten in terms of our notations as follows [2,
eq. (20)]

SEPAF

3
≈ 2 2
8γ0 g



1
1
+
ΩRD
ΩSR



1
ΩSD

(24)

Examining the two expressions of approximated SEP given in (23) and (24),
we can see that although both formulas are derived independently they produce
a similar form, only with the difference at the scale value. In the next section,
we numerically show that our approximation (23) is tighter than (24) deduced
in [2].

3.3

Hybrid Decode-Amplify-Forward Relay Protocol

With the HDAF relaying scheme, the relay operates in DF mode if it can
correctly decode the message from the source, otherwise the relay acts in AF
mode. Let us denote Pr{γAF } as the average SEP associated with the event
that the relay incorrectly decode the source’s symbol, hence, the SEP in this
protocol can be expressed as
1
} + (1 − Pc ) Pr{γAF }
SEPHDAF = Pc Pr{γADF

(25)

where the first term in (25) corresponds to the ADF mode and the second
term indicates the AF mode. Since γSD are statistically independent with γRD
and Z1 , from (5) and (9), we obtain

SEPHDAF =

Pc
π

Z

0

π
π− M




g
g
Φ
dθ
γ
RD
sin2 θ
sin2 θ




π
Z
1 − Pc π− M
g
g
Φ
dθ (26)
+
ΦγSD
Z1
π
sin2 θ
sin2 θ
0
ΦγSD
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We next substitute (11) in (26) and the above formula can be rewritten as
1
=
π

SEPHDAF
1
π2

Z

1
− 2
π

Z

+

π
π− M

0
π
π− M

0

π
π− M




g
g
ΦγSD
ΦγRD
dθ
sin2 θ
sin2 θ
0
 Z π− π





M
g
g
g
dθ
Φ
dθ
ΦγSR
Φ
Z1
γSD
sin2 θ
sin2 θ
sin2 θ
0
 Z π− π





M
g
g
g
ΦγSR
dθ
ΦγSD
ΦγRD
dθ (27)
sin2 θ
sin2 θ
sin2 θ
0
Z



Similarly as in the ADF protocol, by eliminating the last term in (27), the
SEP approximation of HDAF can be determined by
SEPHDAF
+

1
π2

Z

0

1
≈
π

π
π− M

π
π− M






g
g
ΦγSD
ΦγRD
dθ
sin2 θ
sin2 θ
0


 Z π− π



M
g
g
g
ΦγSR
Φ
dθ
Φ
dθ (28)
γ
Z
1
SD
sin2 θ
sin2 θ
sin2 θ
0
Z

−1

Using the fact that ΦγSD (s) ≈ (ΩSD γ0 s) and the approximation of ΦZ1 (s)
given in (48) of Appendix A, we can tightly asymptotically approximate
SEPHDAF as



1
α
αβ
1
1
SEPHADF ≈
+
+
(29)
πΩSD γ02 g 2 ΩRD
πΩSR γ0 g ΩSR
ΩRD

3.4

Performance Gain of HDAF over ADF and AF

We now assess the behavior of SEP performance for the considered three
relay protocols in the high SNR regime by analyzing their approximations.
As can clearly be seen from (19), (23), and (29), the three protocols result in
a diversity order of two since the SEP expressions are inversely proportional
to γ02 . In other words, the related three SEP curves plotted in log-log scales
are parallel with the slope of order two in the high SNR regime as illustrated
in Fig. 2. Intuitively, the HDAF scheme outperforms both ADF and AF.
These observations inspired us to deduce the performance gain that can be
achieved with HDAF compared to the two conventional protocols ADF and
AF. To answer this question, we adapt the concept of relaying gain GB . Here,
GB with B ∈ {ADF, AF} is the SEP performance gain of HDAF compared to
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Figure 2: Performance gain of HDAF over ADF and AF.
the B protocol. As shown in Fig. 2, we have


10
SEPB
GB (dB) =
× log10 lim
γ0 →∞ SEPHDAF
2

(30)

The limit operation in (30) implies that the gain GB is obtained in the high
SNR regime. In this context, we now calculate GADF and GAF . Substituting
(19) and (29) in (30) and performing some elementary manipulations, GADF
can be expressed as


β 2 ΩRD
GADF = 5 log10 1 +
(31)
παΩSR
Substituting (23) and (29) in (30), the gain GAF to be considered here is given
by


ΩRD
GAF = 5 log10 1 +
(32)
ΩSR
Regarding the channel mean power of each link, we also assume that the relay
is placed in between the source and destination. The path-loss of each link
is assumed to follow an exponential-decay model. As such, if the distance
between the source S and destination D is given as l, then ΩSD ∝ l−ν . For
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example, a path-loss exponent of ν = 4 corresponds to a typical non line-ofsight propagation scenario. This geometrical model has been widely used in
the context of relay networks (see, e.g., [2, 17]). According to this physical
model, when the relay is located close to the source or the destination we
have ΩSR ≫ ΩRD or ΩSR ≪ ΩRD , respectively. As the relay is located half-way
between the source and destination, we have ΩSR = ΩRD .
In view of (31) and (32), the following general observations can be made
for the respective gains:
• With a fixed modulation scheme, i.e., M is constant, GB depends only
on the ratio between channel mean power of the relay-to-destination link
and that of source-to-relay link.
• As the relay moves closely to the source, we have ΩRD ≪ ΩSR leading
to GB = 0. We can intuitively explain this result as follows. As the
channel of source-to-relay link is very good, the probability that the
relay correctly decodes the source’s signal is high. As a result, the HDAF
scheme mostly acts in the DF mode. However, there may be some rare
situations in which the relay cannot decode the source’s message and
HDAF will act in the AF mode to assist the direct communication. That
is the reason HDAF still achieves some very small gain, which also can
be neglected, in this particular case. Furthermore, for the AF scheme,
the compound source-relay-destination path can be approximated by the
inferior channel between source-to-relay and relay-to-destination links.
Hence, the AF mode now provides a similar performance as ADF. In
other words, the three protocols almost result in identical performance.
• In contrast, the gain is significant when the relay is located nearby the
destination, i.e., ΩRD ≫ ΩSR . We can similarly explain this results as in
the case the relay is close to the source.
2

β
• Examining the function f (M ) = πα
(deduced from (20) and (21)),
with M ≥ 2 (equality occurs for BPSK modulation), we can easily see
that the global maximum value of f (M ) is 2/3. Consequently, we have
GAF > GADF . In other words, the HDAF scheme always provides more
gain over AF than over ADF. This again confirms a well-known result
that ADF always outperforms AF scheme.

Next, regarding the relaying gain GB , we introduce several specific examples
for QPSK modulation (substituting M = 4 in (20) and (21) yields α = 1.13
and β = 1.43):
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Figure 3: Symbol error probability of QPSK versus SNR in symmetric cooperative system with ΩSR = ΩRD = 1.
• For a symmetric cooperative system, i.e., ΩSR = ΩRD , we have GADF =
1dB and GAF = 1.5dB.
• For an asymmetric cooperative system, where the relay is close to the
source, i.e., ΩSR ≫ ΩRD , GB goes to zero. In this special case, the HDAF
scheme has no benefit compared to ADF and AF.
• For an asymmetric cooperative system, where the relay is located nearby
the destination, i.e., ΩSR ≪ ΩRD , GB becomes remarkably large. Specifically, in case of ΩRD = 16ΩSR , HDAF achieves an increase in SEP
performance of 5.03 dB and 6.15 dB compared to ADF and AF scheme,
respectively.

4

Numerical Results

In order to validate our analysis given in the previous section, numerical
results are provided in the sequel. Fig. 3, Fig. 4, and Fig. 5 plot the SEP of
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Figure 4: Symbol error probability of QPSK versus SNR in asymmetric cooperative system with ΩSR = 16ΩRD .
QPSK modulation versus transmit SNR γ0 = Ps /N0 for the considered three
relay protocols taking into account the relay’s location as the relay is placed
halfway between the source and destination, the relay is close to the source,
and the relay is close to the destination, respectively.

4.1

Verification of Our Analysis

We display the exact SEP curves given by (14), (22), and (26) and the approximations given by (19), (23), and (29). As a reference point, for the AF
and HDAF protocol we also show the results calculated with the expression
given in [1, eq. (20)]. As can clearly be seen from these figures, our numerical
results exactly match with those calculated from [1, eq. (20)]. However, with
the complex expression of the MGF of the harmonic mean of two exponential
random variables given in [1, eq. (20)], one may not be able to perform the
tight approximation of SEP leading to relaying gain GB as our result in (39)
does. The results shown also reveal that the approximation of SEP becomes
very tight in the high SNR regime.
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Figure 5: Symbol error probability of QPSK versus SNR in asymmetric cooperative system with 16ΩSR = ΩRD .
In order to avoid dense graphical figures, we display the comparison of
two approximations, i.e., our approach and the approximation reported in [2,
eq. (20)], in separated examples. We compare the tightness of two SEP approximations, i.e., our expression given in (23) and one derived in [2, eq. (20)]
which is again shown in (24). For this purpose, we compute the relative error
of two SEP approximations and exact SEP as follows
Relative error =

|SEPapprox. − SEPexact |
SEPexact

(33)

We consider the SEP of AF protocol for QPSK modulation versus average
SNR ranging from 10 to 30 dB (medium to high SNR regime) as the relay
is located half-way between the source and destination, close to the source,
and nearby the destination in Fig. 6, Fig. 7, Fig. 8, respectively. In these
three figures, we plot the relative errors deduced from our approach and the
approximation reported in [2] in the log-log scale. As can clearly be observed,
our approach results in much smaller error than that of [2] for the whole
considered range of SNR in the three examples. Also we see that the relative
error curves of [2] yield an error floor in the high SNR regime.
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Figure 6: Comparison of two approximations for symmetric case.

4.2

Assessment of the Performance Gain

In case of the symmetric system, examining the results in the high SNR regime
of Fig. 3, we can see that the performance of HDAF increases about 1 dB
and 1.5 dB over those of ADF and AF scheme, respectively. As the relay
moves close to the source, the results presented in Fig. 4 show that the three
protocols result in nearly the same SEP performance. No gain is achieved in
this particular case. In contrast, as the relay is located close to the destination,
it is obvious from the Fig. 5 that HDAF remarkably outperforms ADF and
AF with a performance improvement by 5 dB and 6 dB, respectively. All of
these observations confirm our examples given in Section 3.4.

5

Discussion and Future Work

The conventional ADF protocol, also the one considered in this paper, is limited by the fact that the decision time is fixed a priori. When the channel
quality of the source-to-relay link is very good, e.g., in case of the relay being
close to the source, the relay will be able to decode very quickly. Hence, be-
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Figure 7: Comparison of two approximations for the case that relay is located
close to the source.

ing forced to wait until half-time before the relay can transmit leads to some
waste of resources. Recently, the dynamic decode and forward (DDF) protocol has been proposed in [12] where the decision time is a random variable.
The drawback faced by ADF can be overcome using the DDF scheme. More
recently, a novel variant of the DDF protocol with low encoding/decoding
complexity making the DDF protocol more realistic has been proposed in
[13]. Interestingly, the Alamouti-DDF presented in [13] results in the same
instantaneous SNR as in (5). Both DDF schemes in [12] and [13] achieve the
optimal diversity-multiplexing tradeoff (DMT) for all the classes of DF protocols. Clearly, employing DDF in the HDAF scheme is an interesting topic
for our future research.
In this paper, we use CRC to perform error detection at the relay. This
type of error detection codes is widely used in research on cooperative communications. However, as the channel of source-to-relay link is poor, to avoid a
high undetected error probability at the relay, we need to increase the CRC’s
bits which results in an extra amount of redundancy. An alternative practical
approach based on Forney’s rule has been presented in [18]. It has been shown
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Figure 8: Comparison of two approximations for the case that relay is located
close to the destination.
in [18] that CRC can be replaced by the bounded distance decoder for error
detection. The replacement of CRC by DDF with bounded distance decoder
is another direction for future work on the performance gain of HDAF.
Together with conventional performance metrics such as SEP, DMT is
also widely applied to effectively assess and compare existing communication
systems. Recently, the DMT of several relay protocols has been extensively
studied in [12, 13, 14, 18]. It would be interesting to derive the DMT of HDAF
to investigate its improvement over ADF and AF protocols.

6

Conclusions

In this paper, we have investigated the hybrid scheme between fixed decodeforward and amplify-forward relay protocol, namely HDAF. For the AF relay
protocol, we have derived a simpler and more tractable final result than previously published work. This finding enabled us to calculate the asymptotically
tight approximation for SEP, leading to deriving the performance gain of
HDAF over ADF and AF systems. We also compared the SEP performance
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among these three schemes. It has been shown that HDAF outperforms ADF
and AF in terms of SEP performance. The performance gain depends on
the relay’s location. The gain is significant as the relay gets close to the
destination and vice versa.
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A

Derivation of MGF of random variable Z1
given in (10)

Based on (10), the CDF of Z1 can be given by

γSR γRD
FZ1 (z1 ) = Pr{
≤ z1 } = EγRD FZ1 |γRD (z1 )
γSR + γRD



z1 γRD
= EγRD 1 − exp −
γ0 ΩSR (γRD − z1 )


Z ∞
1
z1 γRD
γRD
=1−
exp −
−
dγRD
γ0 ΩRD z1
γ0 ΩSR (γRD − z1 ) γ0 ΩRD

(34)

The lower limit of the integral in (34) comes to the fact that γRD is always
γRD
, it is easy to see that z1 ≤ γRD ).
greater than or equal to z1 (since z1 = γγSRSR+γ
RD
Taking the differentiation in (34) with respect to z1 , the PDF of Z1 is given
by
Z ∞
2
1
γRD
pZ1 (z1 ) = 2
γ0 ΩSR ΩRD z1 (γRD − z1 )2


z1 γRD
γRD
× exp −
−
dγRD
(35)
γ0 ΩSR (γRD − z1 ) γ0 ΩRD
1
Let x = γzRD
and for the sake of simplicity denote γ̄A = γ0 ΩA with A ∈
{SD, SR, RD}. Then, (35) can be rewritten as follows


Z 1
1
z1
z1
z1
pZ1 (z1 ) =
exp
−
−
dx
(36)
γ̄SR γ̄RD 0 x2 (1 − x)2
γ̄SR (1 − x) γ̄RD x
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Hence, the MGF of Z1 can be expressed as
Z ∞
ΦZ1 (s) =
exp (−sz1 ) pZ1 (z1 ) dz1

(37)

0

Substituting (36) in (37) and exchanging the order of the integrals of z1 and
x, we have
Z 1
1
1
ΦZ1 (s) =
γ̄SR γ̄RD 0 x2 (1 − x)2


Z ∞
z1
z1
×
z1 exp −sz1 −
−
dz1 dx
(38)
γ̄SR (1 − x) γ̄RD x
0
Z 1
γ̄SR γ̄RD
dx
(39)
=
(a
+
bx + cx2 )2
0
where
a = −γ̄SR

(40)

b = −sγ̄SR γ̄RD − γ̄RD + γ̄SR
c = sγ̄SR γ̄RD

(41)
(42)

The integral in (39) can be hand-calculated with the help of [19, eq. (2.172)]
and [20] as follows


b
b + 2c
4c 
√
√b
ΦZ1 (s) = γ̄SR γ̄RD −
−
arctanh
+
+ 3/2 arctanh b+2c
∆
∆
∆γ̄SR
∆γ̄RD
∆
(43)
where ∆ = b2 −4ac. Our final expression in (43) is simpler and more tractable
than [1, eq. (20)], which contains the Gauss hypergeometric function. Both
formulas, i.e., (43) and [1, eq. (20)], lead to the same numerical result but
(43) is more helpful to analyze the SEP performance in the high SNR regime
by providing the asymptotically tight approximation of ΦZ1 (s).
Ps
Moreover, as the SNR is high, i.e., γ0 = N
goes to infinity, we have
0
(44)

b ≈ −sγ̄SR γ̄RD
b + 2c ≈ sγ̄SR γ̄RD

(45)
2

∆ ≈ (sγ̄SR γ̄RD )

(46)
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and

4c
√
√b
arctanh b+2c
−
arctanh
≈0
3/2
∆
∆
∆
Hence, ΦZ1 (s) can be tightly approximated as follows


1
1
1
1
1
ΦZ1 (s) ≈
+
=
+
sγ̄SR
sγ̄RD
sγ0 ΩSR
ΩRD

(47)

(48)
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Hybrid Decode-Amplify-Forward Cooperative
Communications with Multiple Relays
Trung Q. Duong and Hans-Jürgen Zepernick
Abstract
In this paper, we investigate the performance gain of hybrid decodeamplify-forward (HDAF) relay protocol over the two conventional ones:
the adaptive decode-forward (ADF) and amplify-forward (AF) in dualhop multiple-relay networks. We analyze the performance gain in terms
of the symbol error probability (SEP) in the high signal-to-noise ratio
(SNR) regime. Similarly as in the single relay case [1], under a specific modulation scheme, these gains only depend on the ratio of channel mean power between the first-hop and second-hop transmission.
In particular, we show that the HDAF protocol obtains a large gain,
medium gain, and small gain over ADF, AF as the relays are placed
close to the destination, half-way between the source and destination
(symmetric case), and nearby the source, respectively. In contrast to
the single-relay case in which the HDAF scheme has no benefit compared to ADF and AF as the relay is located close to the source [1],
HDAF still achieves a small gain with multiple relays. Interestingly, we
further show that for all cases the performance gains are saturated as
the number of relays is large.

1

Introduction

Wireless cooperative/relay communications, which have been considered as
the virtual multiple-input multiple-output (MIMO), can attain the spatial
diversity gain in a distributed fashion [2, 3, 4, 5, 6]. In relay transmission, the
source communicate with the destination through a number of relays. Based
on the relaying operation, the relay terminal can act as in either decodeforward (DF) or amplify-forward (AF) mode. In the DF mode, the relay
needs to decode the information from the source before forwarding to the
55
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destination. As the signals of the source might experience impairments due
to the error-prone channel of source-to-relay link, this mode can result in a
severe performance degradation if the relay wrongly decodes the signal. The
DF mode can be further classified as: 1) fixed decode-forward (FDF): the relay
always forwards its received message, possibly propagating errors leading to
wrong decision at the destination, 2) adaptive decode-forward (ADF): the
relay will remain silent if the signal is wrongly decoded.
In this paper, we restrict our attention to ADF relay to avoid error propagation to the destination. On the other hand, in the AF mode, the relay just
forwards the noisy version from the source without performing any kind of
regeneration. This AF relaying mode simplifies the relay operation compared
to the DF mode. Recently, the hybrid combining scheme between ADF and
AF has been investigated in [1]. It has been shown that with proper relay’s
location the hybrid decode-amplify-forward (HDAF) protocol, can achieve a
significant improvement in symbol error probability (SEP) performance compared to ADF and AF.
In this paper, we extend our previous work in [1] to the case of multiple
relays. Our contribution is summarized as follows:
• We derive very tight approximations for SEP of the three relay protocols,
i.e., HDAF, ADF and AF.
• Using these approximations, we further calculate the SEP performance
gain of the HDAF protocol over the two conventional ones, i.e., ADF
and AF. These gains strongly depend on the ratio of channel mean
powers between the source-to-relay and relay-to-destination links. For
the symmetric case, i.e., the relays are placed half-way between the
source and destination we obtain a medium gain of HDAF over ADF
and AF. For the asymmetric relaying topology, as the relays are close to
the destination HDAF achieve a large improvement in SEP performance
compared to ADF and AF but these gains are very small when the relays
are located nearby the source.
• It is shown that the gain increases with the number of relays. However,
it is observed that the gain saturates towards a limit as the number of
relays becomes large. Specifically, the gain increases very little once the
number of relays is greater than three. This observation motivates us
to use a small number of relays to reduce the network overhead and
hardware complexity while the obtained gain is still as much as in the
large-number case.
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The paper is organized as follows. In Section 2, we briefly review the
system and channel model for cooperative communications. In Section 3, we
then derive the exact SEP for the three associated protocols (i.e., HDAF,
ADF, AF) and its approximation in the high SNR regime further leading
to compute the performance gain of the hybrid scheme compared to the two
conventional relay schemes (i.e., ADF and AF). Numerical results are provided
in Section 4 to verify our analysis. Finally, Section 5 concludes the paper.

2

System and Channel Model

Let us consider the specific cooperative relay-based wireless system with N +2
terminals: one source, N relays, and one destination. The source sends the
signal to N relays and destination in the first-hop transmission (broadcasting
phase). During the second-hop transmission (relaying phase), in DF mode
the relay terminal decodes the message and forwards it to the destination.
In AF mode, the received signal from the source-to-relay link is forwarded
to the destination with an amplifying parameter Gk to satisfy the power
constraint at the k-th relay. Finally, the destination combines the signals from
two hops transmission using a maximum-ratio-combining (MRC) technique to
enhance the reliability. We assume that the channels of all links induce quasistatic fading, i.e., the channel remains constant for the duration of a frame
and changes independently to a new value for each subsequent frame. All
terminals operate in half-duplex mode. Furthermore, we restrict our attention
to the ADF protocol as the relay does not propagate the error message to the
destination as in the FDF scheme.
The received signals at the destination and the k-th relay, respectively,
during the broadcasting phase are given as
ySD = hSD st + nSD

(1)

ySRk = hSRk st + nSRk

(2)

where st is the transmitted signal at the source with the average transmit
power per symbol Ps . Depending on the relaying operation during the secondhop transmission, the received signals at the destination for ADF and AF
mode, respectively, are given as follows:
ADF
yRD
= hRDk st + nRDk
k

(3)

AF
yRD
k

(4)

= hRDk Gk ySRk + nRDk
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In (1), (2), (3), and (4), the notations hA , yA , and nA , A ∈ {SD, SRk , RDk },
represent the fading channel magnitude with the channel mean power ΩA ,
received signals, and additive white Gaussian noise (AWGN) with variance
N0 , respectively. For the sake of simplicity, we assume that the channel mean
power of source-to-relay and relay-to-destination link for all relays are identical, i.e., ΩSRk = ΩSR and ΩRDk = ΩRD for k = 1, . . . , N . It is noted that all random variables hA ∼ CN (0, ΩA ), where CN (0, ΩA ) denotes the complex Gaussian random variable with zero mean and variance ΩA , and nA ∼ CN (0, N0 )
are statistically independent. At the destination, the received signals from
the source and relays are combined together using maximum ratio combining
(MRC).
In case of the ADF protocol, if the relay successfully decodes the message,
it will be forwarded to the destination during the relaying phase. Assuming
that there are m relays (m ≤ N ) successfully detecting the signals in the
first-hop. Then, the instantaneous SNR of the MRC output is given by
γADF = γSD +

m
X

γRDk

(5)

k=1

where γSD and γRDk are the instantaneous SNR of source-to-destination and
the k-th relay-to-destination link, respectively.
For the AF protocol, as stated earlier, the amplifying parameter Gk is
chosen based on the power constraint between two phases. In this paper,
without considering the power optimization problem, we assume the relay
consumes the same amount of power as the source does in the first-hop. In
case of available instantaneous channel state information (CSI) at relays (CSIassisted AF relay), an amplifying parameter Gk can be formulated as [7]
G2k = |hSRk |2 + 1/γ0

−1

(6)

where γ0 = Ps /N0 is the common SNR of each link without fading [5]. Hence,
the instantaneous SNR after MRC for CSI-assisted AF protocol is expressed
as [7]
γAF = γSD +

N
X

k=1

γSRk γRDk
γSRk + γRDk + 1

(7)

where γSRk is the instantaneous SNR for the source-to-the k-th relay link. It
is noted that the instantaneous SNR γA with A ∈ {SD, SRk , RDk } in (5) and
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2

(7) is defined as γA = γ0 |hA | . Regarding the second term in (7), it can be
tightly bounded in the form of harmonic mean of two independent exponential
random variables as [7]
γAF = γSD +

N
X

(8)

zk

k=1

where
zk =

3

γSRk γRDk
γSRk + γRDk

(9)

Symbol Error Probability and Performance
Gain

In this section, we derive SEP of M -PSK modulation for the three considered protocols and further show tight approximations for the SEP. Using the
tight approximation, we assess asymptotic characteristic of SEP in the high
SNR regime by computing the SEP gain of the HDAF protocol over the two
conventional ones (ADF and AF). By denoting Pkc as the probability that
the k-relay correctly decodes the symbol transmitted from the source in the
first-hop transmission, we have [8]


π
Z
1 π− M
g
c
Pk = 1 −
ΦγSRk
dθ
(10)
π 0
sin2 θ
where g = sin2 (π/M ) and ΦγSRk (s) is the MGF of γSRk defined as
ΦγSRk (s) = EγSRk {exp (−γSRk s)}

(11)

where EγSRk {.} denotes the expectation operator with respect to the random
variable γSRk . Since hA ∼ CN (0, ΩA ), A ∈ {SD, SRk , RDk }, it is obvious that
2
γA = γ0 |hA | obeys an exponential distribution with parameter γ01ΩA and the
MGF of γA can be written as
−1

ΦγA (s) = (1 + γ0 ΩA s)

(12)

In the high SNR regime (i.e., γ0 ≫ 1), the MGF of γA , by omitting the unit
value in (12), can be approximated by
−1

ΦγA (s) ≈ (γ0 ΩA s)

(13)
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As mentioned above, since the channel mean power of the first-hop transmission is assumed to be identical for all relays, i.e., ΩSRk = ΩSR , each relay can
correctly decode the message with the same probability P c which is approximated by
Pc ≈ 1 −

β
πgΩSR γ0

(14)

where
β=

Z

0

π
π− M

π (M − 1) sin 2π
M
+
sin θdθ =
2M
4M
2



(15)

For the ADF and HDAF protocol, we denote Dm as the decoding set consisting
of m relays which can correctly decode the source’s symbol. In this paper, we
presume that the decoding set Dm which is a subset of D = {R1 , R2 , . . . , RN }
can be determined symbol by symbol. Then, the probability that the decoding
subset Dm is selected can be expressed as
Y
Y

Pr{Dm } =
Pic
1 − Pjc
i∈Dm


≈ 1−

3.1
3.1.1

j ∈D
/ m

β
πgΩSR γ0

m 

β
πgΩSR γ0

N −m

(16)

Symbol Error Probability
SEP for the ADF Protocol

For the ADF protocol, the relay only operates in the second hop transmission
if it correctly detects the source’s symbol. With this specific strategy, the
average SEP can be written as
SEPADF =



π
Z
N  
X
N
1 π− M
g
ΦγADF
Pr{Dm }
dθ
m
π 0
sin2 θ
m=1


π
Z
Pr{D0 } π− M
g
ΦγSD
+
dθ
π
sin2 θ
0

(17)

where Pr{D0 } defines the probability that all relays fail to decode the message.
Since, all fading channels are assumed to be independent to each other, the
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MGF function of γADF given in (5) can be determined by
ΦγADF (s) = ΦγSD (s)

m
Y

ΦγRDk (s)

k=1

= (1 + γ0 ΩSD s)−1 (1 + γ0 ΩRD s)−m
−1

≈ (γ0 ΩSD s)

(γ0 ΩRD s)

−m

(18)

Substituting (13), (16), and (18) into (17), the SEP for ADF can be approximated as
m 
N −m
N  
X
N
β
β
1−
m
πgΩSR γ0
πgΩSR γ0
m=1


N
ξ (m)
β
β
× m+1
+
m+1
m
πgΩ
γ
πgΩ
πg
ΩSD ΩRD γ0
SR 0
SD γ0
X




N
m
1
N
β
=
1
−
N +1
m
πgΩSR γ0
πΩSD (gγ0 )
m=1


N −m (m)
β
ξ
β N +1
×
+
N
πΩSR
Ωm
(πΩSR )
RD

SEPADF ≈

(19)

where
ξ (m) =

π
π− M

Z

2m+2

(sin θ)

(20)

dθ

0

3.1.2

SEP for the AF Protocol

For the AF protocol, the SEP is given by
SEPAF

1
=
π

Z

π
π− M

ΦγAF

0



g
sin2 θ



dθ

(21)

From (8) and the assumption of statistical independence for all links, the
MGF of γAF in (21) can be determined by
ΦγAF (s) = ΦγSD (s)

N
Y

k=1

Φzk (s)

(22)
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Moreover, the MGF of harmonic mean of two exponent random variables,
Φzk (s), has been derived in [7, eq. (20)]. However, the final expression is given
in integral form containing the hypergeometric function. In [1, Appendix A],
we derived a simpler and more tractable form of Φzk (s) with only elementary
functions, further leading to calculate approximations of Φzk (s) as follows [1,
eq. (48)]
1
ΦZk (s) ≈
sγ0



1
1
+
ΩSR
ΩRD



(23)

Substituting (13) and (23) in (21) yields the approximation of SEPAF in the
high SNR as

SEPAF ≈

3.1.3

ξ (N )
πΩSD (gγ0 )N +1



1
1
+
ΩSR
ΩRD

N

(24)

SEP for the HDAF Protocol

For the HDAF relaying scheme, the relay operates in DF mode if it can
correctly decode the message from the source, otherwise the relay acts in AF.
Hence, the SEP in this protocol can be expressed as


π
Z
N  
X
N
1 π− M
g
Pr{Dm }
ΦγSD
m
π 0
sin2 θ
m=1

 NY


m
−m
Y
g
g
Pr{D0 }
×
ΦγRDi
Φ
dθ +
Z
j
2
2
π
sin θ j=1
sin θ
i=1
Y



π
Z π− M
N
g
g
×
ΦγSD
Φ
dθ
Z
k
sin2 θ k=1
sin2 θ
0

SEPHDAF =

(25)

where the first summand in (25) indicates that there is at least one relay
correctly decoding the source’s symbol (DF mode) and the second summand
implies that all relays operate in the AF mode. Using the fact that ΦγSD (s) ≈
−1
(sΩSD γ0 ) and the approximation of ΦZk (s) given in (23), we can tightly
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Figure 1: Performance gain of HDAF over ADF and AF.

asymptotically approximate SEPHDAF as
m 
N −m
N  
X
N
β
β
1−
m
πgΩSR γ0
πgΩSR γ0
m=1

N −m
ξ (N )
1
1
×
+
N +1 m
ΩRD
πΩSD (gγ0 )
ΩRD ΩSR

N

N
β
ξ (N )
1
1
+
+
N +1
πgΩSR γ0
ΩSR
ΩRD
πΩSD (gγ0 )
X
m
N  
ξ (N )
N
β
=
1
−
N +1
m
πgΩSR γ0
πΩSD (gγ0 )
m=1

N −m

N −m
β
1
1
1
×
+
πgΩSR γ0
Ωm
ΩSR
ΩRD
RD

N 
N 
1
1
β
+
+
πgΩSR γ0
ΩSR
ΩRD

SEPHDAF ≈

(26)
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3.2

SEP Performance Gain of HDAF over ADF and AF

We now assess the behavior of SEP performance for the considered relay
protocols, i.e., ADF, AF, and HDAF, in the high SNR regime by analyzing
SEP approximations. As can clearly be seen from (19), (24), and (26), the
three protocols provide a diversity order of N + 1 since the SEP expressions
are inversely proportional to γ0N +1 . In other words, as illustrated in Fig. 2, the
related SEP curves plotted in log-log scales are parallel with the slope of order
N +1 in the high SNR regime. Intuitively, the HDAF scheme outperforms both
ADF and AF. These observations inspired us to deduce how much the SEP
performance of HDAF increases compared to the two conventional protocols
ADF and AF. To answer this question, we adapt the concept of relaying gain
GB . Here, GB with B ∈ {ADF, AF} is the SEP performance gain of HDAF
compared to the B protocol. As shown in Fig. 2, we have


10
SEPB
GB (dB) =
× log10 lim
(27)
γ0 →∞ SEPHDAF
N +1
The limit operation in (27) implies that the gain GB is obtained in the high
SNR regime. In this context, we now calculate GADF and GAF . Substituting
(19) and (26) in (27) and performing some elementary manipulations, GADF
can be expressed as
 NX
N −m
−1  (m) 
N ξ
βΩRD
10
log10 1+
GADF (dB) =
N +1
m ξ (N ) πΩSR
m=1

N 
ΩRD
β N +1
+ N (N )
ΩSR
π ξ

(28)

Substituting (24) and (26) in (27), the gain GAF to be considered here is given
by


10N
ΩRD
GAF (dB) =
log10 1 +
(29)
N +1
ΩSR
Examining GADF and GAF given in (28) and (29), the following observations
of the respective gains can be made for a fixed number of relays and specific
modulation scheme, i.e., N and M are constant:
• The performance gain GB depends only on the ratio between channel
mean power of the relay-to-destination link and that of source-to-relay
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RD
link (i.e., Ω
ΩSR ). As the relay moves closely to the source, we have ΩRD ≪
ΩSR leading to the gain GB being very small. In contrast, the gain is
significant when the relay is located nearby the destination, i.e., ΩRD ≫
ΩSR .
N +1

• It is easy to see that πβN ξ(N ) < 1 (deduced from (15) and (20)). Consequently, we have GAF > GADF . In other words, the HDAF scheme
always provides more gain over AF than ADF. This again confirms a
well-known result that ADF always outperforms AF scheme.
• Regarding the performance gain GB , we consider a specific example
with 16-PSK modulation and 3 relays (M = 16, N = 3). Substituting M = 16 in (15) and m = 3 in (20) yields β = 1.57 and ξ (N ) = 0.86.
For a symmetric cooperative system, i.e., ΩSR = ΩRD , substituting
β = 1.57, ξ (N ) = 0.86, and N = 3 in (28) and (29), we achieve a
medium gain of HDAF over ADF and AF by 1.5 and 2.3 dB (GADF =
1.5dB, GAF = 2.3dB), respectively. As the relays are close to the source,
HDAF has not much benefit compared to ADF and AF. The considered gains in this case are very small, e.g, ΩSR = 16ΩRD we have
GADF = 0.1dB, GAF = 0.2dB. As the relays are nearby the destination, however, the obtained gains are considerably large. In this case,
HADF remarkably outperforms both ADF and AF, e.g., ΩRD = 16ΩSR
we have GADF = 7.7dB, GAF = 9.2dB.
In view of the performance gain GB subject to the large number of relays (i.e.,
N → ∞), we achieve the gain limit by increasing the number of relays
• As shown in (35) of Appendix A, the maximum achievable performance
gain GADF for large N is given by
GADF max



βΩRD
= 10 log10 1 +
πΩSR

(30)

As can clearly be seen from (29), for the case of large N the maximum
achievable SEP performance gain of the HDAF protocol compared to
AF can be determined by


ΩRD
GAF max = 10 log10 1 +
ΩSR

(31)
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Figure 2: Symbol error probability of 16-PSK modulation versus SNR in
symmetric cooperative system with 3 relays and ΩSR = ΩRD = 1.

4

Numerical Results

In order to validate our analysis given in the previous section, numerical
results are provided in the sequel. Fig. 2, Fig. 3, and Fig. 4 plot the SEP
of 16-PSK modulation versus average SNR. The considered relay protocols
take into account the relay’s location as relays are placed halfway between
the source and destination, relays are close to the source, and relays are close
to the destination. We display the exact SEP curves given by (17), (21),
and (25) and the approximations given by (19), (24), and (26). The results
from the three figures shown reveal that the approximation of SEP becomes
very tight in the high SNR regime. This is to be expected because the used
approximation is asymptotical.
For the symmetric case, examining the exact SEP curves in the high SNR
regime of Fig. 2, we can see that the performance of HDAF increases by 1.5
dB and 2.4 dB over those of ADF and AF scheme, respectively. These exact
values match very well with our analytical gains GB computed in Section 3.2
(it is deduced from Section 3.2 that GADF = 1.5dB and GAF = 2.3dB).
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Figure 3: Symbol error probability of 16-PSK modulation versus SNR in
asymmetric cooperative system with 3 relays and ΩSR = 1, ΩRD = 1/16.

As relays are located nearby the source, it can be observed from Fig. 3
that the HDAF protocol has almost no benefit compared to the ADF and
AF schemes. Three exact SEP curves almost coincide with each other. This
result agrees with our analysis in Section 3.2, i.e., the gains of HDAF over
ADF and AF are very small (GADF = 0.1dB, GAF = 0.2dB).
Fig. 4 shows the SEP of three relay protocols when relays are close to the
destination. Assessing the high SNR regimes of three exact SEP curves we
can see that the HDAF protocol increases the SEP performance by 7.7 dB
and 9.2 dB compared to the ADF and AF scheme, respectively. This once
again confirms our analytical results (in Section 3.2 we compute GADF = 7.7
dB and GAF = 9.2 dB for this special case).
Finally, we consider the performance gain with a large number of relays.
Fig. 5 plots the performance gain GB at SNR = 30 dB (high SNR regime) for
three different relay topologies, i.e., relays are located halfway between the
source and destination (symmetric system), close to the source, and close to
the destination. We consider 16-PSK modulation and the number of relays
varies from 1 to 100. Moreover, we assume that ΩSR = 16ΩRD and ΩSR =
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Figure 4: Symbol error probability of 16-PSK modulation versus SNR in
asymmetric cooperative system with 3 relays and ΩSR = 1, ΩRD = 16.

1
16 ΩRD

for the case relays are closed to the source and destination, respectively.
For the symmetric system, we observe from this figure that GADF = 1.66
dB and GAF = 3.0 dB (the maximum achievable gains for symmetric case
GADFmax = 1.75 dB and GAFmax = 3.01 dB which are obtained by substituting
ΩSR
ΩRD = 1 in (30) and (31), respectively). As relays are close to the source,
the results presented in Fig. 5 show that the HDAF protocol yields nearly
the same SEP performance as ADF and AF. In particular, as can clearly be
seen from the figure we observe GADF = 0.13dB and GAF = 0.25dB which
nearly matches with the maximum achievable gains for this special case (by
ΩSR
substituting Ω
= 1/16 in (30) and (31), we have GADF max = 0.13dB and
RD
GAF max = 0.26dB). In contrast, we obtain a numerous gain GB for the case
relays are close to the destination. Clearly observed from Fig. 5, we have the
maximum achievable gain GADF = 8.6dB and GAF = 11.4dB which are close to
our analytical results (GADF max = 9.5dB and GAF max = 12.3dB).
For all considered examples in Fig. 5, the performance gain increase along
with the number of relays as expected from analytical results in previous
section. However, the increased trend of performance gain reaches to the
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Figure 5: Performance gain of HDAF over ADF and AF versus number of
relay terminals in different relaying topologies.
saturated state very quickly. Specifically, for the symmetric geometry as N >
3 we see that GB remains almost unchanged. For the case that relays are close
to the source we observe the same tendency with N = 10. In case relays are
close to the destination, the performance gain GB boosts rapidly as N varies
from 1 to 10, then increases slowly as N is from 11 to 20, and afterwards
reaches to the saturated stage. In conclusion, as the number of relays N
reaches a certain threshold, increasing N results in no enhancement of GB .

5

Conclusions

In this paper, we have investigated the SEP of ADF, AF, and HDAF relay
protocol with multiple relays and assessed the performance gain of HDAF
over ADF and AF in the high SNR regime. It has been shown that HDAF
outperforms ADF and AF. However, the performance gain strictly depends
on the relays’ location. The gain is significant as relays get close to the
destination and vice versa. Taking into account the large number of relays,
we have further shown that the performance gain enhances as the number of
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relay increases and limited to the maximum achievable gain as the number of
relays tends to infinity. These findings enable us to obtain a high performance
gain of HDAF scheme over the two conventional ones, i.e., ADF and AF, with
the reduction of networks’ complexity.

A

Finding the Bound for GADF as N → ∞

π
Since ξ (m) ≤ π − M
, from (28) the performance gain of HADF over ADF can
be bounded as


 N −1  
10
π
1 X N
log10 1 + (N ) 1 −
GADF (dB) ≤
N +1
M m=1 m
ξ

N −m

N 
βΩRD
β N +1
ΩRD
×
+ N (N )
(32)
πΩSR
ΩSR
π ξ
PN −1 N  N −m
N
RD
Denoting x = βΩ
= (1 + x) −
m=1 m x
πΩSR and using the fact that
xN − 1, we can express the right-hand-side of (32) as



10
π
1
f (N ) =
log10 1 + (N ) 1 −
N +1
M
ξ



β N
N
N
× (1 + x) − x − 1 + (N ) x
(33)
ξ

Due to the fact that β ≤ π(1 −
as follows

1
M ),

we obtain the limit of f (N ) for large N

(large N )

f (N )

≤

10 log10 (1 + x)

(34)

In conclusion, as the number of relays is large the performance gain of HDAF
over ADF is limited by


(large N)
βΩRD
GADF
≤
10 log10 1 +
(35)
πΩSR
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On the Performance of Selection
Decode-and-Forward Relay Networks over
Nakagami-m Fading Channels
Trung Q. Duong, Vo Nguyen Quoc Bao, and Hans-Jürgen Zepernick
Abstract
In this paper, we present the performance of fixed decode-and-forward
cooperative networks with relay selection over independent but not identically distributed Nakagami-m fading channels, with integer values of
the fading severity parameter m. Specifically, closed-form expressions for
the symbol error probability and the outage probability are derived using
the statistical characteristic of the signal-to-noise ratio. We also perform
Monte-Carlo simulations to verify the analytical results.

1

Introduction

Recently, the performance analysis of cooperative communications with amplifyand-forward (AF) relays over Nakagami-m fading channels has gained a great
interest in the research community (see, e.g., [1, 2, 3, 4, 5]). Specifically, the performance of dual-hop wireless communications system over Nakagami-m fading
channels with channel state information (CSI)-assisted AF relays was studied in
[1]. The same authors further extended their work to derive the outage probability of multihop relay transmission in [2]. In [3, 4], a tight lower bound for the
performance of CSI-assisted AF relay and exact closed-form expression of error
rate performance with semi-blind AF relays over Nakagami-m fading channels
were reported, respectively. In a recent contribution, closed-form expressions for
the outage probability of a dual-hop cooperative system equipped with AF relays and selection combiner at the destination over Nakagami-m fading channels
have been studied [5].
Besides the AF protocol, an important relaying scheme which also have
attracted research interest is decode-and-forward (DF). An adaptive version of
77
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DF, in which the relays only assist the source-destination communications if the
relay can correctly decode the source’s messages, has been investigated in [6, 7].
With this adaptive DF strategy, the assumption of the perfect capability of
decoding the cyclic redundancy check (CRC) at the relay has been applied. In
contrast, for the fixed DF protocol, by relaxing this assumption the relay always
decodes, re-encodes, and transmits the message. The performance of fixed DF
relaying systems equipped with selection combining at the destination terminal
over Rayleigh fading channels have been investigated in [8, 9]. In [5], closedform outage probability expressions were presented for dual-hop adaptive DF
relay networks over Nakagami-m fading channels considering maximum ratio
combining (MRC). To the best of the authors’ knowledge, there is no published
work concerning the performance of fixed DF relays with selection combiner at
the destination over Nakagami-m fading channels.
Motivated by all of the above, in this paper, we extend our previous work [9]
by deriving closed-form outage probability and symbol error probability (SEP)
expressions of fixed DF relay networks equipped with selection combiner over
independent but not necessarily identically distributed (i.n.i.d.) Nakagami-m
channels, with integer values of parameter m.

2

System and Channel Model

Let us consider the specific cooperative relay-based wireless system with K + 2
terminals: one source S, K relays Rk with k = 1, . . . , K, and one destination
D. The source S broadcasts the signal to K relays in the first-hop transmission
(broadcasting phase). During the second-hop transmission (relaying phase),
selection diversity is applied, i.e., only the best relay is selected for forwarding
the message to the destination. We also assume that channels in the two hops
are quasi-static i.n.i.d. Nakagami-m fading. Specifically, we denote hSRk and
hRDk as the independent channel gains for the source-to-relay Rk (S → Rk ) link
and the k-th relay-to-destination (Rk → D) link, respectively. These channel
gains are modeled as Nakagami-m random variables. Then, the effective power
channel gains |hSRk |2 and |hRDk |2 follow the gamma distribution with different
fading parameters 1/ΩSRk , 1/ΩRDk and fading severity parameters m1k , m2k ,
respectively. Moreover, the instantaneous SNR for S → Rk and Rk → D are
given by γSRk = γ0 |hSRk |2 and γRDk = γ0 |hRDk |2 , respectively, where γ0 is the
average SNR.
Due to the imperfect detection at the relay, incorrectly decoded signals may
be forwarded to the destination. Hence, similarly as in [10], for any modulation
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scheme the dual-hop S → Rk → D channel can be modeled as an equivalent
single hop whose output SNR γeqk can be tightly approximated in the high SNR
regime as follows
γeqk = min{γSRk , γRDk }

(1)

For the selection combining scheme, the signal with largest equivalent received
SNR is selected. Then the instantaneous SNR at the output of the relay selection
combiner is given by
γSC =

3

max γeqk

(2)

k=1,...,K

Performance Analysis

Since γSRk and γRDk are independent gamma distributed random variables, the
cumulative distribution function (CDF) of γeqk can be written as [3]
Fγeqk (γ) = 1 −
where Γ (a, x) =
and m2k
we have

R∞

Γ (m1k , αk γ) Γ (m2k , βk γ)
Γ (m1k ) Γ (m2k )

e−t ta−1 dt, αk =

m1k
ΩSRk γ0 ,

m2k
ΩRDk γ0 .

Assuming m1k
Pn−1 i
are integers and using the fact that Γ (n, x) = (n − 1)!e−x i=0 xi! ,
x

Fγeqk (γ) = 1 − e−(αk +βk )γ

and βk =

(3)

mX
1k −1 mX
2k −1
i=0

j=0

αik βkj γ i+j
i!j!

(4)

By differentiating Fγeqk (γ) given in (4) with respect to γ, the probability density
function (PDF) of γeqk can be obtained as follows
pγeqk (γ) = e

−(αk +βk )γ



m1k −1 v m2k −1+v 
2k −1 u m1k −1+u
1k mX
αm
βkm2k X
βk γ
αk γ
k
+
Γ (m1k ) u=0
u!
Γ (m2k ) v=0
v!

(5)
From (2), the PDF of γSC is given by
pγSC (γ) =

K
X

k=1

pγeqk (γ)

K
Y
l=1
l6=k

Fγeql (γ)

(6)
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Substituting (4) in (6), the PDF of γSC can be rewritten as

pγSC (γ) =

K
X

pγeqk (γ)

k=1

K
Y

(1 − xl )

(7)

αil βlj γ i+j
i!j!

(8)

l=1
l6=k

where

xl = e−(αl +βl )γ

mX
1l −1 m
2l −1
X
i=0

j=0

Furthermore, the last term in (7) can be described in a more tractable form
with the help of the identity product given by
K
Y

(1 − xl ) =

l=1

K
K
X
(−1)l X

l!

···

|

(9)

xnt

nl =1 t=1

n1 =1

l=0

l
K Y
X

{z

}

n1 6=n2 6=···6=nl

From (8), we can describe the product xn1 . . . xnl by
l
Y

xnt = exp −

t=1

l
X

(αnt + βnt ) γ

!

t=1

m1nl −1 m2nl −1

m1n1 −1 m2n1 −1

×

X

i1 =0

X

j1 =0

···

X

il =0

X

jl =0

l
Y
αintt βnjtt
it !jt !
t=1

!

γ

Pl

t=1 it +jt

(10)

By substituting (10) and (9) in (7), the PDF of γSC can be determined by

pγSC (γ) =

K
X

(Ak + Bk )

k=1

(11)
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where Ak and Bk will be calculated in a compact form in the sequel. Specifically,
we have
Ak =

mX
K
K
K
2k −1
1k
X
αm
βku X (−1)l X
k
···
Γ (m1k ) u=0 u!
l!
n1 =1
nl =1
l=0
|
{z
}
m1nl −1 m2nl −1

m1n1 −1 m2n1 −1

×

X

X

i1 =0

× exp

···

j1 =0

"

X

X

il =0

−αk − βk −

n1 6=n2 6=···6=nl 6=l

jl =0

l
X

l
Y
αintt βnjtt
it !jt !
t=1
! #

!

(αnt + βnt ) γ

t=1

× γ m1k −1+u+

Pl

t=1 (it +jt )

(12)

For the sake of simplicity, we define the following notations:
ηk,l = αk + βk +

l
X

(αnt + βnt )

t=1

(m1k ,u)

χl

= m1k − 1 + u +

l
X

(it + jt )

t=1

X
g

=

K
X

···

n1 =1

|

K
X

nl =1

{z

m1nl −1 m2nl −1

m1n1 −1 m2n1 −1

X

i1 =0

X

j1 =0

···

X

il =0

X

jl =0

}

n1 6=n2 6=···6=nl 6=l

ϑl =

l
Y
αintt βnjtt
it !jt !
t=1

Hence, we can rewrite Ak as follows
Ak =

mX
K
2k −1
1k
(m1k ,u)
αm
βku X (−1)l X
g
k
ϑl exp (−ηk,l γ) γ χl
Γ (m1k ) u=0 u!
l!

(13)

l=0

Similarly as in the derivation of Ak , we can provide the expression of Bk as
mX
K
1k −1
(m2k ,v)
βkm2k
αvk X (−1)l X
g
Bk =
ϑl exp (−ηk,l γ) γ χl
Γ (m1k ) v=0 v!
l!
l=0

(14)

82

Part III

Finally, substituting Ak and Bk in (11) yields the closed-form expression for
pγSC (γ) as
!
mX
mX
K
2k −1
1k −1
1k
X
αm
βkm2k
βku
αvk
k
pγSC (γ) =
+
Γ (m1k ) u=0 u!
Γ (m1k ) v=0 v!
k=1

×

K
X
(−1)l X
g

l!

l=0

 (m1k ,u)

(m2k ,v)
ϑl exp (−ηk,l γ) γ χl
+ γ χl

(15)

The moment generating function (MGF) is defined as the Laplace transform
of the PDF and after some elementary manipulations, the MGF of γSC can be
expressed as
!
mX
K
2k −1
1k −1
m2k mX
1k
u
v
X
αm
β
β
α
k
k
k
ΦγSC (s) =
+ k
Γ (m1k ) u=0 u!
Γ (m1k ) v=0 v!
k=1

×

K
X
(−1)l X
g

l!

(m1k ,u)

l=0

3.1

χl

ϑl

(m2k ,v)

!

(m
,u)
χl 1k +1

(ηk,l + s)

χl

+

(ηk,l + s)

!

(m
,v)
χl 2k +1



(16)

Outage Probability

The outage probability Pout is defined as the probability that the instantaneous
SNR falls below a given threshold γth . It is easy to obtain Pout as follows:
Pout =

K
Y

1 − e−(αk +βk )γth

k=1

3.2

mX
1k −1 mX
2k −1
i=0

j=0

i+j
αik βkj γth
i!j!

(17)

Symbol Error Probability

Using the MGF approach , we derive the closed-form expression of SEP for DF
relay selection system. In particular, the SEP of our relay selection scheme for
M -ary phase-shift keying signals (M -PSK) can be given by [9]


π
Z
1 π− M
g
ΦγSC
dθ
(18)
Ps =
π 0
sin2 θ
where g = sin2 (π/M ). The above SEP can be numerically evaluated by substituting (16) in (18). This can be done with some elementary numerical integration techniques.
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Figure 1: Outage probability of the fixed DF relay with selection combining.

4

Numerical Results and Discussion

In this section, we show Monte-Carlo simulation results and compare them with
our analysis for the two considered performance metrics: Outage probability
and SEP. We investigate the system with three fixed DF relays (K = 3), 16PSK modulation, and γth=3 for two topologies: 1) Symmetric case (e.g., ΩSRk =
ΩRDk =3, m1k=m2k=2) and 2) Asymmetric case (e.g., ΩSR1 =m11=1, ΩSR2 =m12=
2, ΩSR3 =m13 =3, ΩRD1 =m21 =3, ΩRD2 =m22 =2, ΩRD3 =m23 =1). The performance
of SEP and outage probability for the fixed DF relay selection system are shown
in Fig. 1 and Fig. 2, respectively. It can clearly be seen from these figures that
simulation curves match exactly with analytical ones.
In conclusion, we have derived closed-form expressions of outage probability
and SEP for the fixed DF relay selection scheme in Nakagami-m fading channels. Our analysis covers the general cases, i.e., dissimilar fading parameters
for all links and no assumption of perfect decoding received signals’ CRC at
relays. Various numerical examples have been shown to validate our analytical
expressions.
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Figure 2: SEP of 16-PSK for the fixed DF relay with selection combining.
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Cooperative Spatial Multiplexing with Adaptive
Decode-and-Forward Relays over Composite
Fading Channels
Trung Q. Duong, Hans-Jürgen Zepernick, Lei Shu,
and Ahsan Haroon
Abstract
Cooperative communications has been considered to obtain the benefit of multiple-input multiple-output (MIMO) systems by having relay
terminals assist the direct communications. Recently, the research community on cooperative communications has studied cooperative spatial
multiplexing (CSM) systems. For this type of systems, similarly as in
MIMO systems, spatial multiplexing gain can be obtained in wireless relay and ad hoc networks. Unlike cooperative diversity (CD), where orthogonal transmission is required, CSM significantly improves the spectral
efficiency compared to the CD system by allowing all participating relays
transmit simultaneously to the destination in the same physical channel. Hence, in this paper, we analyze the performance of CSM systems
with adaptive decode-and-forward (ADF) relays and linear equalization
receiver at the destination. Specifically, we derive the closed-form expressions of tight approximations for ergodic capacity and symbol error
probability (SEP) in the composite channel of log-normal shadowing and
Rayleigh fading. By using the Gauss-Hermite quadrature integration, the
final results are given in simple forms containing only elementary functions which readily enable us to evaluate the SEP and capacity in some
representative scenarios. Our analysis is verified by comparing it against
the result of Monte-Carlo simulations.

1

Introduction

Cooperative communications can be classified into cooperative diversity (CD)
and cooperative spatial multiplexing (CSM) achieving spatial diversity gain and
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spatial multiplexing gain in a distributed fashion by forming multiple relays into
a virtual antenna array. Most of the research in cooperative communications
focuses on CD systems, e.g., [1, 2, 3, 4, 5]. Recently, a series of work has investigated the spatial multiplexing gain of cooperative communications, namely
cooperative spatial multiplexing (CSM) [6, 7, 8, 9, 10]. Specifically, the capacity
of MIMO relay networks in which all terminals deploy multiple antennas has
been studied in [6, 7]. By assuming that the relay terminals perfectly know
channel state information (CSI), the capacity of MIMO relay networks where
source and destination are equipped with an equal number of antennas asymptotically scales as half of the number of antennas [6]. Also, for the case that the
relay terminals do not have CSI, a simple amplify-and-forward (AF) relaying
scheme for obtaining the asymptotic capacity has been proposed in [6]. The capacity of a hybrid relay scheme composed of AF and decode-and-forward (DF)
has been reported in [7]. With this scheme, the relays apply a spatial filter to
the received signals based on the CSI and retransmit the filter outputs to the
destination. It has been shown in [7] that the hybrid scheme can significantly
improve capacity if CSI is perfectly available at the relay.
All of the above research on CSM has aimed at multiple antenna scenarios.
However, in many practical applications, deploying multiple antennas is limited
due to space limitations and causes a performance degradation due to antennas’ correlation. Recently, it has been demonstrated that spatial multiplexing
gain can be attained in a single antenna scenario [8, 9, 10, 11]. In [8], the
CSM system with single antenna terminals has been reported. This approach
achieves a spatial multiplexing gain by having multiple single antenna relays
detect and forward their sub-streams simultaneously over the same channel to
the destination. An extension of [8] to AF dual-hop relay and multi-hop relay
has been investigated in [10, 9]. However, the performance of these works is only
obtained through simulations. More recently, exact closed-form expressions for
ergodic capacity and symbol error probability (SEP) of CSM with AF relays
over Rayleigh fading channels have been derived in [11].
In conventional MIMO systems, multiple antennas are deployed in the same
device at the transceivers. Hence, transmitted signals traversing from/to a colocated multiple-antenna terminal can experience significant impairments due to
non-favorable channel environment, e.g., severe shadowing and/or fading. Current research investigating both shadowing and fading effects have shown that
cooperative communications can alleviate the problem inherent in co-located
MIMO systems [12, 13, 14, 15]. Specifically, the outage probability of distributed antenna systems in a composite fading channel has been analyzed in
[12, 13]. It has been shown that substantial reduction of the outage probabil-
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ity for a cooperative system can be achieved compared to a MIMO system in
a composite log-normal shadowing Rayleigh fading channel [13]. In [14], the
relay systems have been shown to outperform MIMO systems in terms of the
outage capacity under correlated fading and shadowing. However, the work in
[12, 13, 14] only addresses cooperative diversity systems. To the best of authors’
knowledge, there is no previous work related to the mathematical derivation for
the performance of CSM with DF relays over composite channel.
The CSM scheme significantly increases the spectral efficiency compared to
its cooperative diversity counterpart by having the relays simultaneously transmit different symbols to the destination. In [15, 16], the CSM scheme is investigated with the assumption that the relays are located at strategic location
and they may receive very strong signals leading to the source’s message is always correctly received at the relays. However, this assumption is not really
true in realistic applications. Furthermore, due to the error propagation, the
potentially wrongly decoded message at the relay can significantly degrade the
system performance. Hence, it has been presumed that the relays only assist direct communications if the signal from the source is correctly decoded. This can
be done by the cyclic redundancy check (CRC) code. With this strong assumption on the perfect capability of decoding CRC, the relay can be considered as
adaptive DF [17]. In this paper, we therefore consider the performance of CSM
systems with adaptive DF relays. In particular, we extend our previous work
[15, 16] on the performance analysis of CSM with linear receiver’s equalization,
e.g., zero-forcing (ZF), into the practical applications by taking into account the
decoding ability of relays.
We derive the closed-form expressions for approximations of ergodic capacity and SEP over log-normal shadowing and Rayleigh fading channel. Our
study starts by characterizing the signal-to-noise ratio (SNR) after ZF equalizer
in a composite shadowing-fading channel. Then, owing to the Gauss-Hermite
based formula, tight approximations of ergodic capacity and SEP are given
in closed-form expressions. The final formulas are described in simple forms
containing only elementary functions which can easily be calculated. Our analytical results are verified by comparing them with Monte-Carlo simulations.
The obtained closed-form expressions are used to evaluate several representative CSM scenarios deduced from analytical results. We demonstrate that the
ergodic capacity increases in rich scattering of propagation medium while the
SEP performance decreases. The similar observation has already been made
for MIMO systems, e.g., the vertical Bell Laboratories Layered Space-Time (VBLAST) system. The MIMO systems can suffer a substantial degradation since
all multiple antennas experience the same shadowing-fading effect. In contrast,
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in this paper, we have shown that by deploying one relay in a favorable location,
i.e., very rich scattering, and another in poor scattering, CSM still outperforms
the V-BLAST systems deployed with the similar configuration (two transmitted antennas) while both antennas of the latter are under light scattering. In
particular, in the high SNR regime, an increase of spectral efficiency up to 7
bps/Hz is attained by CSM compared to V-BLAST system for the same setup.
This enhancement is truly remarkable knowing that the spectral efficiency of
contemporary wireless systems such as cellular and WLAN networks is only up
to 3 bps/Hz.
The rest of this paper is organized as follows: In Section 2, we describe the
system model for the CSM system with ZF equalizer in the composite channel.
We then derive the closed-form expressions for ergodic capacity and SEP of
CSM systems in Section 3. Monte-Carlo simulation and analytical results are
shown in Section 4. Finally, Section 5 gives some concluding remarks.
Notation: A vector is written as bold lower case letter and a matrix is
T
H
†
written as bold upper case letter. The superscripts (·) , (·) , and (·) stand
for the transpose, Hermitian transpose, and pseudo-inverse, respectively. The
operator ln x denotes loge x and Ex {.} is the expectation operator over the
random variable x. A complex Gaussian distribution with mean µ and variance
σ 2 is denoted by CN (µ, σ 2 ). Finally, I n represents the n × n identity matrix
A]ij denotes the (i, j)-th entry of matrix A .
and [A

2

System Model

We consider a two-hop CSM system operating over a composite channel as illustrated in Fig. 1. The source terminal S communicates with destination terminal
D via the assistance of the set C of K relay terminals, C = {C1 , C2 , . . . , CK },
distributed between them. In current cellular networks, the achievable data
rate on the uplink is much less than that of the downlink because the noise
increases due to the non-orthogonal nature of the uplink [18, 19]. From this
motivation, we therefore investigate the CSM system for uplink scenario hereinafter. Specifically, the source and all the relay terminals are deployed with a
single antenna whereas D, considered as base station, is equipped with multiple antenna, e.g., nD antennas. All terminals operate in half-duplex mode, i.e.,
they cannot transmit and receive simultaneously, which causes the end-to-end
transmission occurring in two hops. In addition, the channel is assumed to be
quasi-static fading. As such, it remains constant for a block of symbols and
changes independently over every block. After receiving the signal from S, the
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Figure 1: Basic system model of a dual-hop cooperative spatial multiplexing
system.
relay decodes and transmits it over a composite channel comprised of log-normal
shadowing and Rayleigh fading [20].

2.1

First Hop Transmission

During the first transmission hop, the source S transmits a block of K symbols, s1 , s2 , . . . , sK , to the relay set C. Each symbol is selected from the signal
constellation S, having average power per symbol Ps . For the CSM system, we
assume that each relay is only active in one time-slot, i.e., the k-th relay only
receives sk in the first-hop transmission. The received signal yRk at the k-th
relay is given by
yRk = hSRk sk + zRk

(1)

where hSRk is the channel coefficient between source S and the k-th relay, sk
is the symbol received at the corresponding k-th relay, and zRk is the additive
white Gaussian noise (AWGN) with zero mean and variance N0 .

2.2

Second Hop Transmission

The relays apply adaptive DF protocol to the received information, therefore
every relay will only transfer the symbol to the destination D if it is correctly decoded, otherwise it will remain silent. Let us denote the decoding
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set Dr = {C1 , C2 , . . . , Cr }, where r = 1, 2, . . . , K, as a subset of C consisting
of r relays that correctly decoded the source’s symbol. For the cooperative diversity system, each relay terminal uses different physical channels, e.g., time
or frequency. However, in the CSM scenario, all active relays simultaneously
transmit their own signals to the destination over the same physical channels
which increases the spectral efficiency. Specifically, the k-th relay terminal Ck
transmits sk to form the nD × 1 received signal vector y D at the destination as
follows [16, 15]:
yD = Hx + zD

(2)

where x = [s1 s2 · · · sr ]T is the r × 1 transmit vector from the subset relay
Dr , z D is the nD × 1 complex AWGN vector with zero mean and covariance
matrix N0I nD , and H is the nD × r channel matrix between the r relays and
the destination. Unlike conventional MIMO systems, each element of H is an
independently but not identically distributed (i.n.i.d) complex Gaussian random
variable due to the separation of relays. For this purpose, we denote the channel
mean power for the link from the k-th relay to the destination as ΩRDk . In other
words, the k-th column of H represents the channel from the k-th relay Ck to
the destination D whose elements are CN (0, ΩRDk ).
In order to decode the transmitted signals, we apply the ZF filtering matrix
x as [21]
G = H † to provide the estimated transmit vector x̂
x = Gy D = x + Gz D
x̂

(3)

From (3), we can see that r transmitted symbols, s1 , . . . , sr , can be decoded
independently from each other. The post-processing SNR of ŝk is given by
γ0
γk = 
−1 
H HH

(4)
kk

Ps
N0

where γ0 =
is the average SNR per symbol.
Noting that each element in the k-th column of H is CN (0, ΩRDk ), we can
rewrite the channel matrix as
H = H0∆ 1/2

(5)

where H0 is an nD × r matrix whose elements are i.i.d. CN (0, 1) and
 ∆
 =
diag{ΩRD1 , · · · , ΩRDr } is the r×r diagonal matrix with diagonal elements ∆ kk =
ΩRDk for k = 1, . . . , r. Due to the fact that H is a complex Gaussian matrix,
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H H H is a complex Wishart matrix. Accordingly, γk is a weighted Chi-square
distributed random variable with 2 (nD − r + 1) degrees of freedom. Conditioned on ΩRDk , the probability distributed function (PDF) of γk can be expressed as [22]
pγk |ΩRDk (γk ) =

exp [−γk / (γ0 ΩRDk )]
γ0 ΩRDk (nD − r)!



γk
γ0 ΩRDk

nD −r

(6)

Since we investigate the composite effect of large-scale and small-scale fading
channels, let us introduce the PDF of ΩRDk which is the log-normal distribution
as follows [20]
2

pΩRDk

10
(10 log10 Ωk − µk )
√
(Ωk ) =
exp −
2σk2
ln 10 2πσk Ωk

!

(7)

where µk is the mean and σk is the standard deviation of shadowing, both in
dB.

3

Closed-Form Expressions For Ergodic Capacity and Symbol Error Probability

In this section, we derive the closed-form expression for ergodic capacity and
SEP of CSM system over composite fading channels. We first start the derivation with the first-hop transmission. As described in the previous section, the
k-th relay receives source information and hence is active for transmission in
the second hop if 12 log2 1 + |hSRk |2 γ0 ≥ R1 where R1 is the transmission rate
of the source. Then, the probability that the subset Dr is selected can be given
by
Pr (Dr ) =

Y

Pr (|hSRk | ≥ λ1 )

Y

e−λ1 /ΩSRk

k∈Dr

=

k∈Dr
2R1

Y

l∈D
/ r

Y

Pr (|hSRl | ≤ λ1 )

l∈D
/ r

1 − e−λ1 /ΩSRl



(8)

where λ1 = 2 γ0−1 and ΩSRk is the channel mean power of the link from the
source to the k-th relay.
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3.1

Ergodic Capacity of CSM over Composite Channels

In this section, we derive the closed-form expression for ergodic capacity of
CSM system over the composite channel. Since each k-th symbol sk is detected
independently at the destination, the ergodic capacity of the CSM system with
the ZF receiver can be determined by
C=

K X
X

Pr (Dr )

r

=

K X
X

Pr (Dr )

r=0 Dr

r=0 Dr

K X
Eγk {log2 (1 + γk )}
K +1
k=1

r
n
o
K X
EΩRDk Eγk |ΩRDk {log2 (1 + γk )}
K +1

(9)

k=1

where Pr (D0 ) defines the probability that all relays fail to decode the source’s
K
message and the scaling factor K+1
accounts for the fact that there are a total
of K symbols transmitted over K + 1 symbol durations during the two hops.
Our objective now aims at calculating the inner expectation of (9). Using (6),
we have
Eγk |ΩRDk {log2 (1 + γk )}

nD −r
Z ∞
γk
exp (−γk / (γ0 ΩRDk ))
=
log2 (1 + γk )
dγk
γ0 ΩRDk (nD − r)!
γ0 ΩRDk
0

(10)

In order to evaluate the integral in (10), we apply the following result from [23,
Appendix B]
Z ∞
ln (1 + x) xn−1 exp (−αx) = (n − 1)! exp (α)
0

×

n
X
Γ (−n + i, α)
i=1

αi

(11)

where n = 1, 2, . . ., αR > 0, and Γ (a, x) is the incomplete gamma function
∞
defined as Γ (a, x) = x ta−1 e−t dt [24, eq. (8.350.2)]. Hence, we can rewrite
(10) as follows:


1
1
Eγk |ΩRDk {log2 (1 + γk )} =
exp
ln 2
γ0 ΩRDk


1
nDX
−r+1 Γ −n + r − 1 + i,
D
γ0 ΩRDk
×
(12)
nD −r+1−i
(γ0 ΩRDk )
i=1
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Substituting (7), (8), and (12) in (9), the ergodic capacity of the CSM system
can be expressed as
C=

K X
X

r X
m
X
Y
Y
K
e−λ1 /ΩSRk
1 − e−λ1 /ΩSRl
(K + 1) ln 2
r=0 Dr
k∈Dr
k=1 i=1
l∈D
/ r



 Γ i − m, 1
Z∞
γ0 Ωk
1
10
√
×
exp
m−i
γ0 Ωk
ln
10
2πσk Ωk
(γ0 Ωk )
−∞
!
2
(10 log10 Ωk − µk )
dΩk
(13)
× exp −
2σk2

where m = nD − r + 1.
To simplify the integral in (13), we exchange the variable t = 10 log√102σΩk −µk
k
and after some simple manipulations we can rewrite (13) in a more tractable
form as follows:
K X
X

r X
m
X
Y
Y
K
√
e−λ1 /ΩSRk
1 − e−λ1 /ΩSRl
(K + 1) π ln 2
r=0 Dr
k∈Dr
k=1 i=1
l∈D
/ r
!
Z ∞
1
√
×
exp
2σk t+µk
−∞
γ0 10 10
!
i−m
√
2σk t+µk
2
1
10
√
× Γ i − m,
e−t dt
(14)
γ0 10
2σk t+µk
γ0 10 10

C=

The form of the integral in (14) can be numerically evaluated by applying the
Gauss-Hermite integration as follows:
C=

K X
X
r=0 Dr


Y
Y
K
√
e−λ1 /ΩSRk
1 − e−λ1 /ΩSRl
(K + 1) π ln 2
k∈Dr

l∈D
/ r

Np



√
r X
m X
X
− 2σk ωj −µk
−1
10
×
Wj exp γ0 10
k=1 i=1 j=1



i−m
√
√
− 2σk ωj −µk
2σk ωj +µk
10
10
× Γ i − m, γ0−1 10
γ0 10

(15)
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where Wj and ωj are the j-th weight factor and j-th root of the Np -order
Hermite polynomial, respectively. For the value of Np from 2 to 20, Wj and ωj
are given in [25].

3.2

Average Symbol Error Probability of CSM over Composite Channels

In this subsection, we derive the average SEP for CSM system by using the
well-known moment generating function (MGF) approach. Here, the MGF of
γk , defined as the inverse Laplace transform of the PDF, is given by
φγk (ν) , Eγk {exp (−νγk )}

= EΩk Eγk |Ωk {exp (−νγk )}

(16)

By substituting (6) and (7) into (16) and taking the integral with respect to γk ,
we obtain
!
Z ∞
2
10
(10 log10 Ωk − µk )
−m
√
φγk (ν) =
exp −
(1 + γ0 Ωk ν)
dΩk
2σk2
ln 10 2πΩk
0

−m
Z ∞
√
2σk t+µk
exp −t2
√
=
1 + γ0 ν10 10
dt
(17)
π
−∞
Similarly as in the derivation of the ergodic capacity, the integral in (17) can be
numerically evaluated by applying the Gauss-Hermite integration as follows:

−m
Np
√
X
2σk ωj +µk
Wj
10
√
φγk (ν) =
1 + γ0 ν10
π
j=1
Denoting Pek as the average SER for the k-th symbol sk , we have [20]


π
Z
1 π− M
g
Pek =
dθ
φγk
π 0
sin2 θ




π
Z π
Z
1 2
g
1 π− M
g
=
φγk
dθ
+
φ
dθ
γ
k
π
π
sin2 θ
sin2 θ
| 0
{z
} | π/2
{z
}
,I1

(18)

(19)

,I2


π
where g = sin2 M
. By making the change of the variable t = cos2 θ for I1 ,
2
2
t = cos θ/ cos (π/M ) for I2 , and substituting (18) into (19), I1 and I2 can be
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written, respectively, as follows:
I1 =

Np
Z
X
Wj
j=1

I2 =

2π

3
2

1
−m

t−1/2 (βj,k − t)

Z
Np
X
Wj α
j=1

2π

m−1/2

(1 − t)

(20)

dt

0

3
2

1

t

−1
2

βj,k − α2 t

0

−m

1 − α2 t

m− 12

dt

(21)

where
α = cos(π/M )
√

βj,k = 1 + gγ0 10(

2σk ωj +µk )/10

Note that the integrals in (20) and (21) can be expressed in terms of the Appell
hypergeometric function. Specifically, we obtain
Pek =

Np
X
j=1

 

Wj
1 1
3
1
F1
, − m, m; ; 1,
m
2 2
2
βj,k
π 3/2 βj,k


1 1
3 2 α2
+ αF1
, − m, m; ; α ,
2 2
2
βj,k

(22)

where F1 (a, b, b′ ; c; u, v) is the Appell hypergeometric function and its integral
representation is given in [26, eq. 5.8.(5)].
Then, the average SER of the CSM system for M -PSK modulation scheme
can be written as
Pe =

K X Y
X

r=0 Dr k∈Dr

e

−λ1 /ΩSRk

Y

l∈D
/ r

1−e

−λ1 /ΩSRl

r
X

Pr (xk ) Pek

(23)

k=1

where Pr (xk ) is the probability that the symbol xk is transmitted. Assuming all
symbols are equal likely transmitted and substituting (19) into (23), the average
SER Pe can be determined as
Np
K
r X
X
1 X X Y −λ1 /ΩSR Y 
Wj
k
e
1 − e−λ1 /ΩSRl
m
3/2
K r=0
π βj,k
Dr k∈Dr
k=1 j=1
l∈D
/ r
 



1 1
3
1
1 1
3
α2
× F1
, − m, m; ; 1,
+ αF1
, − m, m; ; α2 ,
(24)
2 2
2
βj,k
2 2
2
βj,k

Pe =
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Figure 2: Ergodic capacity versus SNR in a composite channel employing cooperative spatial multiplexing with different system configurations.
The average SER Pe in (24) can be numerically evaluated by either using the
Appell function which is available in MATHEMATICA software or integrating
the integral representation of Appell hypergeometric function. However, we
can tightly approximate Pe by using the series representation of the Appell
hypergeometric function defined as [26, eq. 5.7.(6)]
F1 (a, b, b′ ; c; x, y) ,

∞ X
∞
X
(a)u+v (b)u (b′ )v

u=0 v=0

(c)u+v u!v!

xu y v

(25)

where (a)u , Γ (a + u) /Γ (a) is the Pochhammer’s symbol. Hence, Pe can be
tightly approximated by considering only N + 1 series terms in (25) as follows:

Pe ≈

Np
K
r X
X
1 X X Y −λ1 /ΩSR Y 
Wj
k
e
1 − e−λ1 /ΩSRl
3/2
K r=0
π
Dr k∈Dr
k=1 j=1
l∈D
/ r


1
1
N X
N


X
2 u+v 2 − m u (m)v −m−u

×
βj,k
1 + α2(u+v)+1 (26)
3
2 u+v u!v!
u=0 v=0
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Figure 3: Symbol error rate of QPSK versus SNR in a composite channel employing cooperative spatial multiplexing with different system configurations.

4

Numerical Results

In this section, we provide numerical results to verify the advantage of CSM.
We also compare analytical results with Monte-Carlo simulations to validate
our analysis. Moreover, to further highlight the increased transmission rate of
CSM, we make the comparison with other systems such as conventional MIMO
multiplexing gain system, e.g., V-BLAST. For the first-hop transmission, we
assume that the transmission rate of the first hop is given as R1 = 1 bps/Hz.
For simulations, the log-normal distribution is created from MATLAB function
“lognrnd”. In MATLAB, the log-normal distribution is defined as
#
"
1
(ln x − µ)2
exp −
pX (x) = √
2σ 2
2πσx

(27)

By comparing (7) with (27), it is observed that in order to obtain the log-normal
distributed random variable Ωk defined in (7), we simply make the change of
variables 10 log10 Ωk = ln X. To reduce time consuming calculations while keeping the accuracy satisfied, we numerically evaluate the Hermite polynomial with
Np = 10.
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Figure 4: Ergodic capacity versus nD in a composite channel employing cooperative spatial multiplexing with different shadowing/fading parameters.
Fig. 2 and Fig. 3 illustrate the ergodic capacity and SEP with QPSK modulation of CSM system versus average SNR for the two following schemes:
• Scheme 1: (nD , K) = (2, 2), {µk }2k=1 = {20, 10} dB, {σk }2k=1 = {8, 4} dB,
and {ΩSRk }2k=1 = {0.2, 0.1}.
• Scheme 2: (nD , K) = (4, 3), {µk }3k=1 = {20, 10, 10} dB, {σk }3k=1 =
{8, 4, 4} dB, and {ΩSRk }3k=1 = {0.2, 0.1, 0.4}.
Different shadowing and fading parameters are selected with the two schemes
to guarantee that our analysis is valid for the applications of non-identical
shadowing-fading channel. As can be seen from the two figures, simulation
results perfectly agree with the analysis for the two considered examples which
validate the accuracy of our derivation using the Hermite polynomial. This
observation is important in the sense that the analysis allows us to investigate the performance of CSM system without conducting lengthly simulations.
Furthermore, it is observed that Scheme 2 outperforms Scheme 1 in terms of
the capacity. This is due to the fact that the former has higher number of
transceiver’s antennas.
For a better understanding of the effect of system configurations on the
capacity of CSM, we plot the capacity versus the number of antennas at the

Cooperative Spatial Multiplexing over Composite Fading Channels

10

105

0

-1

Symbol Error Rate

10

n =3, K=2
D

-2

10

QPSK

=0.4

SR

-3

10

-4

10

=14 dB,

k

=10 dB,

k

10

=12 dB

k

= 4 dB

k

-5

0

5

10

15

SNR

20

25

30

(dB)

Figure 5: Symbol error rate of QPSK versus SNR in a composite channel employing cooperative spatial multiplexing with different shadowing/fading parameters.

destinations and number of relays in Fig. 4. The capacity is considered for
the two scenarios at the operating SNR of 20 dB with different shadowing parameters: (µk , σk ) = (14, 12) dB and (µk , σk ) = (10, 4) dB. Furthermore, we
assume that the number of antennas at D equals to the number of relays, i.e.,
nD = K, and varying them from 2 to 10. It is clear that the ergodic capacity
increases with the number of antennas at the destination and the number of
relays. Furthermore, the capacity improves with increased scattering environment. As illustrated in Fig. 4, the capacity enhances from (µk , σk ) = (10, 4)
dB (poor scattering) to (µk , σk ) = (14, 12) dB (rich scattering). This again
confirms the fact that the CSM system exploits the rich scattering nature of
propagation environment.
In contrast, in Fig. 5, the SEP performance of CSM decreases with increased
level of scattering environment. The SEP performance of poor scattering, i.e.,
(µk , σk ) = (10, 4) dB, outperforms the rich scattering, i.e., (µk , σk ) = (14, 12) dB
over the considered SNR range. This is, in fact, the trade-off between capacity
and error rate performance which implies that the rich scattering degrades the
SEP performance while poor scattering reduces the capacity.
Eventually, we compare the capacity performance of CSM systems and its
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Figure 6: Comparison of ergodic capacity between V-BLAST systems and cooperative spatial multiplexing.

MIMO counterpart, i.e., V-BLAST systems. We consider the case that the destination has nD = 3 antennas. To make a fair comparison we presume that the
V-BLAST system has two transmit antennas and the CSM has K = 2 relays.
For the MIMO systems, due to the co-located antennas, all the branches are
presumed to suffer medium scattering, e.g., (µk , σk ) = (12, 8) dB. For the CSM
systems, one relay can be installed at a strategic location and it can experience
very rich scattering, e.g., (µ1 , σ1 ) = (20, 12) dB. On the other hand, another
relay is not in a favorable position to the destination and it suffers poor scattering, e.g., (µ2 , σ2 ) = (10, 4) dB. Due to the multi-hop nature of relay networks,
CSM needs more than one time-slot leading to a loss in spectral efficiency compared to one-hop communications. However, we can see from Fig. 6 that the
CSM scheme still shows a better performance than V-BLAST systems in the
medium-to-high SNR regime. This again verifies that using relays can alleviate
the problem of MIMO systems where all co-located antennas experience the
same shadowing effect. It is apparent to observe that the performance of CSM
is poorer than that of MIMO systems at the low SNR regime since the number
of active relays in the second-hop transmission is limited by low received SNR
of the first hop.
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Conclusions

In this paper, we derived the closed-form expressions for ergodic capacity and
SEP of CSM systems over composite channels consisting of log-normal shadowing and Rayleigh fading. Our final results are given in simple forms which
readily enable us to analyze the performance of CSM systems without the need
of lengthy simulations. It has been demonstrated that using relays can overcome
the drawback of MIMO systems when multiple co-located antennas experience
the same severe shadowing/fading conditions. We also investigated the performance of CSM in some representative examples which reveals that the capacity
performance of CSM exploits the rich scattering environment while poor scattering enhances the SEP performance.
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Unequal Error Protection for Wireless
Multimedia Transmission in Decode-and-Forward
Relay Networks
Trung Q. Duong, Ulrich Engelke and Hans-Jürgen Zepernick
Abstract
In this paper, we propose an unequal error protection (UEP) scheme
for multimedia transmission over wireless decode-and-forward (DF) relay
networks. We prove that relay selection combining (R-SC) mode yields a
better error rate performance than all-participate relays, i.e., distributed
space-time codes (DSTC) and orthogonal transmission with maximum ratio combining (OT-MRC) at the destination. Hence, we apply the R-SC
scheme for transmitting bit sequence with high priority while the cooperative spatial multiplexing scheme is employed for the bit-stream with low
priority. With this strategy, we achieve the maximum spatial diversity
gain for high priority data and a high spatial multiplexing gain for low
priority data. Monte-Carlo simulations and analytical results are shown
to validate the proposed UEP scheme.

1

Introduction

Multimedia source data requires different levels of error protection. Distortion
of the reconstructed images and videos can be reduced if more important parts
of these sources are decoded reliably at the expense of unreliable detection of less
important parts. Therefore, unequal error protection (UEP), in which the most
important bits are protected with higher priority than less important bits, is a
promising technique for multimedia communications over error-prone channels.
UEP for multimedia data over multiple-input multiple-output (MIMO) wireless
systems has recently attracted great attention [1, 2, 3, 4]. In [1], more significant
source bits are assigned ahead with stronger protection, i.e., lower channel coding and modulation rate, and transmitted through space-time coded orthogonal
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frequency division multiplexing (OFDM) system. For a given average signal-tonoise ratio (SNR), a fast local search algorithm finding the proper modulation
constellation is applied to optimize the image quality as UEP and joint source
and channel coding (JSCC) are jointly designed. In [2], a layered Scalable Video
Coding (SVC) transmission scheme over a closed-loop MIMO system has been
reported. Specifically, a higher priority layer bit stream is transmitted in subchannel with better SNR strength. By combining the channel coding (turbo
code) and spatial diversity (space-time codes), an UEP for multimedia transmission has been presented in [3]. In addition, the hybrid MIMO scheme to
obtain the UEP for delivering video data has been proposed in [4].
All described UEP strategies are obtained through the multiple antennas
deployment at the transceivers. In practice, employing more than one antenna
on the mobile handset is infeasible due to the size limitation. To overcome such
obstacle, an UEP scheme exploiting the ad hoc nature of wireless relay networks is proposed. Our proposed scheme automatically achieves UEP without
implementing multiple antennas on mobile users.
In this paper, we present a joint application and networking layer design for
delivering the multimedia data over error-prone wireless channels. In particular, among all relays in the networks we select one which posses the largest
post-processing SNR to assist the direct communication for delivering the most
significant bit-stream. Other less important bit-streams are transmitted with
high data rate through the help of other relays forming the cooperative spatial
multiplexing system. With this strategy, we achieve the maximum spatial diversity gain for the high priority data and high spatial multiplexing gain for low
priority data.
Our contribution is summarized as follows: We derive exact closed-form
expressions of symbol error probability (SEP) for relay selection combining (RSC), distributed space-time coded (DSTC), and orthogonal transmission with
maximum ratio combining (OT-MRC) scheme. In addition, assessing the high
SNR regime we show that these three schemes achieve the maximum diversity
gain. However, R-SC yields the best performance among the three considered
schemes. This observation is verified by both numerical results deduced from
the exact closed-form expressions and tightly approximated formulas. Furthermore, average spectral efficiency for UEP, DSTC, and OT-MRC are derived.
Numerical results are displayed to validate the proposed UEP scheme.
The remainder of this paper is organized as follows: In Section 2, we briefly
introduce the considered system. The average SEP and spectral efficiency are
derived in Section 3 and Section 4, respectively. Simulation and analytical results are shown in Section 5 to validate our proposed scheme. Finally, concluding
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remarks are given in Section 6.

2

System Overview

We consider an uplink communication in wireless relay networks where a source
node S communicates with a destination node D with the help of a set C of N
relay nodes (C = {R1 , . . . , RN }) in the networks. All transmitting terminals,
i.e., the source node S and each relay terminal Rn , n = 1 . . . N , are equipped
with a single antenna whereas the destination D serves as the base station,
hence, can be deployed with multiple antennas, e.g., nD antennas. In the first
hop, the source S broadcasts messages to N relays. In the second hop, relay terminals retransmit correctly decoded signals to the destination based on
the considered relaying scheme, i.e., R-SC, DSTC, OT-MRC, and cooperative
spatial multiplexing.
After being source-encoded at terminal S, the multimedia data are classified
into two sub-streams. The first sub-stream containing the high priority data is
transmitted in a highly reliable protocol through the use of cooperative spatial
diversity systems. Among the three well-known cooperative diversity protocols,
i.e., R-SC, DSTC, and OT-MRC, which achieve the maximum diversity gain,
R-SC provide the best error rate performance compared to DSTC and OT-MRC
as will be shown in the next section. Hence, R-SC is the candidate to transmit
the high priority data. The second sub-stream conveying the low priority data
is sent with high data rate by cooperative spatial multiplexing systems. It has
been shown that cooperative spatial multiplexing systems provide high data
rate communications without using multiple antennas at the mobile user [5].

3

Average SEP Performance Analysis

Relay selection with amplify-and-forward (AF) protocol has recently been proven
to outperform OT-MRC with AF relay in [6]. In this section, we derive exact
closed-form expressions of SEP for R-SC, DSTC, and OT-MRC and provide
further tightly approximated formulas in the high SNR regime.
Denoting Prn as the probability that the n-th relay successfully decodes the
message transmitted from the source and let Cn ⊆ C be a decoding subset with
n relays (the cardinality of subset Cn : |Cn | = n). Then, the SEP of protocol A,
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where A ∈ {R-SC, DSTC, OT-MRC}, is given by
Pe(A) =

N X Y
X

n=0 Cn Ri ∈Cn

Pri

Y

Rj 6∈Cn

(1 − Prj ) Ps (γA |Cn )

(1)


where the second summation is taken over all N
n different subsets of C and
Ps (γA |Cn ) is the average SEP corresponding to the instantaneous SNR per
symbol for protocol A (γA ) given the decoding subset Cn .
For the case that the channel mean powers of all source-to- n-th relay links
are identical, it is easy to see that each individual n-th relay decodes the source’s
message with the same probability (i.e., Prn = Pr with n = 1, . . . , N ). Hence,
we can simplify the SEP given (1) as
Pe(A) =

N  
X
N
N −n
Prn (1 − Pr)
Ps (γA |Cn )
n
n=0

(2)

When N relays can perfectly decode the message, we have
Pe(A) = Ps (γA |C)

(3)

It can be observed from (1) that the SEP expressions for the three schemes only
differ from each other in the last term of (1), i.e., Ps (γA |Cn ). Therefore, for
the purpose of comparison among the three considered protocols of cooperative
diversity system (i.e., R-SC, DSTC, and OT-MRC), without loss of generality
we only address the SEP described in (3), assuming that D is equipped with a
single antenna. For the sake of fair comparison, equal total transmitted power in
the second hop and equal power allocation among all relays are assumed for the
three systems. Specifically, for the R-SC case if we denote the average transmit
power per symbol of the selected relay is Ps then the average received SNR per
antenna at the destination D is γ0 = Ps /N0 where N0 is the noise variance.
Hence, to ensure a fair comparison, for the two systems of all-participate relays
(i.e., DSTC and OT-MRC), the average transmitted power from each relay is
normalized to be Ps /N such that the average received power at each antenna
of D is equal to Ps leading to the average received SNR per antenna of γ0 .
In summary, for the purpose of comparing the error rate performance among
(A)
three protocols (i.e., comparing Pe ), without loss of generality we restrict our
attention to the case that there are K relays (2 ≤ K ≤ N ) successfully decoding
the source’s message.
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Average SEP for R-SC Systems

In the R-SC system, among K relay nodes only one relay terminal which has
the largest received SNR is chosen for the communications. The instantaneous
received SNR per symbol at the output of the relay selection combiner given
decoding subset CK , denoted as γR-SC |CK , can be given by
γR-SC |CK =

max γ0 |hRDk |2

(4)

k=1,...,K

where hRDk , k = 1, . . . , K, is the channel gain for the link from the k-th relay
to destination and modeled as an independently but not identically distributed
(i.n.i.d) complex Gaussian random variable with zero mean and variance ΩRDk .
It is clear that |hRDk |2 is an exponentially distributed random variable with
the parameter 1/ΩRDk . Hence, the probability distribution function (PDF) of
γR-SC |CK can be written as
pγR-SC |CK (γ) =

K
X

αi eαi γ

i=1

K
Y

(1 − eαj γ )

(5)

j=1
j6=i

where αi = γ0 Ω1RD . The PDF of γR-SC can be described in a more tractable
i
form which readily enables us to derive the exact closed-form expression for SEP
as


K
K
X
X


k−1
pγR-SC |CK (γ) =
βk e−βk γ 
(6)
(−1)
t1 ,t2 ,...,tk =1
t1 <t2 ···<tk

k=1

Pk
where βk = l=1 αtl . Applying the well-known moment generating function
(MGF) approach, the SEP for M -ary phase-shift keying (M -PSK) corresponding to the instantaneous SNR of R-SC given the decoding set CK can be determined by [7]
1
Ps (γR-SC |CK ) =
π

Z

0

π
π− M

φγR-SC |CK



g
sin2 θ



dθ

(7)

where g = sin2 (π/M ) and φγR-SC |CK (s) is the MGF of γR-SC |CK defined as
φγR-SC |CK (s) = EγR-SC |CK {exp (−γR-SC |CK s)}

(8)
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After some simple manipulations, we obtain the closed-form expression for SEP
of R-SC as follows
Ps (γR-SC |CK ) =

K
X

K
X

k−1

(−1)

t1 ,...,tk =1
t1 <···<tk

k=1

3.2

1
π

Z

π
π− M

(1 +

0

g
)−1 dθ
sin2 θβk

(9)

Average SEP for DSTC Systems

After successfully decoding the source’s signal, K relays generate the orthogonal space-time block codes (OSTBCs) and forward to the destination. In this
paper, we apply the general construction of complex OSTBCs achieving the
minimal delay and maximal achievable rate [8]. The average SEP for M -PSK
corresponding to the instantaneous SNR of DSTC given the decoding set CK
can be given by
Ps (γDSTC |CK ) =

1
π

Z

π
π− M

0

K
Y

(1 +

k=1

ΩRDk γ0 g −1
) dθ
KR sin2 θ

(10)

2 K+1⌉
where R = ⌈log
≤ 1 is the code rate of DSTC and ⌈x⌉ denotes the smallest
2⌈log2 K⌉
integer greater than or equal to x.

3.3

Average SEP for OT-MRC Systems

For the OT-MRC system, each relay occupies an orthogonal channel either
through time or frequency in the second hop transmission. At the destination, the received signals from K relays are combined together using the MRC
technique. Similarly as in the case of DSTC systems, we have
1
Ps (γOT-MRC |CK ) =
π

3.4

Z

0

π
π− M

K
Y

k=1

(1 +

ΩRDk γ0 g −1
) dθ
K sin2 θ

(11)

Comparison of SEP Among The Three Considered
Systems

Though SEP expressions given in (9), (10), and (11) enable us to numerically
evaluate the error rate performance of the three systems, these expressions do
not render insight into the diversity order. Hence, we aim at deriving asymptotically tight approximations for SEP to reveal the effect of the number of relays
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on the diversity gain and readily allow us to compare the SEP performance
among the three schemes.
For the case of R-SC systems, the SEP of M -PSK modulation is approximated by [9, eq. (5-2-61)]
p

Ps (γR-SC |CK ) ≈ 2Q
(2gγR-SC |CK )
(12)
Following the same steps as in [10], we obtain
Ps (γR-SC |CK ) ≈

QK

k=1 (2k −
2K g K K!

1) ∂ K−1 pγR-SC |CK
(0)
∂γ K−1

(13)

where the last term in (13) is the (K − 1)-th order derivative of the PDF of
γR-SC |CK at zero value. Furthermore, the (K −1)-th order derivative of the PDF
is equal to the K-th order derivative of the cumulative distribution function
(CDF). Hence, after further derivations, we obtain
K

Y
∂ K−1 pγR-SC |CK
1
(0) ≈ K!
K−1
∂γ
γ0 ΩRDk

(14)

k=1

Substituting (14) in (13) results in the asymptotically tight approximation for
SEP as follows
Ps (γR-SC |CK ) ≈

QK

k=1 (2k −
2K g K γ0K

K
1) Y

k=1

1
ΩRDk

(15)

For the case of DSTC and OT-MRC systems, in the high SNR regime (i.e.,
large γ0 ) by omitting the unit value in (10) and (11) the SEP expressions can
be tightly approximated by, respectively
Ps (γDSTC |CK ) ≈
Ps (γOT-MRC |CK ) ≈

K
K K RK ξ Y 1
πg K γ0K k=1 ΩRDk

(16)

K
KKξ Y 1
πg K γ0K k=1 ΩRDk

(17)

R π−π/M
where ξ = 0
(sin θ)2K dθ. From (15), (16), and (17), it is obvious that the
error rates of the three schemes are inversely proportional to γ0K , hence, full
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diversity order of K can be achieved for the three schemes. It is easy to see that
Q
π K
Ps (γR-SC |CK )
k=1 (2k − 1)
=
Ps (γDSTC |CK )
(2KR)K ξ
QK
π k=1 (2k − 1)
Ps (γR-SC |CK )
=
Ps (γOT-MRC |CK )
(2K)K ξ

(18)
(19)

The two ratios in (18) and (19) are less than 1 for all K ≥ 2 and do not depend
on the channel mean powers of relay-to-destination link. In other words, RSC shows a better error rate performance than the two all-participate schemes.
Specifically, for K = 3 and QPSK modulation, from the approximation ratios
given in (18) and (19) we observe that the SEP performance of R-SC outperforms those of DSTC and OT-MRC by 0.9 dB and 2.1 dB, respectively.

4

Average Spectral Efficiency

In this section, we derive the average spectral efficiency for UEP and all-participate
schemes. It is assumed that there are K relays successfully decoding the source’s
message and the destination D is equipped with nD antennas. Also, it has been
shown in previous section that the SEP performance of R-SC exceeds those of
DSTC and OT-MRC regardless of the channel conditions for second hop transmission, hence for simplicity, we assume that the relay topology is symmetric
(i.e., channels between relays and destination are assumed to be i.i.d. Rayleigh
fading with unit variance). Due to the limit of space, we omit the derivation
and only provide final expressions of spectral efficiency. For the UEP scheme,
denoting ǫ as the percentage of the number of bits in high priority data and
using the result in [5] for cooperative spatial multiplexing systems, we have
 
l
ǫKnD X
E1 ((k + 1)/γ0 )
k l
e(k+1)/γ0
SEUEP =
(−1)
2 ln 2
k
k+1
k=0

  m−k
m
(1 − ǫ) KeK/γ0 X
K
K
+
Γ −m + k,
2 ln 2
γ0
γ0

(20)

k=1

where l = KnD − 1, m = nD − K + 1, E1 (x) is the exponential-integral function
of first order, and Γ(a, x) is the incomplete gamma function. In case of DSTC
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Figure 1: Average SEP of high priority data for QPSK and K = 3.
and OT-MRC, final expressions of spectral efficiency are given by, respectively
l

SEDSTC =

R KR/γ0 X Γ (−k, KR/γ0 )
e
k
2 ln 2
[γ0 /(KR)]

(21)

k=0

l

SEOT-MRC =

X Γ (−k, K/γ0 )
1
eK/γ0
k
(K + 1) ln 2
(γ0 /K)

(22)

k=0

5

Numerical Results

In this section, we display numerical results to verify the proposed UEP scheme.
We also compare analytical results with Monte-Carlo simulations to validate
our analysis. For the multimedia source, we consider a practical image coding
system based embedded zerotree wavelet (EZW) approach. In particular, a
128 × 128 gray-scale Lena image is passed through EZW encoder. The high
priority bit stream contains the significant wavelet coefficients while the low
priority bit streams conveys less significant ones. The high priority sequence
contains only 29.13% of the total bit sequence.
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Fig. 1 shows the average SEP of the three considered schemes versus average
SNR per received antenna with QPSK modulation and dissimilar fading channels of relays-to-destination link are as: ΩRD1 =1, ΩRD2 =2, and ΩRD3 =4. In
this example, for the purpose of comparison and without loss of generality, we
investigate the SEP performance with single antenna at the destination. From
this figure, it can clearly be seen that simulation results agree very well with
the analysis and approximation curves are very tight compared to the exact
ones in the high SNR regime. Also, Fig. 1 shows that R-SC improves the SEP
performance by 0.9 and 2.1 dB compared to DSTC and OT-MRC, respectively,
as depicted in Section 3.4.
Fig. 2 displays the average spectral efficiency of UEP, DSTC, and OT-MRC
systems. Simulation results closely match with the analysis. As can clearly
be seen from this figure, the proposed UEP scheme significantly enhances the
capacity over DSTC and OT-MRC.
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UEP Analysis
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Figure 2: Average spectral efficiency of UEP, DSTC, and OT-MRC systems.
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Conclusions

We have proposed an UEP scheme for multimedia transmission in wireless relay
networks achieving the maximum diversity order for delivering high priority sequence and high data rate for low priority bit stream. Closed-form expressions
of SEP and spectral efficiency have been derived. Furthermore, asymptotically
tight approximations for SEP have been shown to render insight into the effect
of number of relays on the diversity gain. Monte-Carlo simulations and numerical results verify that our proposal outperforms two well-known all-participate
relaying schemes, i.e., DSTC and OT-MRC.
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With the rapid growth of multimedia services,
future generations of wireless communications
require higher data rates and a more reliable
transmission link while keeping satisfactory quality
of service. In this respect, multiple-input multipleoutput (MIMO) antenna systems have been considered as an efficient approach to address these
demands by offering significant multiplexing and
diversity gains over single antenna systems without increasing requirements on radio resources
such as bandwidth and power. Although MIMO
systems can unfold their huge benefit in cellular
base stations, they may face limitations when it
comes to their deployment in mobile handsets.
In particular, the typically small-size of mobile
handsets makes it impractical to deploy multiple
antennas. To overcome this drawback, the concept
of cooperative communications has recently been
proposed and gained large interest in the research
community. The key idea is to form a virtual MIMO
antenna array by utilizing a third terminal, a socalled relay node, which assists the direct communication. After receiving the source’s message, the
relay processes and forwards it to the destination.
With this approach, the benefits of MIMO systems
can be attained in a distributed fashion. Furthermore, cooperative communications can efficiently
combat the severity of fading and shadowing effects through the assistance of relay terminals. It
has been shown that using the relay can extend
the coverage of wireless networks. In this thesis,
we focus on the performance evaluation of such

cooperative communication systems and their
application to mobile multimedia.
The thesis is divided into five parts. In particular,
the first part proposes a hybrid decode-amplifyforward (HDAF) relaying protocol which can
significantly improve the performance of cooperative communication systems compared to the
two conventional schemes of decode-and-forward
(DF) and amplify-and-forward (AF). It is interesting
to see that the performance gain of HDAF over
DF and AF strictly depends on the relative value
of channel conditions between the two hops. The
second part extends HDAF to the case of multiple relays. It is important to note that the gains
are saturated as the number of relays tends to
be a large value. This observation motivates us to
use a small number of relays to reduce network
overhead as well as system complexity while the
obtained gains are still as much as in the largenumber case. In the third part, we analyze the performance of DF relaying networks with best relay
selection over Nakagami-m fading channels. Besides the diversity gain, we show in the fourth part
that the spatial multiplexing gain can be achieved
by cooperative communications. We analyze the
performance of cooperative multiplexing systems
in terms of symbol error rate and ergodic capacity
over composite fading channels. Finally, in the fifth
part, we exploit the benefit of both diversity and
multiplexing gain by proposing an unequal error
transmission scheme for mobile multimedia services using cooperative communications.
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