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Abstract

It has been shown that cooperative communication schemes can solve many
of the issues faced by future broadband WWAN and WLAN networks. It is
about communication concept based on resource sharing and coordination
among terminals in wireless network that provides significant performance
improvements in terms of increased coverage, data rates, capacity, reliab-
ility, spectral and energy efficiency. This paper gives detailed overview of
cooperative communication concept based on replacement of direct commu-
nication link between source and destination with several shorter links using
network terminals called relays. Several, so called fixed relaying techniques,
are described: amplify-and-forward fixed gain (AF FG), amplify-and-forward
variable gain (AF VG) and decode-and-forward (DF). Appropriate analyt-
ical models for outage probability, bit error rate and system capacity values
are presented. Further on, assuming Rayleigh fading channels, comparison
of the presented relaying techniques are performed, enabling identification
of optimal signal transmission scenarios for cooperative communication
systems.
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1 Introduction

With the increasing demand for new smart services and applications, a
significant focus is on the further development of wireless communication
networks, so that the required high throughputs and energy efficiency will
be provided. However, it is well known that wireless signal transmission
imposes serious challenges in fulfilling those demands, due to the complex
nature of wireless radio channel. Thus, in defining the adequate technical
solutions for future broadband wireless networks, all relevant characteristics
of this specific transmission medium have to be taken into account. That is
why research efforts have been directed towards new solutions and techniques
that would support high data rates and higher capacities of future wireless
systems, with the better coverage and energy efficiency at the same time.

Cooperative communication concept based on resource sharing and co-
ordination among units of wireless network, where one or more intermediate
nodes (relays) intervene in the communication between a transmitter and a
receiver can solve many of the issues faced by future broadband WWAN
and WLAN networks. The idea of exploiting benefits of diversity systems by
mutual cooperation among terminals originates from 1970s [1]. It is about
a concept that attains broader coverage by splitting the communication link
from the source to the destination into several shorter links/hops. Since future
wireless communications are likely to take place at higher and less congested
frequency bands, where path loss is larger, and higher transmission powers
are needed to keep the same coverage area, such concept is likely to be
adopted in next generation systems. One of the main advantages of this com-
munication technique is that it distributes the use of power throughout the
hops, reducing the need to use a large power at the transmitter, which results
in extended battery life and lower level of interference introduced to the rest
of the network. Moreover, different energy aware schemes can be used to
further save energy in transmitting data from the relays to the destination,
such as different cooperative algorithms, power allocation, relay selection,
sharing or distributing tasks among cooperating entities, etc.

This paper gives detailed explanations of relay aided communication
concept. In its simplest form, a relay based system has just one relay station
(R) and the entire communication process between a source of information
(S) and a destination terminal (D) is performed over R [2]. This represents
dual-hop relay system with three communication terminals (Figure 1), where
R receives a signal from the source, performs adequate processing and after
that transmits it towards the destination. In order to achieve full advantages
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Figure 1 Dual-hop relay system.

Figure 2 Multi-hop relay system.

of the relay implementation, it is necessary to obtain that the communication
channel between S and R is orthogonal with the communication channel
between R and D. The required orthogonality can be realized in the fre-
quency domain, in the time domain, or using signals which are orthogonal
in space-time constellation.

A relay system with three communication terminals represents the
simplest example of relay aided communication network and it could be
considered as a particular case of a multi-hop relay system. It is clear that an
extended wireless link, covering greater distances between S and D, cannot
always be successfully realized including just one R. If n denotes the number
of relay stations participating in communication between S and D, then the
multi-hop relay system is characterized with the S-D communication link
being divided into n+1 links (hops). There, each relay station communicates
with the two neighboring terminals, as it is illustrated in Figure 2.

The above mentioned dual-hop and multi-hop cooperative relay systems
are basically introduced in order to better cope with the effects of severe
propagation losses present in wireless communications over longer distances.
At the same time, their implementation contributes towards overall capacity
improvements of wireless systems, enabling extension of their coverage range
by maintaining the message transmission in the areas where it would not be
possible without relay stations. However, relaying concept could also be im-
plemented in a form of diversity system, transmitting multiple signal replicas
towards destination terminal. In a simple three terminals scenario, diversity
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Figure 3 Dual-hop relay system with diversity.

is actually formed if additional direct communication link between S and D
exist (Figure 3).

When this scenario with three communication terminals is considered,
assuming that the orthogonality between S-R and R-D links is achieved in the
time domain, i.e. that R operates in half-duplex mode, it is possible to identify
different models for the realization of diversity transmission. Actually, as the
communication process between S and D is divided in two time intervals, or
two phases depending on terminals which participate in a particular phase,
several models of this cooperative diversity could be recognized. Dual-hop
relay system with diversity

Following growing interest for MIMO (Multiple Input Multiple Output)
systems in wireless communications, additional focus has been directed to-
wards relaying after presenting the idea of creating virtual MIMO system
using single antenna relay terminals [3]. MIMO systems, already incorpor-
ated in different wireless network standards, offer significant performance
improvements of wireless systems characterized with the communication
channel exposed to fading and other known impairments. However, a prac-
tical implementation of this concept might be a problem in certain conditions
due to limitations related with placing multiple antennas on a single terminal.
That is why virtual, or distributed, MIMO system has emerged as an interest-
ing solution for obtaining benefits of MIMO concept in a scenario with single
antenna terminals (Figure 4).

Another option for incorporating relay systems in wireless environments
can be created with wireless mesh networks [4], which include mesh cli-
ents, mesh nodes and gateways (Figure 5). In this configuration mesh nodes
actually represent relay stations that can communicate with all neighboring
terminals (nodes). Thus, the existence of such redundant communication
links makes mesh networks highly reliable.
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Figure 4 Virtual (distributed) MIMO.

Figure 5 Mesh network.

2 Relaying Techniques

Performances of relaying systems highly depend on signal-to-noise ratio
(SNR) of particular communication links, as well as the implemented signal
processing method at the relay. With regard to algorithms of signal processing
and forwarding applied at relay stations, relaying techniques can be classified
as [5]:

• Transparent relaying techniques that perform simple power scaling
and/or phase rotation, i.e. linear transformation of a signal received at
R,

• Regenerative relaying techniques that include modifications of a signal
waveform.
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Transparent relaying techniques are Amplify-and-Forward (AF), Linear-
Process-and-Forward, Nonlinear-Process-and-Forward. AF attracts most of
the attention in relay systems considerations, where R receives a signal from a
source, amplifies it and then forwards it towards a destination. In contrast with
this approach, Decode-and-Forward (DF) is typical example of regenerative
relaying technique. Thus, a relay station with DF first fully decodes a received
signal, re-encodes it and then retransmits it towards a destination. Perform-
ances of the mentioned AF and DF relaying techniques highly depend on
signal-to-noise ratio (SNR) of particular communication links, what can be
considered as a limitation factor for identification of a generally optimal re-
laying technique. That is why a choice of an optimal relaying technique could
be done only for a well defined specific communication scenario. When com-
paring the two relaying techniques AF and DF, considered as the most used
ones, it can be noticed that AF is characterized with the simpler realization
and less delay introduced at relay stations. On the other side, it has a signi-
ficant disadvantage in the fact that amplifying a signal it amplifies a present
noise as well. DF relaying has specific advantage as it allows completely
separated optimizations of S-R and R-D links, due to the fact that the process
of re-encoding at R could be done with a code which is the most adequate for
R-D link no matter what was a code used for signal transmission over S-R
link.

Taking into account the importance of AF and DF relaying techniques that
can be considered as bases for all the other signal processing and forwarding
techniques used in relay aided communications, it is necessary to describe
their behavior and performances in detail.

3 Amplify and Forward Relay Technique

As has already been mentioned, the Amplify-and-Forward (AF) relay tech-
nique represents one of the two basic methods used for processing a signal
received at the relay station. Depending on the way the signal is amplified,
the following types of AF systems can be recognized:

• AF with fixed gain (FG),
• AF with variable gain (VG).

In AF FG relaying, R amplifies the received signal always with the same
level, no matter the actual conditions on the S-R link. On the other hand, in
the AF VG system the relay station permanently estimates the S-R link and,
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depending on the channel state information, determines the level of signal
scaling applied.

For the elementary configuration of a dual-hop relay system with three
communication terminals, shown in Figure 1, the signal received at R is given
as:

yR(t) = x(t)h1(t) + n1(t) (1)

with x(t) being a data symbol emitted by the source at the time instant t ,
h1(t) is the fading amplitude of the S-R channel and n1(t) is an additive
white Gaussian noise, with variance N01. The signal received at D depends
on the way the signal is amplified.

3.1 AF with Fixed Gain

In AF relay systems with fixed gain G, the signal received at the destination
can be represented with:

yD(t) = GyR(t)h2(t)+n2(t) = Gx(t)h1(t)h2(t)+Gn1(t)h2(t)+n2(t), (2)

where h2(t) is the fading amplitude of the R-D channel at the given instant
of time and n2(t) is an additive white Gaussian noise with variance N02. The
above relation illustrates the following two important characteristics of AF
FG systems: (1) if fixed gain G is neglected, the total fading amplitude at
the time instant t introduced over the S-R-D channel can be obtained by
multiplication of fading amplitudes on S-R and R-D links at the same instant
of time, i.e. h(t) = h1(t) · h2(t), and (2) these systems are characterized with
the cumulative propagation of noise from S to the destination. Usually, in the
systems with the fixed gain, G is taken to be:

G =
√

εR

E[|yR(t)|2] =
√

εR

εSE[|h1(t)|2] + N01
(3)

In (3), εR and εS denote energy of the symbols emitted by R and S,
respectively, and E[·] is expectation operator. AF relay system which im-
plementing this type of gain at relay station is usually called semi-blind AF
relay system, or AF relay system with the average power limitation. There,
it is assumed that R has information on the S-R channel statistics, i.e. on the
average fading power, which is assumed to have relatively slow variations.
Therefore, there is no need for continual estimation of the S-R channel. Using
for the analyzed AF relay system with fixed gain, the following expression for
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the instantaneous signal-to-noise ratio at D can be written [6]:

γend = γSRγRD

εR

G2N01
+ γRD

, (4)

where
γSR = εS

|h1(t)|2 N01 and γRD = εR

|h2(t)|2 N02 (5)

denote the instantaneous signal-to-noise ratios of the S-R and R-D links,
respectively. Instantaneous SNR at the system receiving end is given with:

γend = γSRγRD

1 + γ̄SR + γRD

(6)

γ̄SR represents the average SNR of the S-R link.
Despite the fact that AF relay systems with fixed gain have come into

research focus long after AF relay systems with variable gain, their perform-
ances have already been analyzed in different communication scenarios, as
well as for various types of communication channels, [6–8].

When performance evaluation of wireless communication systems is
considered, the outage probability is often used as a relevant parameter.
Conventionally, it describes probability that SNR on a link falls below prede-
termined threshold value, γth. The assumed system, where the communicating
terminals transmit on orthogonal channels, is often denoted as noise-limited
system. In other words, it means that the interference caused by other nodes
is below the noise level. In such a system an outage is usually caused by deep
fades that drive SNR below γ th. When AF relaying techniques are concerned,
outage probability is declared as probability that instantaneous SNR at the
system receiving end, γ end, falls below γ th, i.e.:

Pout = Pr [γend < γth] (7)

For dual-hop AF FG relay system, when S-R and R-D channels have
Rayleigh narrowband fading statistics, the outage probability is derived in
[6] as:

Pout = 1 − 2
√

ργth

γ̄SRγ̄RD

e−γth/γ̄SRK1

(
2
√

ργth

γ̄SRγ̄RD

)
(8)

where K1(·) represents the first order, modified Bessel function of the second
kind, and the coefficient ρ is equal to:

ρ = G2εR

N01
. (9)
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γ̄SR and γ̄RD are average SNRs on the S-R and R-D links, respectively.
Probability density function (PDF) and the moment generating function

(MGF) of the end-to-end SNR, for the assumed dual-hop AF FG relay system
in Rayleigh fading environment, are also given in [6] The PDF of SNR is:

fγ,end(γ ) = 2e−(γ /γ̄SR)

γ̄SR

[√
ργ

γ̄SRγ̄RD

K1

(
2
√

ργ

γ̄SRγ̄RD

)

+ ρ

γ̄RD

K0

(
2
√

ργ

γ̄SRγ̄RD

)]
, (10)

with K0(·) denoting the zero order modified Bessel function of the second
kind.

Knowing PDF, MGF of the end-to-end SNR for dual-hop AF relay system
with fixed gain is derived as:

Mγ,end(s) = 1

(γ̄SRs + 1)
+

ργ̄SRs exp
[

ρ

γ̄RD(γ̄SRs+1)

]
γ̄RD(γ̄SRs + 1)2

E1

(
ρ

γ̄RD(γ̄SRs + 1)

)
(11)

In the above relation E1(·) denotes the exponential integral function.
The BER performance and capacity of AF FG relay systems can be ana-

lyzed using PDF and MGF of the received SNR. The upper bound of the
average ergodic capacity for AF relay system with FG, and Rayleigh fading
channel on both hops, can be defined as [8]:

C = 1

2
E(log2(1 + γend)) ≤ 1

2
log2(1 + E(γend)) (12)

where a multiplication with 1/2 is introduced as a consequence of the fact
that communication process is realized in two time intervals. Such definition
of the average ergodic capacity represents the system capacity normalized
over the unit bandwidth, for the channel which is considered as ergodic.
Expectation of SNR at the system receiving end is:

E(γend) = γ̄SRe
θR

2γ̄RD

[
2W−2,1/2

(
θR

γ̄RD

)
+

√
θR

γ̄RD

W−3/2,0

(
θR

γ̄RD

)]
(13)

where Wk,µ(z) denotes the Whittaker function, and coefficient θR is equal to:

θR = εR

G2N01
. (14)
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3.2 AF with Variable Gain

Using Eq. (1) which describes the signal received at R, the signal at D of the
AF relay system with variable gain can be represented with:

yD(t) = G(t)yR(t)h2(t) + n2(t)

= G(t)x(t)h1(t)h2(t) + G(t)n1(t)h2(t) + n2(t). (15)

As can be noticed, the applied gain is a function of time, having variations
which follow changes of the S-R channel in accordance with:

G(t) =
√

εR

εS|h1(t)|2 + N01
(16)

With R with variable gain, it becomes possible to compensate deleterious
effects related with the signal propagation over S-R link, so that a relay station
R always transmits the signal with the same power. This is the reason why
AF relay system with this type of gain is also known as AF system with the
instantaneous power limitation. It is clear that the AF VG system is more
complex than the AF FG, as it requires permanent estimation of the S-R
channel. Introducing the gain factor G(t) into (15), the fading amplitude of
the whole S-R-D channel at the given time t is obtained as

h(t) =
√

εRh1(t)h2(t)√
εS |h1(t)|2 + N01

. (17)

The above given relation shows that end-to-end characteristics of uplink
and downlink channels are not identical. Following the expression for the
signal received at the destination (15), instantaneous SNR at the receiving
end of the system with variable gain can be defined with

γend = γSRγRD

1 + γSR + γRD

. (18)

Analyses of the AF VG relay system, focused on its outage probability,
capacity as well as on its bit error rate, have been performed for different
communication scenarios including dual-hop, multi-hop or cooperative di-
versity configurations [9–11]. It has been shown that, even for the elementary
dual-hop configuration, derivation of the closed form relation for the PDF of
the received SNR, in AF VG relay system with Rayleigh narrowband fading
statistics, might be very complex without certain approximations. That is why
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performance analyses of these systems usually assume that a relay station
introduces variable gain G(t) given as [9]

G(t) =
√

εR

εS |h1(t)|2) . (19)

The above given expression gives a relation for the instantaneous received
SNR which is much more suitable for further mathematical manipulations:

γend = γSRγRD

γSR + γRD

. (20)

The probability that the above defined γend falls below the predefined
threshold γth is given as [9]

Pout = 1−2
√

γth

γ̄SRγ̄RD

exp

[
−γth

(
1

γ̄SR

+ 1

γ̄RD

)]
K1

(
2
√

γth

γ̄SRγ̄RD

)
. (21)

The PDF of the SNR at the receiving end, in the assumed dual-hop scen-
ario with Rayleigh fading statistics on each particular channel (hop), can be
determined as [9]

fγ,end(γ ) =
2γ exp

[
−

(
γ

γ̄SR
+ γ

γ̄RD

)]
γ̄SRγ̄RD

×
[
(γ̄SR + γ̄RD)√

γ̄SRγ̄RD

K1

(
2γ√

γ̄SRγ̄RD

)
+ 2K0

(
2γ√

γ̄SRγ̄RD

)]
. (22)

When the MGF of the received SNR is considered, for the assumed com-
munication scenario and the case when γ̄SR = γ̄RD = γ̄ , it is given with
[9]:

Mγ,end(s) =

√
γ̄

4 s
(

γ̄

4 s + 1
)

+ arcsinh

(√
γ̄

4

)

2
√

γ̄

4 s
(

γ̄

4 s + 1
)3/2 (23)

Using the PDF of the received SNR given with (22) and (12), an upper bound
of the average ergodic capacity of AF VG relay system, for Rayleigh fading
statistics on both hops, is defined as [8]:

E(γend) = 4
√

πβ2
R

3.3233(εR + βR)3

[
2F1

(
3,

1

2
; 7

2
; εR − βR

εR + βR

)

+ 3εR

εR + βR
2F1

(
4,

1

2
; 7

2
; εR − βR

εR + βR

)]
. (24)
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In the above relation, coefficients εR and βR are equal to:

εR = 1

γ̄SR

+ 1

γ̄RD

and βR = 2√
γ̄SRγ̄RD

(25)

while 2F1(·, ·; ·; ·) is a Gaussian hypergeometric function.

4 Decode and Forward Relay Technique

The Decode and forward (DF) technique in dual-hop relay communication
system is performed over two completely separated subchannels, since R first
decodes the signal received from S and then the signal is re-encoded at R and
transmitted to the destination. If the signal received at R is represented as in
(1), then the signal received at the destination becomes:

yD(t) = x̂(t)h2(t) + n2(t), (26)

where x̂(t) denotes an estimation of the signal x(t), obtained at R. The
decoding process which is applied at R introduces evident system perform-
ance improvements since the total noise at the destination is decreased when
compared with AF relay systems. At the same time, it becomes possible to
implement modulation schemes at S-R and R-D links which are not necessar-
ily identical, so that optimal modulations can be applied in accordance with
SNR levels at particular links. Thus, communication process is divided in two
asymmetric time intervals, where the longer time interval is always dedicated
to the communication process over the link with smaller SNR. This presents
another advantage of the system with DF relaying, when compared with AF
systems, and it is clear that it leads towards better BER performance. On the
other side, DF signal processing at R can be at the origin of certain drawbacks
in the case of channels with severe fading. When BER is concerned, degrad-
ation appears if there is an error in the decoding process engaged at the relay
station, since erroneously decoded symbols are then further transmitted to D.
There is no doubt that characteristics of R-D link can also contribute to overall
BER performance degradation of DF relay system, as additional errors might
be introduced in the signal recuperation at terminal D. In order to reduce
those negative implications of the error propagation and to improve BER
performance, different encoding schemes for error detection and correction
can be applied in the process of signal regeneration at DF relay stations [12].

In DF systems, an outage event occurs if either one of the links is in
outage, i.e. if SNR in either of them falls below γth. In dual-hop DF relay
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systems, it is the complement event of having both links operating above
predefined γth. Hence, for a Rayleigh fading scenario on both links, it is equal
to:

Pout = 1 −
(∫ ∞

γth

1

γ̄SR

e−(γ /γ̄SR)dγ

)(∫ ∞

γth

1

γ̄RD

e−(γ /γ̄RD)dγ

)

= 1 − e−γth(1/γ̄SR+1/γ̄RD) (27)

When the achievable capacity of DF dual-hop relay system is concerned,
it is of the uttermost importance to notice that it is limited with the charac-
teristics of the worse of the two links engaged in the communication process.
Namely, ergodic capacity of DF dual-hop relay system can not be higher
than the ergodic capacity of the link (S-R or R-D) which has the lower
instantaneous signal-to-noise ratio, i.e.:

C = 1

2
min{log2(1 + γSR), log2(1 + γRD)}. (28)

Knowing the ordered statistics of random variables, and assuming Rayleigh
fading channel on both hops, capacity of dual-hop DF relay systems can be
analyzed. In such a scenario, ergodic capacity for DF can be defined as

C = 1

2 ln(2)
exp

(
1

γ̄SR

+ 1

γ̄RD

)
Ei

(
1

γ̄SR

+ 1

γ̄RD

)
. (29)

5 Performance Analysis of Relay Systems

5.1 Outage Probability

Outage probability as a performance measure shows the probability that link
quality does not satisfy the required level. Thus, it might be useful to perform
comparison of outages probabilities of the analyzed relaying techniques with
the case of direct transmission. In this way, an insight if the assumed AF and
DF relay systems may improve the quality of the equivalent link between the
S and D can be achieved. For the sake of attaining fair comparison condi-
tions, it is assumed that the total transmitted powers, PT , in the case of direct
transmission and in all the concerned dual-hop relay systems, are the same.
Moreover, we took equal power allocation among the S and the R station,
i.e. PS = PR = PT /2. Now, the average SNRs on S-R and R-D links can
be written as γ̄SR = A1PS and γ̄RD = A2PR , respectively, where A1 and A2

include parameters as antenna gains, path loss, noise power and similar. For
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example, if using Friis propagation model, Ai , i = 1, 2, can be written in the
form:

Ai = Gt,iGr,jλ
2

(4π)2dα
i LN0,j

, (30)

where Gt,i is the transmitter antenna gain on the i-th hop, Gr,i is the receiver
antenna gain, λ is the wavelength, di is the distance between the transmitter
and receiver on the i-th hop, L is the system loss factor, α = 2 for free space
and 3 < α < 4 in urban environment, while N0,i is the noise variance at the
i-th hop. Without loss of the generality, we took that the transmitter antenna
gains at S and R are equal, Gt,1 = Gt,2, and the receiver antenna gains at R
and D are also equal, Gr,1 = Gr,2, as well as that the noise variances at R
and D are the same, N0,1 = N0,2. Moreover, we assumed that in the case of
relayed transmission, S, R and D are placed on a straight line, and that all the
links are affected by the same shadowing environment. The average SNR at
D in the case of direct transmission can be written as γ̄SD = AeqPT , where
for this simplified propagation model, by taking α = 3, Aeq is related to A1

and A2 through:

Aeq = A2

(1 + (A2/A1)1/3)3
. (31)

Outage probability for the case of direct transmission in Rayleigh fading
environment is equal to:

Pout =
∫ γth

0

1

γ̄SD

e−γ /γ̄SDdγ = 1 − e−γth/γ̄SD . (32)

Figure 6 shows the outage probability of the considered relaying tech-
niques, as well as of the direct transmission case, as a function of the total
transmitted power in the communication systems, PT . It is taken that A1 = 2
and A2 = 10, while γ th = 0 dB. The advantage of using relayed transmission
over the direct transmission is evident, regardless of the relaying technique
implemented. For the presented outage probability values, the total transmit-
ted power saving is between 2 and 2.5 dB when using relaying techniques,
in comparison with direct transmission. The achieved power saving for the
same link level quality implies, in its turn, less introduced interference to
other communicating nodes in comparison to direct transmission. This is ad-
ditional benefit of cooperative communication concept. Further performance
improvements in terms of outage probability in relay systems may be attained
through using optimal power allocation strategies over the hops, for a given
power budget [14].
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Figure 6 Outage probability as a function of total transmitted power in the system, PT .

If we compare outage probability performances of the considered relaying
strategies, it can be seen from Figure 6 that DF relaying technique have the
best performance for all PT values. However, the difference in outage prob-
ability among the three considered relaying techniques is very small. Thus,
for example, for the PT above 15 dB, AF VG relay system has completely
the same outage probability performance as the DF relay system.

5.2 BER Performance

BER of the wireless communication system can be determined using the
known MGF of SNR at the system receiving end [13]. Thus, for example
if a DPSK (Differential Phase Shift Keying) modulation is applied, the bit
error rate is defined by

Pb = 0.5Mγ,end(1). (33)

Introducing (11), or (23) into (33), BER expressions for dual hop AF FG and
AF VG relay system are obtained, in that both channels are characterized
with Rayleigh fading statistics.

In DF relay systems a signal is transmitted over two cascade links and
its decoding is done twice. If the transmission implies a binary signal with
two possible symbol states (DPSK or BPSK), an error will appear at the final
destination terminal only if an error in the signal detection is performed once
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Figure 7 BER performance comparison for AF and DF dual-hop relay systems.

(either on the first or on the second link):

Pb = 1 − [(1 − Pb1)(1 − Pb2) + Pb1Pb2] = Pb1 + Pb2 − 2Pb1Pb2 (34)

where Pb1 and Pb2 are bit error rates at the first and the second link (hop),
respectively. When DPSK is assumed, probability of error for each of the
links is given with and, for Rayleigh fading statistic on both links, the overall
BER is obtained in the form:

Pb = 1 + γ̄SR + γ̄RD

2(1 + γ̄SR)(1 + γ̄RD)
. (35)

Figure 7 illustrates BER graphs for DPSK modulated DF, AF FG and AF
VG dual-hop relay systems operating in the assumed scenario with Rayleigh
narrowband fading statistics on S-R and R-D links. It is assumed that the
average SNR of the S-R link is equal to the average SNR of the R-D link, i.e.
γ̄SR = γ̄RD.

The graphs presented in Figure 7 give interesting and in a certain man-
ner surprising results, since differences among BERs for the three systems
considered are unexpectedly small, having in mind considerable differences
related with the complexity of the systems and their implementations. Still, it
can be seen that DF relay technique has the best BER performance. However,
even when compared with AF FG system which has the worst BER perform-
ance, SNR gain does not overpass 0.5 dB for the whole range of BER values
analyzed. At the same time, for higher SNRs per hop (over 24 dB), BER
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results for AF VG relay system are identical with the ones obtained for DF
relay technique.

In addition, Hasna and Alouini [14] considered the case when the links
are highly unbalanced in terms of their average fading power. In that case,
optimal power allocation enhances the system performance, in terms of BER
and outage probability. Interestingly, they also show that nonregenerative
systems with optimum power allocation can outperform regenerative systems
with no power optimization, i.e. same performance can be obtained with less
power.

5.3 Capacity Performance

In order to gain a complete insight into benefits and trade-offs related with
the choice of a particular signal processing/forwarding technique applied at
relay stations, it is necessary to take into account achievable capacity as well.
Figure 8 shows appropriate graphs for ergodic capacity of AF FG, AF VG
and DF relay systems. Presented results are obtained by simulation under
assumption that S-R and R-D links are characterized with Rayleigh narrow-
band fading statistic with the average SNR at the first hop being equal to the
average SNR at the second hop.

It can be clearly noticed that AF VG relay system achieves the lowest
ergodic capacity for the whole range of SNRs per hop, excluding very small
SNRs (up to 2.5 dB) where its capacity performance is slightly better when
compared with AF system with fixed gain. DF relay system has the highest
ergodic capacity for SNRs per hop below 12.5 dB, while for higher SNRs
it is AF FG system which has the best values of ergodic capacity. Thus, for
example, the presented graphs show that for ergodic capacity being equal to
3 b/s/Hz, AF FG relay system has SNR gain of almost 1dB in comparison
with DF relay system, while its SNR gain in comparison with AF VG relay
system is a bit less than 2.5 dB.

6 Conclusions

This paper gives detailed explanations of relay aided communication concept,
with the description of techniques applied for the message processing and/or
forwarding at the relay nodes. Assuming a wireless channel with Rayleigh
fading, comparisons of the presented relaying techniques with direct trans-
mission case in terms of outage probability is performed, proving the benefits
of energy saving achieved through relayed transmission. Moreover, mutual
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Figure 8 Comparison of ergodic capacities of dual-hop relay systems.

performance comparison in terms of BER and ergodic capacity of the ana-
lyzed relaying systems is presented, enabling identification of optimal signal
transmission scenarios for cooperative communication systems.

Following the description of individual relaying techniques, as well as
the comparison of theirs outage probability, BER and capacity performances
presented in this paper, it is quite clear that it is not possible to identify a
technique which would be absolutely superior in terms of performances for
the whole range of SNR values. However, depending on characteristics of
S-R and R-D links and on a performance being of interest for a specific com-
munication process, there is always a possibility to assume which of the three
analyzed systems will provide the best transmission quality and reliability.

In addition, one of the main advantages of such system is that it distributes
the use of power throughout the hops. This implies more energy efficient
system that will provide longer battery life and lower interference introduced
to the rest of the network. Furthermore, it enables power allocation strategy
that can further enhance the system performance and energy efficiency.
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