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ABSTRACT

Recent advances in the field of wireless communication have proven the importance of diversity in combating channel
fading and improving the bit error rates (BERs). In this report, a dual-hop decode-amplify-forward (DAF) transmission
system over Nakagami-m fading channel is studied. The DAF relay system is a hybrid of decode-and-forward and amplify-
and-forward relay systems that shows the benefits of both decode-and-forward and amplify-and-forward relay systems and
is also called hybrid relay system or hybrid DAF relay system. Signal-to-noise ratios and BERs for various system models
with varying number of transmit and receive antennas have been discussed. The diversity is achieved in two ways: firstly,
by the use of relay and secondly, by the use of multiple antennas at both the transmitter and the receiver. Dual-hop relaying
gives better trunking efficiency and with single antenna at the relay site acquisition and antenna structures are much less
expensive. The variations in the performance levels when the relay is moved to different locations within the line of sight
of the transmitter and the receiver have also been analyzed. BERs with respect to variations in the fading parameter ‘m’
have also been presented and discussed. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

An insight into the current state of technology in wire-
less communication reveals that there are various ways
by adopting which the performance of any wireless sys-
tem can be significantly improved. Communication taking
place over a wireless radio channel is limited by multi-
path, fading, interference, path loss, and shadowing [1].
By combining various modulation and coding techniques,
by efficient channel estimation, and by considering the
amount of diversity involved, [2], new communication sys-
tems can be modeled. Spatial diversity techniques have
been widely exploited to battle multipath fading and other
channel impairments. In recent advances, radio transceiver
techniques such as multiple input multiple output (MIMO)
system designs have shown tremendous improvement in
the capacity of the current systems by dealing with the
channel multipath fading [3–5].

Although the use of multiple antennas fulfilled the
promise in mitigating the effects of fading, however,
because of hardware complexity and bulky features [6],

use of MIMO systems seems impractical in ad hoc or
distributed large scale wireless networks for certain appli-
cations. To meet the demands of increased reliability and
spectral and power efficiency without increasing the size
of mobile devices, we need fundamentally new paradigms
to improve the system performance. Cooperative commu-
nications have been introduced in an effort to overcome
these limitations and meet the growing demands. Cooper-
ative communications has the ability to exploit the spa-
tial diversity inherent in multiuser systems by allowing
users with diverse channel qualities to cooperate and relay
each other’s messages to the destination [7]. Each trans-
mitted message is passed through multiple independent
relay paths, and thus, the probability that the message
fails to reach the destination is significantly reduced. Spa-
tial diversity can be achieved even if the user is equipped
with only one antenna by relaying each other’s message
such as to form a distributed antenna array to achieve
the diversity gain of a MIMO system capable of combat-
ing multipath fading in wireless channels. This is sim-
ilar to realizing a virtual antenna array, thus achieving
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cooperative diversity. This makes cooperative techniques
attractive for deployment in cellular mobile devices as well
as in ad hoc mobile networks [8]. The simplest example of
a cooperative network is the relay-assisted communication,
which has recently gained a lot of attention. Cooperative
relaying has the potential of enhanced coverage, reliability,
and throughput of wireless networks with strict spectrum
and power constrictions. In contrast to conventional MIMO
systems, the relay-assisted transmission is able to combat
not only the small scale but also large scale effects such
as shadowing and path loss. Thus, cooperative relaying
has found applications in wireless cellular, ad hoc/wireless
sensor networks, cognitive radio, Wi-Fi/Worldwide Inter-
operability for Microwave Access, and IEEE 802.11n [9].
These schemes efficiently deal with diversity via relayed
transmission where a relay is used to transfer data from
the transmitter to the receiver in addition to the direct
transmission, thus exploiting diversity gained by multiple
transmissions [10].

Cooperative relaying schemes can be categorized as
amplify-forward (AF) [11], where the relay terminal sim-
ply amplifies the received signal and transmits it to the
receiver, and decode-and-forward (DF) where the relay ter-
minal decodes and then forwards the signal to the receiver
[12]. DF can be further sub-categorized as fixed DF (FDF)
and adaptive DF (ADF). Most of the systems modeled
in the past based on these schemes assumed single trans-
mit and receive antennas and single antenna-based relays.
These systems were further elaborated by using multiple
relays, but this added to the system cost and complex-
ity of employing more number of antennas at the relay
and increased number of tasks by every relay antenna,
respectively. Relay-based systems were further enhanced
by using multiple relays in MIMO systems. Although such
systems gave higher performance, fear of failure of a sin-
gle or multiple relays highly affected the performance of
the system.

Convinced by the benefits of using AF and DF, a hybrid
scheme combining AF and FDF with soft decision, namely,
decode-amplify-forward (DAF) protocol, was presented in
[13] and [14] over Rayleigh fading channels. This hybrid
scheme cleverly combined the merits of both AF and FDF
mode. In [14], it was mentioned that during the second-hop
transmission, if the signal is corrupted as in the ADF pro-
tocol, in the hybrid relay system or hybrid DAF (HDAF)
relay system scheme, the relay starts to perform in the
AF mode. In this paper, emphasis on a two-hop DAF
relay-based system is placed with a difference that at the
transceiver (TR) node, that is, the relay, the received bits
are decoded, estimated, demodulated, amplified, and then
forwarded to the receiver. This system model maintains
low complexity as the data bits are not encoded again at the
TR node as is carried out in almost all the present relay-
based systems. Also, the number of antennas at the TR
node is kept low to one. However, the number of anten-
nas at the transmitter and/or receiver can be varied, thus
capable of forming a system model with any number of
antennas at either end. Also, the system proves to be

dynamic that even if the TR node fails to perform because
of any unavoidable circumstances, the transmission will
still take place as a normal direct link communication
between the transmitter and the receiver forming a conven-
tional MIMO system. However, with multiple TR nodes,
the probability of failure of all the TR nodes at once is low,
and the proposed HDAF system is still expected to com-
municate cooperatively and efficiently with the remaining
number of TR nodes. For simplicity, the number of TR
nodes in this paper is kept to one, but the proposed sys-
tem is expandable to TR nodes greater than one in number.
Also, the system is able to have variable number of transmit
and receive antennas without modifying the functionality
of the TR node.

The remainder of this paper is organized as follows:
Section 2 presents the related work. Section 3 presents the
system model and the channel model describing the data
transmission and signal processing with single/multiple
transmit/receive antennas. In Section 4, the equivalent
signal-to-noise ratio (SNR) description is provided for var-
ious system models. Section 5 presents the performance
evaluations and the simulation parameters used for simulat-
ing various system models. Finally, Section 6 summarizes
the findings of the research and concludes the paper.

2. RELATED WORK

Relay-based communication was first introduced in [15]
and was further studied in [16]. The work was further
extended by deriving upper and lower capacity bounds
in [17], which provided an information-theoretic analy-
sis for a one-way full-duplex relay channel under additive
white Gaussian channels. Since then, cooperative relay-
ing in communications has been a center of research in
dealing with channel fading. Extensive works have been
performed on analyzing the performance of conventional
relay networks [18–20].

Recently, a new class of forwarding strategy, named as
DAF, was proposed for relay channels. The proposed DAF
strategy cleverly combined the merits of both DF and AF
by exploiting the coding gain on the inter-user channel
and maximizing the data reliability. Because this hybrid
scheme combined the merits of both AF and DF relay
schemes, it is also known as HDAF scheme. The HDAF
scheme combining AF and FDF with soft decision, namely
DAF protocol, has recently been reported in [13]. The
relay performed soft decoding and forwarded the reliability
information at the output of its decoder to the destination,
hence combining both AF and DF mode. An HDAF pro-
tocol was also investigated in [21] for multiple parallel
relays over independent and nonidentical distribution flat
Rayleigh fading channels using maximum ratio combin-
ing (MRC). The closed form tight bounds were derived. It
was also shown that the outage probability outperforms the
DF protocol. Another hybrid scheme of ADF and AF for
orthogonal frequency division multiplexing systems was
proposed in [22]. Depending on the channel condition of
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the source-to-relay link on each subcarrier, the better pro-
tocol between ADF and AF is selected. Simulation results
verified the advantages of the proposed hybrid scheme. In
[14], a cooperative communication scheme with HDAF
protocol combining the AF mode and ADF mode with
hard decision was focused on. It was shown that instead
of remaining silent during the second-hop transmission, if
the signal is corrupted as in the ADF protocol, the HDAF
scheme can increase the performance by having the relay
perform in the AF mode. When the relay has full knowl-
edge about the instantaneous fading channel of the source-
to-relay link, it can operate in channel state information-
assisted AF relay mode. The performance gain of HDAF
relay protocol over the ADF and AF in dual-hop multiple-
relay networks was also investigated in [23]. The perfor-
mance gain in terms of the symbol error probability in
high SNR regime was analyzed. It was also shown that
in contrast to the single-relay case in which the HDAF
scheme has no benefit compared with ADF and AF as the
relay is located close to the source, HDAF still achieves a
small gain with multiple relays. In [24], the performance
of HDAF protocol for linear block coded signals was ana-
lyzed. The findings showed the bounds for bit error rate
(BER) over independent and identical distribution (i.i.d.)
and that this protocol works better than the existing AF
protocol. The BER and outage probability of HDAF over
a conventional three node relay channel was analyzed in
[25]. The paper analyzed the performance of SNR-based
HDAF relaying cooperative diversity networks over inde-
pendent nonidentical flat Rayleigh fading channels with
MRC technique. Closed-form expressions for the outage
and bit error probability of the HDAF relaying scheme
were also derived.

In this paper, the hybrid DAF relay system for MIMO
systems describing the relay as the TR node with single
antenna capable of transmitting and receiving the informa-
tion has been discussed. The system model under consider-
ation works on the principle of FDF. The relaying principle
described in [18] decodes and recodes the signal before
forwarding it to the receiver, whereas in this paper, the
TR node performs the task of decoding and estimating the
received signal followed by demodulation and error check.
During error check, the TR node amplifies the signal only
when no error takes place. In case of any error detected, the
TR node simply re-modulates the signal and forwards it to
the receiver. However, the signal is never encoded again
because of single relay antenna at the TR node.

A cooperative relay-based network with a large number
of relay nodes transmitting over independent nonidentical
Nakagami-m fading channels with AF has been discussed
in [26]. The performances of FDF and ADF schemes
over Nakagami-m fading channels have been analyzed and
compared in [12] where the results were obtained consid-
ering that the m parameter of the fading channel is always
an integer. In this paper, it is considered that the relay is
capable of transmitting and receiving the information over
Nakagami-m fading channel. Also, the error performances,
where the fading parameters m1 and m2 of the channel

paths from the transmitter to the TR node .T � TR/ and
TR node to receiver .TR � R/, respectively, can take any
value from 0:65�m� 10, have been presented. Although
m can take any rational value, the sum of these two fading
parameters is always an integer. Also, the results in [12]
were limited to binary phase shift keying (BPSK) modu-
lation, whereas the system model described in this paper
works for higher orders of PSK modulation as well. Also,
to maintain the simplicity of the system, the TR node con-
sists a single antenna relay. This makes the system dynamic
as in case of any unlikely failure of the TR node, the com-
munication can still take place by bypassing the TR node.
The system model under investigation can be modified to
a relay with multiple antennas or multiple relays with sin-
gle antenna. Larger number of relays/antennas may help
in performance improvement but may also result in signif-
icant drop in the performance if the link to the TR node
fails, thus reducing the order of diversity.

3. SYSTEM AND CHANNEL MODEL

3.1. System model

Assuming that perfect channel state information is avail-
able at the receiver and known partially at the transmit-
ter via a feedback channel, the system is modeled on the
basis of the assumptions that the channel is quasi-static and
flat-fading, and the transmit antennas to have equal trans-
mission power. Transmit and receive diversity is exploited
jointly by using space–time block codes (STBCs) at the
transmitter side and MRC at the receiver side by using
multiple antennas at both ends. The system model under
consideration works on the principle of FDF. The relaying
principle described in [18] decodes and recodes the signal
before forwarding it to the receiver, whereas in this paper,
the TR node performs the task of decoding and estimat-
ing the received signal followed by demodulation and error
check. During error check, the TR node amplifies the sig-
nal only when no error takes place. In case of any error
detected, the TR node simply re-modulates the signal and
forwards it to the receiver. However, the signal is never
encoded again because of single antenna at the TR node.
The incoming data is carried over multiple data spatial
streams depending on the number of antennas used. The
initial 802.11n standard defined up to two spatial streams
allowing the capacity to double, whereas the 802.11n stan-
dard finalized in 2009 allowed from three up to four data
spatial streams over a 40 MHz wide channel. The proposed
system allows up to three data spatial streams over three
transmit and three receive antennas.

The proposed MIMO system transmission using the TR
node is shown in Figure 1. The transmitter sends the infor-
mation to the receiver following two paths: a direct path
to the receiver and an indirect path via the TR node. For
a system model with single transmit antenna, no coding is
performed at the transmitter, and the whole system works
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Figure 1. A MIMO communication model with additional TR node.

as an AF network where the TR node receives the sig-
nal, demodulates it, check for errors and re-modulates it,
and then sends it to the receiver with errors, if any. The
decoders shown in Figure 1 at the TR node and at the
receiver are bypassed in a single antenna system model.
For a system model with multiple transmit antennas, the
signal to be transmitted is encoded using STBC and sent
over the two channel paths. The received signal at the TR
node is decoded and estimated, demodulated and checked
for errors, re-modulated and then sent to the receiver. No
error correction takes place at the TR node in any case.

At the receiver, all the information bearing signals, both
from direct transmission and from the TR node are received
by the receiving arrays. For a single input single output
(SISO) system model, the signals received from the two
sources are simply combined at the receiver. For a multi-
ple input single output (MISO) system model, the received
signals are sorted such that the signals received from direct
transmission are sent to the decoder, whereas the sig-
nals received after transmission from the TR node are fed
directly to the combiner. The decoder output is also sent
to the combiner, and the signals received from two differ-
ent sources are then combined. For a single input multiple
output (SIMO) system models, the signals received from
the TR node over all receive antennas are MRC combined
separately, and those received from the direct transmis-
sion are MRC combined separately. For a MIMO system
model, the signals received from the TR node are MRC
combined, whereas those received directly from the trans-
mitter are MRC combined and then decoded as well. The
two signals from the TR node and from the transmitter are
then summed up in all the cases and then demodulated to
retrieve the actual information sent. Then, the number of
errors occurred is calculated.

3.2. Channel model

Considering a receiver with M diversity branches, the
received instantaneous signal Ak at the kth branch can

be characterized by the Nakagami distribution with the
probability distribution function given by

pR.Rk/D
2

�mk

�
mk

�k

�mk
r2mk�1e

�
�
mk
�k

�
r2
; kD1; 2; : : : ;M

(1)
where the amplitude r � 0, �.:/ is the Gamma function,

�kD E
�
R2
k

�
D R2

k
is the average power on kth branch,

and mk is the fading parameter. m is the inverse of the
normalized variance of R2 expressed as

mD
.E.R2//2

Var.R2/
(2)

where Var.R2/ is the variance of R2. Typically, the value
for m ranges between 1=2 and 1. When m ! 1, the
channel converges a static channel. The Nakagami distri-
bution is selected to fit empirical data and is known to
provide a close match to some experimental data than the
Rayleigh distributions. The Nakagami distribution is often
used to model multipath fading as it can model fading con-
ditions that are either more or less severe than Rayleigh
fading. m is the Nakagami fading parameter that deter-
mines the severity of the fading. When m D 1, Nakagami
distribution becomes the Rayleigh distribution; when mD
1=2, it becomes a one-sided Gaussian distribution; and
when m D 1, the distribution becomes an impulse (no
fading). Even Rice distribution can be closely approxi-
mated using Nakagami parameter m via the relationship
m D .K C 1/2=.2K C 1/. An optimum power loading
algorithm for transmitter diversity systems over correlated
and unbalanced Nakagami paths and its performance eval-
uation under perfect channel estimate conditions has been
derived in [27]. In addition to this, various online esti-
mators of the required Nakagami channel parameters for
optimized power loading and the comparison of their mean
square error via Monte Carlo simulations have also been
presented. Because [19] presented the coefficients for finite
values of m between 0.65 and 10 to minimize the approx-
imation error, the target of the paper is to closely follow
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the values of m in-between this range. The Nakagami dis-
tribution is related to the gamma distribution as can be
seen from (1). Considering the channel model as shown
in Figure 1, it can be illustrated that the severity of the fad-
ing depends on the distance between the transmitter and the
receiver. Also, the .T� TR/ and .TR�R/ distance affects
the level of fading as well as communication over larger
distances are expected to suffer from deep fades because
of channel impairments. Furthermore, the fading parame-
ter m relates to the severity of fading, where lower values
of m correspond to fading severe than Rayleigh fading
and higher values of m corresponds to less severe fading
than Rayleigh fading. Thus, a theoretical understanding
and assumption can be made that for lower values of m,
when the system is expected to suffer from higher fading,
the two ends of the communication system are placed at a
larger distance. In comparison, for higher values of m, the
system suffers from less severe fading, and the two ends of
the communication system can be assumed closer to each
other.

For any wireless communication system with Nt trans-
mit and Nr receive antennas communicating over i.i.d.
Nakagami-m fading channel, the channel matrix H for
the MIMO system can be defined as an Nt � Nr channel
matrix whose entries are the fading coefficients hi ;j ; i D
1; : : : ; Nt; j D 1; : : : ; Nr and can be expressed as

HD

264 h11 � � � h1;Nr
:::

: : :
:::

hNt;1 � � � hNt;Nr

375 (3)

where the amplitude of the channel fading coefficients
follow Nakagami-m distribution with fading parameter
0:65 � m � 10. At the receiving side, every receive
antenna receives the direct components intended for it as
well as the indirect components, which are meant for other
receive antennas. Thus, by using the direct and the cross
channel components, the channel transmission matrix of
(3) is formed.

Considering Figure 1, the channel matrix H for the pro-
posed system model can be defined as follows: from the
source to the TR node, the communication takes place
over channel h1. Thus, h1 can be defined as a Nt � 1

channel matrix whose entries are the fading coefficients
hi ;1; i D 1; : : : ; Nt. From the TR node to the destina-
tion, the communication takes place over h2, which can
be defined as a 1�Nr channel matrix whose entries are the
fading coefficients h1;j ; j D 1; : : : ; Nr. Thus, the channel
matrices h1 and h2 can be expressed as

h1 D

26664
h11
h21
:::

hNt;1

37775 (4)

and

h2 D
�
h11h12 : : : h1;Nr

	
(5)

respectively, assuming that the two matrices are indepen-
dent of each other. The direct transmission of information
from transmitter to the receiver takes place via a direct
path over the channel h3. Each of the h1; h2; and h3 chan-
nel matrices consists of i.i.d. Nakagami-m channel coef-
ficients. Also, h3 is an Nt � Nr channel matrix, similar
to (3).

3.3. Data transmission and processing

Considering x is the multiple phase shift keying (MPSK)-
modulated signal to be transmitted; then during the first
time slot, the transmitter sends the signal directly to the
receiver over a direct channel path h3 and to the TR node
over another channel path h1. During the second time slot,
the TR node sends the received signal to the receiver over
channel path h2.The communication between the trans-
mitter .T/ and the TR node, TR node and the receiver
.R/, and direct communication between the transmitter
and the receiver will be written as .T � TR/, .TR � R/,
and .T � R/, respectively. The signals received between
.T � TR/, .TR � R/, and .T � R/ experience independent
fading and are normalized individually. With h1, h2, and
h3 being the channel coefficients for the paths between
.T�TR/, .TR�R/, and .T�R/, respectively, and n1, n2,
and n3 being the additive white noises with zero mean and
variance equal to N0 for .T�TR/, .TR�R/, and .T�R/,
respectively, the transmission takes place as follows:

3.3.1. Transmission over single

transmit antenna.

The signals are transmitted with energy Eb using sin-
gle transmit antenna over single radio frequency (RF)
link, which has Nakagami-m distribution. Then, the signal
received at the TR node from the transmitter is given by

y.T�TR/ D
p
Ebxh1C n1 (6)

Equalization is performed at the TR node by dividing the
received signal y.T�TR/ by the apriori known h1

Oy.T�TR/ D
y.T�TR/

h1
D
xh1C n1

h1
D xC Pn (7)

where Pn D n1
h1

is the additive noise scaled by the chan-
nel coefficient h1. No decoding takes place at the TR
node as the data sent was un-coded. Maximum likelihood
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demodulation of the signal Oy.T�TR/ is performed as
follows:

�
Oy.T�TR/

�
estD. Oy.T�TR/ �MPSKmapset/

0

:. Oy.T�TR/ �MPSKmapset/ (8)

whereMPSKmapset 2

8<:
f0; 1g when M D 2

f0; 1; 2; 3g when M D 4;
and so on for higher modulations.

The decision is made in favor of the symbol with mini-
mum distance to retrieve the signal with minimum number
of errors as

Ox Dmin
�
Oy.T�TR/

�
est (9)

3.3.2. Transmission over multiple

transmit antennas.

The signals are transmitted over multiple transmit anten-
nas, and the received signal at the TR node can be written
as

y.T�TR/ D
p
EbG�Nt

h1C n1 (10)

where G�
Nt

is the encoder matrix and is based on

the orthogonal design rule such that GNt G
H
Nt

D�
jx1j

2C jx2j
2C : : :C jxk j

2
�

I to achieve full transmit

diversity of Nt. GH
Nt

is the hermitian transpose of GNt , and
I is theNt�Nt identity matrix. WhenNt D 2, G�

Nt
is given

by [28]

G�2 D

�
x1 x2
�x�2 x�1

�
(11)

When Nt D 3, G�
Nt

is given by

G�3 D

264 x1 �x2 �x3 �x4 x�1 �x
�
2 �x

�
3 �x

�
4

x2 x1 x4 �x3 x�2 x�1 x�4 �x�3

x3 �x4 x1 x2 x�3 �x
�
4 x�1 x�2

375
(12)

The signal received at the TR node is decoded, estimated,
and demodulated as follows:

Oy.T�TR/ D xC
�eH1HeH1��1eH1Hn1 (13)

Oy.T�TR/ D

"
x1

x2

#
C Pn (14)

where PnD
�eH1HeH1��1eH1Hn1 and

�eH1HeH1��1eH1H is the

pseudo inverse of H1 and
�eH1HeH1��1

D

�
1PNt

iD1
kh1ik

2

�
I:

As the signal is received at the receiver, the demodula-
tor examines the received symbol corrupted by the channel
or the receiver. During the maximum likelihood detection,

the demodulator selects that point on the constellation dia-
gram as its estimate of actually transmitted symbol, which

is closest to the received symbol in terms of the mini-
mum Euclidean distance on the constellation diagram. At
this point, if the corruption caused the received symbol to
shift closer to any other constellation point than the one
transmitted, it will incorrectly demodulate the symbol.

Assuming that the channel coefficients are constant over
the p received symbols and starting with square transmis-
sion matrix, let –t denote the permutations of the first col-
umn to the t -th column and –t .i/ denote the row position
of xi in the t -th column. Then, the Maximum likelihood
(ML) detection rule is to form the decision variables

Qxi D
XNt

tD1

XNr

jD1
ytj h
�
j ;–t .i/

ıt .i/ (15)

where ıt .i/ is the sign of xi in the t -th column and i D
1; 2; : : : ; Nt and then deciding on the constellation symbol
xi that satisfies

Oxi D arg minc2A Q (16)

where QD
�
j Qxi�cj2C

�
�1C

PNr
jD1

PNt
iD1

ˇ̌
hi ;j

ˇ̌2�
jcj2

�
with A the constellation alphabet. For MPSK signal con-

stellation,
�
�1C

PNr
jD1

PNt
iD1

ˇ̌
hi ;j

ˇ̌2�
jcj2 are constant

for all signal points, given hi ;j . Therefore, the decision
rule in (16) can be further simplified to

Oxi D arg minc2A
�
j Qxi�cj2

�
(17)

At this stage, no error correction is performed at the TR
node.

3.3.3. Reception with single receive antenna.

The erroneous estimated signal Ox (with the possibil-
ity of some errors) at the TR node is transmitted to the
receiver over the channel path h2. The signal received at
the receiver from the TR node is then given by

y.TR�R/ D
p
Eb Oxh2C n2 (18)

The received signal yTR�R is equalized and is given by

Oy.TR�R/ D
y.TR�R/

h2
D
Oxh2C n2

h2
D OxC Rn (19)

where Rn D n2
h2

is the additive noise scaled by the channel
coefficient h2. The signal received at the receiver directly
from the transmitter is given by

y.T�R/ D
p
Ebxh3C n3 (20)
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which is again individually normalized as

Oy.T�R/ D
yT�R

h3
D
xh3C n3

h3
D xC«n (21)

where «n D n3
h3

is the additive noise scaled by the channel
coefficient h3.

3.3.4. Reception with multiple receive antennas.

The received signal is combined at the receiver using
MRC to maximize the SNR and is given by the following
expression:

Qy.t/D
XnR

jD1
h�j yj .t/D x.t/

XnR

j

ˇ̌
hj
ˇ̌2
C n
0

.t/

(22)
In terms of the weight vector w, where wD hH, the output
x at the receiver is given by

x D
p
Esh

HhxChHn (23)

where hHhD
PnR

j jhj j
2 is the sum of the channel powers

across all the receive antennas. Thus, the signals coming
from the TR node and directly from the transmitter after
MRC and matched filtering are given by

Qy.TR�R/.t/D
�XnR

j

ˇ̌
h2j

ˇ̌2�
Ox.t/CRn.t/ (24)

and

Qy.T�R/.t/D
�XnR

j

ˇ̌
h3j

ˇ̌2�
x.t/C«n.t/ (25)

respectively, where Rn.t/ D Œn21.t/ n22.t/�
T and «n.t/ D

Œn31.t/ n32.t/�
T are the complex noise vectors. It is

worthwhile to note here that the copies of the signals
received at the receiver from the TR node and from T are
MR combined separately.

At the receiver, the received signals Oy.TR�R/ and Oy.T�R/
are summed as

Y D sum. Oy.TR�R/; Oy.T�R// (26)

Maximum likelihood demodulation of the signal Y is
performed as follows:

.Y /est D
ˇ̌
Y �MPSKmapset

ˇ̌2 (27)

The decision is again made in favor of the symbol with
minimum distance to retrieve the signal with minimum
number of errors as

X D arg minMPSKmapset2A.Yest/ (28)

4. EQUIVALENT SIGNAL-TO-NOISE
RATIO DESCRIPTION

The SNR of the .T�R/ link is given by

�.T�R/ D
Eb

N0
kHk2F (29)

where kHk2F D
PNt
iD1

PNr
jD1



hi ;j 

2, F is the Frobenious

norm of H, and Eb
N0

is the average SNR of the .T�R/ chan-
nel represented by �3. The TR node forwards the received
signal to R with errors. R then combines the two signals
by applying MRC followed by ML demodulation. The
.T� TR/ link and the .TR� R/ link undergo independent
Nakagami-m fading; thus, the received SNR �.T�TR/ and
�.TR�R/ for each link, respectively, is gamma distributed
with parameters ˛ and ˇ. Under this system, we consider
the following unified model for the received SNR of the
.T� TR�R/ link

�.TR/ D
�.T�TR/:�.TR�R/

a�.T�TR/C �.TR�R/Cb
(30)

The parameters a and b are real and nonnegative and cho-
sen such as to reflect the configuration of the TR node
[29]. For a channel-assisted transmission, this configura-
tion can be represented as .a; b/ 2 .0; 1/. Thus, (30) can be
re-written as

�.TR/ D
�.T�TR/:� .TR�R/

�.T�TR/C �.TR�R/
(31)

Thus, the equivalent end-to-end SNR at R is given by

�eq D �.T�R/ C �.TR/ (32)

�eq D �.T�R/C
�.T�TR/:� .TR�R/

�.T�TR/C �.TR�R/
(33)

4.1. Equivalent signal-to-noise ratio for
single input single output systems

For NtD 1 and NrD 1, (31) can be written as

�.T�TR/ D �1 kh1k
2 (34)

�.TR�R/ D �2 kh2k
2 (35)

�.T�R/ D �3 kh3k
2 (36)

for .T� TR/, .TR�R/, and .T� R/ channel paths where
�.T�TR/; �.TR�R/; and�.T�R/ are the equivalent instanta-
neous SNRs, and �1; �2; and �3 are the average SNRs
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of the .T� TR/, .TR�R/, and .T � R/ channels, respec-
tively. Thus, the equivalent SNR for a SISO system can be
expressed as

�eq D �3 kh3k
2C

�1 kh1k
2 :�2 kh2k

2

�1 kh1k
2C �2 kh2k

2
(37)

4.2. Equivalent signal-to-noise ratio for
multiple input single output systems

ForNtD i andNrD 1, for direct transmission between the
transmitter and the receiver with STBC, the received signal
energy .Er;1/ and the received noise energy .N0;1/ for the
first symbol estimate can be evaluated as

Er;1 DE

(�XNt

iD1



hi;1


2�2 x1x�1

)

D

�XNt

iD1



hi ;1

2�2Ex1

(38)

and

N0;1 DN0

�XNt

iD1



hi ;1

2� (39)

Similarly, the received signal energy .Er;2/ and the
received noise energy .N0;2/ for the second symbol esti-
mate can be evaluated as

Er;2 DE

(�XNt

iD1



hi;1


2�2 x2x�2

)

D

�XNt

iD1



hi ;1

2�2Ex2

(40)

and

N0;2 DN0

�XNt

iD1



hi ;1

2� (41)

AssumingEbDEx1 DEx2, the received symbol SNR can
be written as

� D
Er;1

N0;1
D
Er;2

N0;2
D
Eb

N0

�XNt

iD1



hi ;1

2� (42)

Thus, following (33), the equivalent end-to-end SNR at
R for a wireless system with Nt D 2 and Nr D 1 is given
by

�eq D �3

�
jh31j

2C jh32j
2
�

C
�1

�
jh11j

2C jh12j
2
�
:�2 kh2k

2

�1

�
jh11j

2C jh12j
2
�
C �2 kh2k

2

(43)

and when Nt D 3 and Nr D 1, the equivalent end-to-end
SNR at R can be written as

�eq D �3

�
jh31j

2C jh32j
2C jh33j

2
�

C
�1

�
jh11j

2 C jh12j
2 C jh13j

2
�
:�2 kh2k

2

�1

�
jh11j

2C jh12j
2C jh13j

2
�
C �2 kh2k

2

(44)
and so on for higher orders.

4.3. Equivalent signal-to-noise ratio for
single input multiple output systems

In the presence of channel hj , the instantaneous SNR at
j th receive antenna is given by

�j D

ˇ̌
hj
ˇ̌2
Eb

N0
(45)

With Nr receive antennas, the effective SNR is given by

�bj D
XNr

jD1
jhj j

2 Eb

N0
(46)

�bj DNr�j (47)

For example, when Nt D 1 and Nr D 2, �eq can be
expressed as

�eq D �3

�
kh31k

2Ckh32k
2
�

C
�1 kh11k

2 :�2

�
kh21k

2Ckh22k
2
�

�1 kh11k
2 C �2

�
kh21k

2 Ckh22k
2
� (48)

and when Nt D 1 and Nr D 3, the equivalent end-to-end
SNR at R can be written as

�eq D �3

�
kh31k

2Ckh32k
2Ckh33k

2
�

C
�1 kh11k

2 :�2

�
kh21k

2Ckh22k
2 Ckh23k

2
�

�1 kh11k
2C �2

�
kh21k

2Ckh22k
2Ckh23k

2
�

(49)

and so on for higher number of receive antennas in the
receiving array.

4.4. Equivalent signal-to-noise ratio for
multiple input multiple output systems

The equivalent SNR for a MIMO system using TR node
can be described depending on the number of transmit and
receive antennas used in the array. Thus, with Nt transmit
and Nr receive antennas, the SNR of the .T � R/ link is
given by

�.T�R/ D �3
XNt

iD1

XNr

jD1




hj3i


2 (50)
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The SNR of the .T� TR/ link is given by

�.T�TR/ D �1
XNt

iD1
kh1ik

2 (51)

The SNR of the .TR�R/ link is given by

�.TR�R/ D �2
XNr

jD1



h2j 

2 (52)

and the equivalent SNR can be written as

�eq D �3
XNt

iD1

XNr

jD1




hj3i


2
C

�1
PNt
iD1 kh1ik

2 :�2
PNr
jD1



h2j 

2
�1
PNt
iD1 kh1ik

2C �2
PNr
jD1



h2j 

2
(53)

5. PERFORMANCE EVALUATION

In this section, we present the simulation results for the
models discussed in the previous sections.

Table I. Set of simulation parameters used.

Parameters Types/values

Channel type Quasi-static
Channel statistics Nakagami-m
Fading parameter range 0:65�m� 10
Number of frames 103

Frame length 100
Modulation type MPSK (for M D 2 and 4)
Mathematical software used MATLAB

5.1. Experimental setup

The parametric values used for simulation have been sum-
marized in Table I. Monte Carlo method has been used
for simulating. The results have been limited to M D 2

and 4, and the extension to higher modulation orders of
M > 4 is straightforward. For the communication sys-
tem equipped with Nt transmit and Nr receive antennas,
the number of spatial data streams is typically calculated
as Ns D min.Nt; Nr/. On the basis of this, the pro-
posed model is capable of defining up to three spatial data
streams.

5.2. Results for two-hop
decode-amplify-forward relay system for
single input single output system models

Starting with a SISO system, a single data stream is trans-
mitted from the transmitter equipped with single antenna.
Figure 2 shows the BER of the proposed SISO system
and compares it with the baseline approach. Figure 2(i, ii)
shows the BER when the simulations were carried out for
a BPSK and quadrature phase shift keying (QPSK) mod-
ulated sequences, respectively. It was shown in [30] that
the Symbol error rate (SER) degrades with the increase
in the number of relays at low values of SNR. Thus, we
have assumed that the TR node consists of a single relay
capable of receiving and forwarding the information. We
see that with the added diversity at the receiver side from
the TR node, the performance of the system improves by
approximately 1 dB as compared to the conventional SISO
transmission model for both BPSK and QPSK modulation.
The fading parameter was kept at one for all the available
channel paths of both the SISO models to obtain the results
in Figure 2.

(i) (ii)

Figure 2. BER of the proposed SISO System with mD 1 for (i) BPSK and (ii) QPSK modulated Nakagami-m faded channel model and
its comparison with the baseline model.
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Figure 3 shows the performance of the proposed SISO
system with different values of fading parameter. Accord-
ing to the path loss models, the performance of the system
is improved as the distance between the transmitter and
the receiver is decreased. In [31], the impact of vari-
ations in Nakagami-m fading parameter with distance
has been investigated over frequency selective Nakagami
fading channel, and it was observed that the operations
at shorter distances gave better error rate performance.
Hence, we assume that a higher fading parametric value
means a shorter distance between the transmitter and
the receiver.

On the basis of this assumption, we analyze the perfor-
mance of the system with varying fading parameter. We
refer the fading parameters for different channel links as
follows: (i) fading parameter for the direct .T � R/ link

is m0; (ii) fading parameter for .T � TR/ link is m1; and
(iii) fading parameter for .TR�R/ link is m2.

Also, m1 and m2 can take any value from 0:65 �

m � 10, but m1 C m2 is always an integer and also
.m1Cm2/ > 1, asm1 andm2 are always greater than 0:65.
Figure 3(i) shows the performance of the system when
m0 D 1 and .m1 C m2/ D 2. With different values of
fading parameter, it can be seen that the proposed SISO
system gives the best performance when the fading con-
ditions of both .T � TR/ and .TR � R/ link is Rayleigh,
that is, m1 D m2 D 1. For the cases when the amount
of fading on the two channel links is not same, the sys-
tem gives better performance when m1 > m2. This can
be explained on the basis of the assumption that higher
fading parameter means less distance between the two
links, thus, with m1 D 1:3 and m2 D 0:7, means that the

(i) (ii)

BER of BPSK modulated 1x1 system
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R
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Figure 3. (i–ii)Performance analysis of the proposed SISO System with different fading parameters.

(i) (ii)

BER for proposed SIMO System with BPSK modulation BER for proposed SIMO System with BPSK modulation

1x1
1x2
1x3
1x4

100

10-1

10-2

10-3

-5 0 5 10 -5 0 5 10
10-5

10-4

100

10-1

10-2

10-3

10-5

10-6

10-4

B
E

R

SNR [dB] SNR [dB]

B
E

R

1x1Conventional
Proposed

Conventional System
Proposed System

1x2
1x3
1x4

Figure 4. BER of the proposed SIMO System with m D 1 for (i) BPSK and (ii) QPSK modulated Nakagami-m faded channel model
and its comparison with the baseline model.
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distance between .T�TR/ link is shorter than the .TR�R/
link. The signals received directly from the transmitter and
that from the TR node are combined at the receiver; thus,
when the TR node is placed at a farther distance from the
transmitter, the fading effects of the .T� TR/ are stronger
than the case when the TR node is placed closer to the
transmitter. At the receiver, even if the TR node is placed
farther from the receiver, the fading effects are reduced as
the incoming signals from both the paths are combined.
As can be seen from Figure 3(i), m1 D 0:7 means higher
fading effects and lower performance, and even though
m2 D 0:7, the system still shows a better performance as
the fading effects are compensated by the combining of the
signal at the receiver. Figure 3(ii) shows the BER when the
fading conditions of both .T�TR/ and .TR�R/ links are
less severe than Rayleigh, that is, m1 Dm2 D 2, and com-
paring it with the BER when m1 ¤ m2 but in all the case

m1Cm2 D 4. The simulation results show that the system
gives the best performance when m1 D m2. When com-
paring the BER whenm1 ¤m2, it can be seen that a better
performance is achieved when the fading conditions on the
.T�TR/ link are less severe. For example, whenm1 D 0:7,
the performance of the system degrades as compared with
when m1 D 1. It can also be noted that the performance
of the system somehow depends on the fading conditions
of the .TR � R/ link. With m2 D 0:7, the performance
degrades as compared with when m2 D 1; 2; 3.

5.3. Results for two-hop
decode-amplify-forward relay system for
single input multiple output system models

A single data stream is transmitted from single antenna
and received over the receiver equipped with two receive

(i) (ii)

(iii)

100

10-1

10-2

10-3

10-4

B
E

R

B
E

R

B
E

R

SNR [dB] SNR [dB]

SNR [dB]

100

10-1

10-2

10-3

10-4

10-5

100

10-1

10-2

10-3

10-4

-5 0 5 10 -5 0 5 10

-5 0 5 10

BER of BPSK modulated SIMO system BER of BPSK modulated 1x2 system

BER of BPSK modulated 1x3 system

m1 = 0.7, m2 = 1.3
m1 = 1.3, m2 = 0.7
m1 = 1, m2 = 1
m1 = 0.7, m2 = 1.3
m1 = 1.3, m2 = 0.7
m1 = 1, m2 = 1

m1 = 0.8, m2 = 3.2
m1 = 1.8, m2 = 2.2
m1 = 2, m2 = 2
m1 = 2.8, m2 = 1.2

m1 = 0.8, m2 = 3.2
m1 = 1.8, m2 = 2.2
m1 = 2, m2 = 2
m1 = 2.8, m2 = 1.2

1x2

1x3

Figure 5. Effect of fading parameter on the performance of the proposed SIMO system. (i) BER of BPSK modulated SIMO system,
(ii) BER of BPSK modulated 1� 2 system, and (iii) BER of BPSK modulated 1� 3 system.
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antennas. Figure 4 shows the BER of the proposed SIMO
systems and compares its performance with the baseline
approach for BPSK and QPSK modulated sequences. With
m0 D m1 D m2 D 1, the simulations were carried out
for 1; 2; 3; and 4 receive antennas. As can be seen from
the figure at lower SNRs, the proposed system shows a
performance improvement of approximately 2 dB but at
higher SNR values; the performance slightly degrades but
still shows an improvement of approximately 1 dB when
compared with the baseline SIMO system models, for both
BPSK and QPSK modulation.

By varying m1 and m2 such that m1 C m2 D 2 in
Figure 5(i), it can be seen that the performance of the

system is improved when m1 > m2. As mentioned ear-
lier, one of the many reasons for better performance is
shorter distance between the transmitter and the receiver;
thus, when the TR node is placed closer to the transmitter
(higher m1/, the fading conditions on the .T � TR/ link
improve. At the receiver, although the distance between
.TR � R/ gets larger (lower m2/, MRC combining com-
pensates for the poor fading conditions of the .TR � R/
link. Figure 5(ii, iii) shows the BER for 2 and 3 receive
antennas and shows similar pattern of results with m1 and
m2 taking different values such that m1 Cm2 D 4. It can
be seen that the performance of the system is better when
m1 >m2.

(i) (ii)
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System with BPSK modulation
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System with QPSK modulation
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Figure 6. BER of the proposed MISO system with m D 1 for (i) BPSK and (ii) QPSK modulated Nakagami-m faded channel model
and its comparison with the baseline model.
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Figure 7. (i–ii) Effect of fading parameter on the performance of the proposed 2� 1 system.
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5.4. Results for two-hop
decode-amplify-forward relay system for
multiple input single output system models

Figure 6 shows the BER for the proposed MISO system.
The simulations were carried out for 1; 2, and 3 transmit
antennas. The BERs were calculated for both BPSK and
QPSK modulated data sequences as shown in Figure 6(i,
ii), respectively. It can be seen that with added diversity, the
performance of the system is increased by approximately
1.5 dB as compared with the conventional MISO wireless
system [8] for both BPSK and QPSK modulated systems.

Figure 7 compares the BER of 2 � 1 system for differ-
ent fading conditions. Figure 7(i) plots the BER for varying

m1 and m2 with m1 Cm2 D 2. It shows that in this case,
the BER improves when m1 < m2, which is in contrast
with the SIMO model where the performance improves
when m1 > m2. It can be explained as follows: with mul-
tiple transmit antennas transmitting towards the TR node,
the signals are MRC combined, so even if the TR node
is placed at a larger distance from the transmitter than
from the receiver, the higher fading effects are tolerated
because of the MRC taking place at the TR node. At the
receiver, if the distance between .TR � R/ is larger than
.T � TR/, the fading effects of the .TR � R/ are not effi-
ciently compensated by the receiver. Thus, the proposed
system shows degraded performance when m1 > m2, and
the performance improves when m1 < m2. However, the
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Figure 8. Effect of fading parameter on the performance of the proposed (i) 3� 1 and (ii) 4� 1 systems.
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Figure 9. BER of the proposed MIMO System with m D 1 for (i) BPSK and (ii) QPSK modulated Nakagami-m faded channel model
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best performance is achieved when m1 D m2. Figure 7(ii)
shows the BER for BPSK modulated system for varying
m1 and m2 with m1Cm2 D 4.

From the simulation plots, we analyzed that the best per-
formance is achieved when both .T � TR/ and .TR � R/
links experience similar fading conditions. For the case
when larger than m1 ¤ m2, a better performance is
achieved when m1 < m2. One interesting thing to note
is that if either m1 or m2 values is below one, that is, if
the fading conditions on any of the channel link fall below
Rayleigh fading, the performance degrades as compared
with when eitherm1 orm2 values is one or more than one,
that is, when the fading conditions on any of the channel
link is Rayleigh or less severe than Rayleigh fading.

Figure 8 shows the BER variations for a BPSK mod-
ulated 3 � 1 and 4 � 1 systems for different fading con-
ditions, and it was analyzed that the BER improves when
m1 <m2.

No deviations from the results were seen even when
m1 Dm2, as in 3�1 and 4�1 system. This can be because
of larger number for transmit antennas as compared with a
single receive antenna. The MRC combining with larger
number of transmit antennas compensated for the higher
fading effects when m1 < m2 thus giving better perfor-
mance compared with m1 D m2 as in 2 � 1, which gives
the best performance when m1 Dm2

5.5. Results for two-hop
decode-amplify-forward relay system for
multiple input multiple output system
models

Figure 9 shows the BERs for the proposed MIMO sys-
tem and compares its performance with the conventional
MIMO system model for both BPSK and QPSK modula-
tion. The simulations were carried out for 2�2, 2�3, 3�2,
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Figure 10. Effect of fading parameter on the performance of the proposed MIMO System. BER of BPSK modulated (i) 2�2, (ii) 3�3,
and (iii) 3� 2 systems.
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and 3 � 3 transmission systems, and it was seen that the
added diversity improved the performance of the proposed
system by approximately 1 dB. Two spatial data streams
are possible when exploiting the 2 � 2, 2 � 3, and 3 � 2
system models. However, 3�3 system model is capable of
exploiting maximum of three spatial data streams.

Figure 10(i, ii) plots the variations in terms of BER with
varying fading conditions on the .T � TR/ and .TR � R/
links for a 2� 2 and 3� 3 system model, that is, Nt D Nr,
respectively. It was analyzed that when Nt D Nr and also
Nt and Nr is not very high, for example, 2 � 2 system
model, the BER improves as m1 is increased, that is, with
m1 > m2, the performance is better, and it improves with
increasing value ofm1. For higherNt and Nr, for example,
3 � 3 system model, best performance is achieved when
m1 D m2 and when m1 ¤ m2, better performance is still
achieved when m1 > m2. Thus, a 3 � 3 model combined
the effects of a MISO system model with higher number
of transmit antennas and that of a MIMO system model
with multiple transmit and receive antennas. Figure 10(iii)
plots the BER when Nt¤Nr, and we analyzed that the
best performance is achieved when m1 D m2, and in case
m1 ¤ m2, m1 < m2 gives better performance. For exam-
ple, with Nt greater than Nr by one, 3� 2 and 2� 1 system
model gives similar performance variations.

6. SUMMARY AND CONCLUSION

In this paper, the BER analysis of SISO, SIMO, MISO, and
MIMO wireless system models has been presented, and
the importance of exploiting diversity has been put forth.
It has been concluded that by increasing the number of
diverse paths, the performance of the overall system can
be improved. For doing so, an additional TR node placed
in between the transmitter and the receiver has been used
such that the system behaves as a two-hop DAF relay sys-
tem. The channel paths between .T � TR/; .TR � R/, and
.T � R/ are independent of each other, but they do not
vary significantly in terms of their amplitudes and phases.
The DAF relay system under study is dynamic as if the TR
node fails to work because of any reason or if the system
designing is cost effective, the TR node can be bypassed,
and the proposed system model can be used like a conven-
tional wireless system model. Also, by placing the TR node
at varying distances from the transmitter and the receiver,
the following conclusions were derived for various system
models:

� For SISO systems, the proposed model gave the best
performance when both .T�TR/ and .TR�R/ links
experienced similar fading conditions, that is, when
m1 D m2. However, because of topological limita-
tions when m1 D m2 may not be possible, better
performance is achieved when m1 >m2.

� For SIMO system models, the proposed SIMO sys-
tem model performed better than the conventional
SIMO model by approximately 2 dB. Also, the pro-
posed SIMO model gave the best performance as long

as m1 > m2, and the performance sequence was not
affected even when m1 D m2. This has been tested
by using 2 and 3 receive antennas, and both models
give similar results.

� For MISO system models, the proposed system model
gave a better performance than the conventional
MISO systems by approximately 1.5 dB. With vary-
ing fading conditions on the (T � TR/ and .TR � R/
links, the system gives the best performance when
m1 Dm2 as long as the number of transmit antennas
is low, for example, Nt D 2 (Figure 7). When the num-
ber of transmit antennas become larger, for example,
Nt > 2, the performance improves with decreasing
value of “m1”, (Figure 8).

� For MIMO system models, the proposed MIMO
model with TR node showed the performance
improvement of approximately 1 dB. When Nt D Nr,
a better performance is achieved when m1 > m2 as
long as Nt and Nr is low, and as m1 is decreased over
m2, the performance starts to fall, for example, 2� 2.
When Nt and Nr is large but still equal, for example
3 � 3 system, the variations in performance changes,
and the best performance is achieved when m1 Dm2
and following the trend of 2�2model whenm1 ¤m2
giving better results when m1 >m2. When Nt >Nr ,
the best performance is achieved when m1 D m2,
and the performance starts to decrease with increas-
ing m1, for example, 2 � 1and3 � 2 system models
give similar results as Nt > Nr.

Thus, we conclude from the simulations performed that
the proposed model definitely performs better than the
conventional system models. However, the proposed sys-
tem shows sensitivity towards the number of transmit and
receive antennas used and also the fading conditions of
(or the distance between) the .T � TR/ and .TR � R/
channels links. Careful selection of the number of transmit
and receive antennas depending on the fading conditions
will definitely result in improved performance. Also, the
performance of the system is affected by the distance of
the TR node from the transmitter and the receiver. Diver-
sity is achieved by exploiting spatial data streams at the
transmitter and the receiver, and also by the use of addi-
tional TR node. It is expected that the proposed system
can be used for state-of-the-art MIMO technologies such
as 802.11n and WLAN applications and help reduce multi-
path distortions because of the use of multiple data ‘spatial
streams’.
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