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ABSTRACT Deployed in harsh or hostile environments, it is usually impossible to replace/recharge the
power source of a sensor node in a wireless sensor network. Therefore, the only solution is an energy efficient
communication system. This paper presents an energy efficient system based on multipath collaborative
communication having noise and fading. The collaborative communication exploits spatial diversity to
achieve high gain in received power, low bit error rate (BER), and high energy savings even if the received
signals are out-of-phase. The experimental results confirm that the benefits are further enhanced by the use
of the multipath environment in combination with collaborative communication. For the trade-off analysis
between energy consumption and transmission distances, the multipath collaborative communication is
compared with the single-input-single-output (SISO) system. Collaborative communication performs better
over the long distance; however, the SISO is suitable for short distances. The proposed collaborative
communication system can achieve 99% energy savings in comparison to the SISO system.

INDEX TERMS Wireless sensor networks, collaborative communication, energy efficiency, multipath
communication, energy consumption.

I. INTRODUCTION
Wireless Sensor Network (WSN) usually consists of hun-
dreds or even thousands of miniature devices (referred to
in this paper as sensor node, sensor, node, or collabora-
tive node) designed to interact with the environment. WSN
has numerous applications in healthcare [1]–[3], education,
industry, security, military, wildlife monitoring and many
others [4], [5]. The emergence of recent technology, such
as Internet-of-things (IoT) and Fog Networks, opened new
venues for applications of WSN [6]–[10]. However, WSN
itself suffers from various issues like resource scarcity,
especially limited power source [11]. In random deploy-
ments for monitoring harsh environments like battlefield or

The associate editor coordinating the review of this manuscript and
approving it for publication was Gongbo Zhou.

volcanic area, it is often impossible to recharge or replace the
power/energy source of a sensor node. Therefore, developing
a communication system for such devices is more challenging
than ever.

Over the years many techniques have been pro-
posed to optimized the energy consumption of WSN to
save its power source and prolong the overall network
lifetime [2], [11]–[15]. One viable solution is multihop com-
munication where the signal received by a sensor node is for-
warded to the next sensor node closer to the base station [16].
It is an excellent approach to reduce power consumption
of the sensor by preventing it from transmitting over long
distances. Each node has to transfer the received signal
to its next nearest neighbor at a short distance. However,
failure of a single node in the multihop path breaks the
whole communicationwhere retransmissionmay be required.
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The retransmission not only affects the sender node but
every other node on the multihop path in terms of power
consumption. Furthermore, it incurs extra overhead in
routing over long distances [17]. Such shortcomings are
addressed by the emergence of cooperative communication
which uses the concept of spatial diversity to resist against
channel fading and interference through wireless broad-
cast advantage (WBA). Various approaches, for example,
Detect & Forward, Amplify & Forward, Compress & For-
ward, etc have been proposed to achieve cooperation among
sensors [18], [19]. These approaches perform well when the
convergence communication is synchronized, however, fail in
case of imperfect synchronization. it also suffers from other
challenges like complex scheduling, increased overhead,
increased interference, extra traffic, etc.

Recently, collaborative communication has been intro-
duced as an energy efficiency techniques in WSN. It com-
bines the transmission power of multiple transmitter
nodes (spatial diversity) to send information over long
distances [20]. In this type of communication, a set of trans-
mitter nodes send the same information toward a com-
mon receiver and behave like multiple transmitter antennas
mounted on a single node. Collaborative communication has
been observed to successfully achieve good performance in
terms of received power, energy efficiency, system’s capacity,
and bit error rate (BER) [21]. Interestingly, collaborative
communication can create constructive interference even if
the received signals are imperfectly synchronized through a
synchronization process [22]. Collaborative communication
is reported to have N 2 gain received power for N number of
transmitter nodes.

In this article collaborative Communication has been used
to investigate energy efficiency in WSN where the channel
has the effect of multipath scattering in contrast to previous
proposals where the channel is mainly considered as a single
path. In multipath collaborative communication, the trans-
mitted signal from a node is scattered into several com-
ponents due to deflection from objects in the transmission
path [5], [23], [24]. Furthermore, the channel is also consid-
ered to have the effect of noise and fading.

Main contributions of the article include 1) the develop-
ment of a mathematical expression for collaborative com-
munication in the multipath channel including the effect of
noise, fading, and imperfect synchronization. 2) The deriva-
tion of mathematical expression of received power gain as
well as BER. The power gain is directly related to the
number of collaborative nodes whereas BER is a function
of the signal-to-noise ratio. 3) The development of energy
consumption model. This model is used to calculate the
overall energy consumption of the proposed system. This
calculation includes the energy consumption for local com-
munication among collaborative nodes as well as the energy
consumed by the collaborative nodes while transmitting to
the base station. 4) To use parameters of off-the-shelf devices
and develop an energy efficiency model which calculates
energy efficiency based on the number of participating nodes,

transmission distance, and phase error. Break-even-distances
(SISO = Collaborative Communication) are calculated for
trade-off analysis between transmission power and circuit
power. 5) Development of a technique to counter the fading
effect in order to have increased in the power gain and reduce
the per-node transmission power. This is contributed to both
by collaborative communication in combination with multi-
path environment.

II. SYSTEM MODEL
The following assumptions are considered while developing
multipath Rayleigh faded energy efficient collaborative com-
munication system for WSN.

A. ASSUMPTIONS
• Randomly distributed nodes from a sensor field trans-
mit the same information toward a common receiver
concurrently.

• The noise used in this model is AdditiveWhite Gaussian
Noise (AWGN).

B. DESCRIPTION
Having a central network controller, in fixed antenna array
systems, synchronizing received signals is easy as the central
controller knows the exact location as well as the distance
of each transmitter node from another. In such systems there
are no chances of phase error in synchronizing the receiving
signal, therefore, can achieve high gain in received power,
energy savings and improved BER [25], [26].
However, determining the exact location of a sensor in a

random distribution is next to impossible since there is no
central network controller. Therefore, position estimation of
a node may always have a chance of error known as the
displacement error causing the unsynchronized reception of
signals at the receiver.

A fully synchronized system in such situation is very dif-
ficult to achieve, therefore, in this article, a collaboration-
based system is proposed which even in the presence of
synchronization error can achieve significant improvements
in received power, BER, and energy consumption as shown
in Figure 1. The figure clearly shows the variation in distance

FIGURE 1. The geometry of sensor nodes for multipath collaborative
communication.
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FIGURE 2. Theoretical model for multipath collaborative communication.

of each node from the BS. It means the signal from the farthest
collaborative node arrives late as compared to the nearest
collaborative node. This delay leads to imperfect phase syn-
chronization. A detailed theoretical model for a case of N
collaborative nodes is shown in Figure 2.

C. THEORETICAL MODEL
In collaborative communication based system of N nodes,
each at a different distance from the base station, the signal
can get deflected from different objects dividing it into multi-
ple scatter signals following different paths to reach the base
station creating a multipath effect, as shown in Figure 2.

In a randomly distributed deployment if every node trans-
mits a data signal x(t) using cos(2π f0t) as a carrier sig-
nal achieving synchronization among signals from multiple
nodes or their scatter components may be difficult since exact
position of the node cannot be estimated correctly. This result
in an error termed as ‘‘displacement error’’ [27]. For an initial
distance do the phase is θ0 = 2π f0d0/c, c is the ‘‘speed of
light’’ and due to displacement error dr (i) the corresponding
phase is θr (i) = 2π f0 dr (i)/c. The sum of all signals received
at the receiver (base station) is as follows

ym(t) = <

 N∑
i=1

M∑
j=1

αijx(t)ej(2π f0t+θ0+θr (i))

+ n(t) (1)

here αi is the attenuation factor, M represents scatter compo-
nents and n(t) is AWGN.

Here, it is assumed that the bit length of time ‘‘T’’ is
comparatively very large than the delay spread of the arriving
signals providing enough guard band to avoid inter-symbol

interference (ISI). Also, there is no ‘‘line-of-sight’’ commu-
nication, therefore, ‘‘Rayleigh fading’’ model is used.

Signal in Equation (1) is demodulated, integrated at the
base station and then passed through LPF, yields the follow-
ing result

Y =
N∑
i=1

M∑
j=1

αijXij cos(θr (ij))+ n (2)

here X = ±
√
E and n represent signal and noise amplitudes

respectively.
Strength of the signal received at the base station is as

follows

PY =

 N∑
i=1

M∑
j=1

αijXij cos(θr (ij))+ n

2

(3)

Equation (3), consists of multiple identical independent
random variables, like θr (ii), αij and zero mean noise n.
Therefore the above equation can be expanded as follow

E[PY ] = E

 N∑
i=1

M∑
j=1

αijXij cos(θr (ij))

2

+E
[ N∑

i=1

M∑
j=1

αijXij cos(θr (ij))


 N∑
i=1

M∑
l=1
l 6=i

αklXkl cos(θr (kl))

]+ σ 2
n (4)
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σ 2
n in Equation (4), represents variance of noise. The sum

of the power of allM scatter components must not be greater
than the original signal i.e, XijandXkl ≈ X , which is the
maximum value i.e. X. It is also known that θr (i), θr (j), θr (k),
θr (l), αi, αj, αk and αl , are independent random variables,
therefore ‘‘E[θr (i)] ≈ E[θr ], E[θr (j)] ≈ E[θr ], E[θr (k)] ≈
E[θr ], E[θr (l)] ≈ E[θr ] and E[αi] ≈ E[α], E[αj] ≈ E[α],
E[αk ] ≈ E[α], E[αl] ≈ E[α]’’. Also θr (i), θr (j), θr (k)
and θr (k) are independent random variable with ‘‘uniform
distribution’’ over the interval ‘‘−φ→ φ’’ for all i, j, k and l,
then θr (i) ≈ θr , θr (j) ≈ θr , θr (j) ≈ θr and θr (j) ≈ θr . Now
expanding Equation (4), give the following result

E[PY ]

=N ×MX2
[
E
[
α2
]
E
[
cos2(θr )

]
+ (E [α]E [cos(θr )])MN (MN−1)E [α]E [cos(θr )]

]
+σ 2

n

(5)

We know that variance Var(α) = σ 2
α =

(
2− π

2

)
and

mean E[α] = µα =
√
π
2 . Using values from Equation (32)

and Equation (33); Equation (5) can be simplified as follow,
considering mean value of α2 i.e, E[α2] = 1.

E[PY ] = N ×MX2
[(

1
2
+

sin(2φ)
4φ

)
+
πMN (MN − 1)b2

2

(
sin(φ)
φ

)2 ]
+
N0

2
(6)

In Equation (6), φ represents distribution bound of the
phase error and a Rayleigh random b known as the mod of
α. It is clear from Equation (6) that the contribution to the
received power gain is not only due to the number of col-
laborative nodes ‘‘N’’, but the scatter components ‘‘M’’, also
contributes to it. The scatter components produce a virtual
spatial diversity. Section IV discusses the implementation
results obtained using Equation (6).

D. AVERAGE PROBABILITY OF ERROR
If a signal in a Rayleigh faded channel is modulated using
BPSK, then the received signal Y , is a combination of two
identically independent random variables α and θr . The num-
ber of bits arrived in error are given by the Equation (2).
According to central limit theorem ‘‘for a sufficiently large
value of N , the sum of two identical independent random
variables turn to Gaussian’’. So by this theorem Y = s + n,
tends to Gaussian as it is the sum of two i.i.d random variable
i.e. Y =

∑N
i=1

∑M
j=1 X cos(θr (ij)) (in internal summation

j 6= i). Therefore, the error rate is given by

Pe = 0.5erfc

 µY√
2σ 2

Y

 (7)

Since θr and α are two different i.i.d random variables,
therefore

µY = µs + µn (8)

Putting values of µs and µn in Equation (8), we get

µY = E

 N∑
i=1

M∑
j=1

αijXij cos(θr (ij))

+ E[n]
= X

N∑
i=1

E [αii]E [cos(θr (ii))]

+X
N∑
i=1

M∑
j=1
j 6=i

E
[
αij
]
E [cos(θr (ij))] (9)

The above equation produces different values depending
upon the value of N and M. In the case of N = M , the pro-
posed system behaves like a single path system.

Taking values from Equation (32) as well as putting E [α],
the expression in Equation (9), can be written as

µY =

√
πbNMX sin(φ)
√
2φ

(10)

Here φ represents the bound on phase error distribution
and its mode is represented by b, having the property of zero
mean Gaussian distributed random variable. Since Y is also
i.i.d random so its variance can be calculated as follow

σ 2
Y = σ

2
s + σ

2
n (11)

σ 2
Y = Var

 N∑
i=1

M∑
j=1
j 6=i

αijX cos(θr (ij))

+ Var [n]
=

N∑
i=1

Var [αiiX cos(θr (ii))]

+

N∑
i=1

M∑
j=1
j 6=i

Var
[
αijX cos(θr (ij))

]
+
N0

2
(12)

putting values fromEquation (36), Equation (12) will become

σ 2
Y = NMb2X2

[
1−

π

2

(
sin(φ)
φ

)
+

sin(2φ)
2φ

]
+
N0

2
(13)

Now taking values from Equation (10) and Equation (13),
in Equation (7) we get the relation represented in
Equation (14).

Now putting X2
= Eb, the error rate expression in

Equation (14), as shown at the top of the next page, can be
simplified into the form as shown in Equation (15), as shown
at the top of the next page.
Special Case:
If amplitude of signal from each transmitter node is ‘‘X =
±
√
Eb/N ’’, then relation in Equation 15, can be turned into

a more simplified as shown in Equation (16), as shown at the
top of the next page.

To analyze the performance of the proposed system under
low transmission power, the transmitted power by each col-
laborative node is lessened by a factor of N ×M in the total
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Pe = 0.5erfc


√
πbNMX sin(φ)
√
2φ√

2
(
NMb2X2

[
1− π

2

(
sin(φ)
φ

)2
+

sin(2φ)
2φ

]
+

N0
2

)
 (14)

Pe = 0.5erfc

√πb sin(φ)√
2φ

√√√√√ N 2M2(Eb/N0)(
2NMb2

[
1− π

2

(
sin(φ)
φ

)2
+

sin(2φ)
2φ

] (
Eb
N0

)
+ 1

)
 (15)

Pe = 0.5erfc


√
π sin(φ)
√
2φ

√√√√√ (Eb/N0)(
2b2
NM

[
1− π

2

(
sin(φ)
φ

)2
+

sin(2φ)
2φ

] (
Eb
N0

)
+ 1

)
 (16)

transmitted power by all transmitters. The same approach is
used for analyzing Bit Error Rate in the transmitted signal.
It is clear fromEquation (16) that an increase in the number of
collaborative nodes reduce the required power transmitted per
node, i.e., ‘‘

√
Eb/No’’, thereby prolonging a node’s life. Sim-

ilarly, the number of multipath components has a significant
reduction impact on the Bit Error Rate. Reduction in BER
means less number of retransmission which means a longer
lifetime of a node.

III. ENERGY CONSUMPTION MODEL
For the sake of comparison and to highlight the benefits of
using multiple transmitters, energy consumption model for
single transmitter systems (SISO) as well as multi-transmitter
(collaborative communication) are developed in this section.
In the development of these models, different parameters are
taken into consideration. For example, the energy consumed
during the network circuit operations, the distance between
transmitters and the base station and total received power.
In addition to these parameters, collaborative communication
also considers the out-of-phase reception of signals or their
scatters components at the base station. Both the models are
analyzed for energy efficiency.

A. SISO: ENERGY CONSUMPTION MODEL
The transmission of information in SISO systems is carried
out through one transmitter and one receiver. The total energy
depletion of SISO system is calculated from the energy con-
sumed by a transmitter (Ptr ) as well as the energy consumed
by the receiver (Prv). Therefore, total depletion of energy of
these systems is the sum of energy depleted by transmitter
and receiver.

ESISO = (Ptr + Prv)/Rs (17)

here Rs represents the rate of information transfer.
Sklar [28] argued that the desired power for transmission

of information can be estimated through simplified path loss
(long distance) model. If ‘‘Gr ’’ and ‘‘Gt ’’ are the gains of

antenna directivity of receiver and transmitter antenna respec-
tively and both ‘‘Gr ’’ and ‘‘Gt ’’ are equal to 1, then power
consumed by the transmitter Ptr is given by [29].

Ptr = Pcir +
(4π )2Prdβ

dβ−2r λ2
(18)

The required power for circuit operations of the transmitter
is represented as Pcir , λ and f0 are the wavelength and fre-
quency of the carrier signals respectively i.e. λ = c/f0 where
c is the ‘‘speed of light’’. β is the ‘‘exponent of path loss’’,
‘‘d’’ represents the separation between transmit and receive
antenna whereas dr is far-field region reference point in terms
of distance.

The minimum required received power Pr , to achieve the
anticipated bit error rate computed as follows

Pr = Ps + reber (19)

Ps represents receiver’s sensitivity (in Watt) and ‘‘reber ’’
is ‘‘Eb/N0 (in Watt)’’ used to obtain the anticipated BER
for a Rayleigh faded AWGN system. reber in [30] and [31],
is shown to be calculated as

reber =

(
(1− 2Pe)2/1− (1− 2Pe)2

)(
erfc−1(2Pe)

)2 (20)

‘‘erfc−1’’ is complimentary inverse of error function
‘‘erfc(x) = 2

√
π

∫
+∞

x e−t
2
dt’’.

Taking values from Equation 18, Equation (19) and
Equation (20), total consumption of energy in SISO systems
can be obtained using the following expression

ESISO =
(
Pcir +

(4π )2Psreberdβ

drβ−2λ2
+ Prv

)/
Rs (21)

As mentioned in the beginning Rs is the data rate. There-
fore, it is clear that higher error rate mean more retransmis-
sion which in turn will reduce the lifetime of node hence
shortening the overall network’s lifetime. Results obtained
using Equation (21) are further discussed and analyzed
in section IV.
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B. ENERGY CONSUMPTION MODEL FOR MULTIPATH
COLLABORATIVE COMMUNICATION
The energy consumption model of collaborative communi-
cation consists of two parts; one energy consumption during
communication among collaborative nodes for synchroniza-
tion purposes, it is denoted by El . The second part is the
energy consumed in communication between collaborative
nodes and the base station, denoted by Et . The expression for
total energy consumption of collaborative communication is

ECOL = El + Et (22)

Both channels; the one used to synchronize the transmit-
ter nodes and the channel that connects the collaborative
node to the base station are ‘‘Rayleigh fading’’ channels.
The separation among transmitter nodes is considered to
be maximum (local communication) leading to maximum
energy consumption, although the distance of collaborative
nodes from the base station may vary. For the case of local
communication among collaborators, energy consumption is
given as follows

El = (Ptr_l + NPrv_l)/Rs (23)

here N is the number of transmitter nodes in collaboration in
the sensor network. Ptr_l can be derived from Equation (18),
can be written in the following form

El =
(
Pcir +

(4π )2Psrrber_ld
β
l

dβ−2l λ2
+ NPrv_l

)/
Rs (24)

Energy consumed during communication between trans-
mitter nodes and the receiver at the base station is given by

Et = (Ptr_t + Prv)/Rs (25)

where Ptr_t is the total energy depletion of all ‘‘N ’’ transmit-
ter nodes and can be expressed in the following form

Ptr_t = NPcir +
(4π )2Pr_tdβ

Ndrβ−2λ2
(26)

To obtain the desired ‘‘Bit Error Rate (BER)’’, the minimal
received power required ‘‘Pr_t ’’ and expressed as

Pr_t = PS + rcol_ber (27)

where ‘‘rcol_ber ’’ represents ratio between ‘‘Eb/N0 (for sys-
tem with phase error)’’, AWGN and Rayleigh fading, and For
systems where only AWGN is considered, this ratio is equal
to ‘‘Eb/N0 (in Watt)’’, to obtain the desired BER. ‘‘rcol_ber ’’
can be re-written as

rcol_ber =
BER−1(Pe,N )
(erfc−1(2Pe))2

(28)

here ‘‘BER−1’’ is the converse of Equation (15). Therefor Et
can be written as follows

Et =
(
NPcir +

(4π )2Pr_tdβ

Ndβ−2r λ2
+ Prv

)/
Rs (29)

Now by putting values from Equation (24) and
Equation (29) in Equation (22) to represent the total energy
consumption of collaborative communication as follows

ECOL =
((

Pcir +
(4π )2Psrrber_ld

β
l

dβ−2l λ2
+ NPrv_l

)

+

(
NPcir +

(4π )2Pr_tdβ

Ndβ−2r λ2
+ Prv

))/
Rs (30)

The total energy saving for the proposed collaborative
communication model can be achieved using the following
equation.

Esaving(%) =
(
ESISO − ECOL

ESISO
× 100

)
%. (31)

Using Equation 31, comparative energy savings has been
calculated. It is clear from the equation that energy saving for
small distances is dominated by energy consumed in circuit
operations. Saving is 0% when ESISO = ECOL , and such
distances are termed as ‘‘break-even-distance’’.

IV. RESULTS AND PERFORMANCE ANALYSIS
Analysis of the proposed system is performed using Monte
Carlo simulation inMATLAB R© using parameters of ‘‘off-the-
shelf’’ products i.e. ‘‘AT86RF212’’ [32] and ‘‘CC2420’’ [33].
Table 1 summarizes the parameters of these devices and their
description used in the simulation.

TABLE 1. Product information and description of parameters.

The basic purpose of collaboration is to achieve a gain
in energy consumption and received power, and reduce BER
even if the synchronization in received signals is imperfect.
Four different phase error intervals have been used to test
the proposed system and the effect of phase error on system
behavior in terms of the figures of merit used. The phase error
intervals used here are: ‘‘{−0.1π ∼ 0.1π}, {−0.2π ∼ 0.2π},
{−0.3π ∼ 0.3π} and {−0.4π ∼ 0.4π}’’. In addition to the
effect of phase error on the performance, it is also of interest
to see the effect of multipath scattering on the results.

Results of normalized received power and average received
power for the proposed model are shown in Figure 3 and
Figure 4. The figure clearly shows a close resemblance
between simulated and analytical results. Some of the fig-
ures have been omitted due to space limitation.

Figure 3, shows an approximate decrease of 10% in
received power when the phase error interlude over ‘‘{−0.1π
to 0.1π}’’. Similarly a decrease of 19% for a phase error
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FIGURE 3. Normalized received power against the number of transmitter
nodes with in the presence of fading, noise and imperfect phase
synchronization.

FIGURE 4. Received average power/N against the number of transmitter
nodes in the presence of fading, noise and imperfect phase
synchronization.

interlude over ‘‘{−0.2π to 0.2π}’’, 33% in case of phase error
over ‘‘{−0.3π to 0.3π}’’ and 49% when the phase mismatch
spans over ‘‘{−0.4π to 0.4π}’’. It is compared with the power
received when there is perfect synchronization among the
received signal at the base station, i.e., N 2. Figure 4 depicts
that the average received power gain ‘‘power/N ’’ grows when
there is an increase in the number of transmitter nodes as well
as multipath components.

A significant improvement in BER has been observed in
comparison to our previous work [34]. This improvement
is due to the use of multipath communication as shown
in Figure 5 and Figure 6. It must be noticed that reduced BER
means less number of retransmissions, thereby reducing the
energy consumed per bit. It prolongs a node’s lifetime which
ultimately leads to longer network lifetime.

In addition to the number of transmitter nodes,
the improvement in BER is also contributed to by the number
ofmultipath components of the signals from the source nodes.
It produces an effect similar to spatial diversity leading to a
significant gain in bit error rate. It is clear that the received

FIGURE 5. BER in presence of fading and total transmitted energy
‘‘Eb/N0’’ against the number of transmitters nodes for phase error
interval over {−0.1π to 0.1π} for scatter components m = 3.

FIGURE 6. BER in presence of fading and total transmitted energy
‘‘Eb/N0’’ against the number of transmitters nodes for phase error
interval over {−0.3π to 0.3π} for scatter components m = 3.

power gain grows directly with the number of transmitters
and scatter components of the signal. However, BER has
an inverse relation with SNR. The results show that in the
presence of fading and noise a power gain of ‘‘0.64N 2’’ is
recorded when the interval of phase error is ‘‘{−0.3π ∼
0.3π}’’. A power gain of ‘‘0.49N 2’’ is recorded when the
phase error interval is ‘‘{−0.4π ∼ 0.4π}’’. It is also analyzed
that an increase in phase error inversely affects the gain in
received power.

Energy consumption per bit ‘‘Eb = N 2’’ is used to
analyzed the bit error rate BER resulting in ‘‘Eb = N ’’
energy depleted by N transmitter nodes. Results obtained
from Equation 15 are equated and compared with the simu-
lated results in case of phase error mismatch interlude over
‘‘{−0.1π ∼ 0.1π}’’ and ‘‘{−0.3π ∼ 0.3π}’’ and shown
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in Figure 5 and Figure 6. The results are calculated with the
effect of fading and noise.

Simulation and analytical curves shown in Figures 5 and
Figure 6 are a close match. The slight variation in simulated
and analytical results may be the caused of approximation in
deriving the mathematical expression of BER. It is evident
from both simulated and analytical results that in the case
of a single node ‘‘N = 1’’, a power of ‘‘6dB’’ is required
for achieving BER of ‘‘10−3’’ in the absence of fading while
AWGN is considered. A raise in the power requirement has
been observed up to ‘‘20.7dB’’ when fading is considered.
In collaborative communication, with a rise in the number
of transmitters up to five nodes ‘‘N = 5’’, over the phase
mismatch interval ‘‘{−0.1π to 0.1π}’’ the required power is
9dB. However for phase error interval ‘‘{−0.3π to 0.3π}’’ the
required power increases to ‘‘11dB’’. In the case of N = 7,
and phase error from ‘‘{−0.1π to 0.1π}’’ the required power
is 9dB whereas in case of phase error from ‘‘{−0.3π to
0.3π}’’ the required power raises to 10dB. Similar effect can
be seen for N = 9 and N = 11. It must be noted that an
increase in the phase error cause exponential growth in the
required power to achieve the desired BER.
As per observation from Figure 3 and Figure 4 increasing,

the number of transmitters improves power gain, but at the
same time, it incurs more power consumption due to circuit
operations. For energy efficiency analysis of the proposed
system, ‘‘break-even distances’’ are calculated for varying
number of transmitters and different phase error intervals. For
computing circuit energy consumption, values from Table 1
are used. The distance between transmitter nodes is 1m,
the acceptable BER value is ‘‘10−5’’ and the exponent of path
loss ‘‘β’’ is from ‘‘4.0–6.0’’ [35].

FIGURE 7. Energy efficiency and ‘‘break-even distance’’ for varying
number of transmitter nodes using parameters of ‘‘AT86RF212’’ over
phase error interval {−0.3π ∼ 0.3π}.

The next series of figures from Figure 7–10, show per-
centage saving in energy for different values of ‘‘N ’’ of
transmitter nodes and ‘‘break-even distances’’.

FIGURE 8. Energy efficiency and ‘‘break-even distance’’ for varying
number of transmitter nodes using parameters of ‘‘AT86RF212’’ over
phase error interval {−0.4π ∼ 0.4π}.

FIGURE 9. Energy efficiency and ‘‘break-even distance’’ for varying
number of Transmitter nodes using parameters of ‘‘CC2420’’ over the
phase error interval {−0.3π ∼ 0.3π}.

TABLE 2. ‘‘Break-even’’ distances based on the parameters for ‘‘CC2420’’
and ‘‘AT86RF212’’.

It is also revealed from the analysis that an increase in
break-even distances is caused by the raise in the num-
ber of transmitter nodes. The ‘‘break-even distances’’ for
‘‘AT86RF212’’ are greater than the break-even distance for
‘‘CC2420’’, however, ‘‘AT86RF212’’ shows more energy
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TABLE 3. Percentage Energy Savings for ‘‘CC2420’’.

TABLE 4. Percentage Energy Savings for ‘‘AT86RF212’’.

FIGURE 10. Energy efficiency and ‘‘break-even distance’’ for varying
number of Transmitter nodes using parameters of ‘‘CC2420’’ over the
phase error interval {−0.4π ∼ 0.4π}.

efficient behavior than ‘‘CC2420’’ at 100m and 200m dis-
tances. A significant growth in energy saving in case of
‘‘AT86RF212’’ is observed in comparison to ‘‘CC2420’’,
as growth in distances surpasses the ‘‘break-even distances’’,
shown in Figures 7–10. It has been seen that the stability
of ‘‘AT86RF212’’ is higher than ‘‘CC2420’’. ‘‘AT86RF212’’

gets stability faster at a distance of 118mwhereas ‘‘CC2420’’
gets stable slowly at approximately 148m.
‘‘Break-even distances’’ computed using different phase

error intervals for ‘‘CC2420’’ and ‘‘AT86RF212’’ are pre-
sented in Table 2.

It has been observed that before getting stable constantly
at a certain distance, there is an increase in energy saving
with an increase in distances. Percentage energy saving of
both products with different interval of phase errors in case
of ‘‘100m’’ and ‘‘200m’’ distances are presented in Tables 3
and Table 4.

A. COMPARATIVE ANALYSIS
It can be seen from the previous results that the proposed
system performs well. In this subsection, a comparative anal-
ysis of the proposed system with Naqvi et al. [31] has been
performed to further validate the results. The comparison is
based on two parameters: received power gain and BER. The
analysis is performed using the same phase error intervals
as for the analysis in the previous subsection. Comparative
results based on the received power gain are shown in Table 5.

It is clear from the table that the proposed approach per-
forms better in terms of received power gain. This improve-
ment in the results is due to the multipath components of
a scattered signal which contribute to the gain in received
power. In contrast to a single path communication, an object
in the transmission path may completely block the signal
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TABLE 5. Performance comparison of the proposed system with
Naqvi et al. [31] proposal in terms of received power gain.

TABLE 6. Performance comparison of the proposed approach with
Naqvi et al. [31] in terms of BER (10−3) for different number of
transmitter nodes.

from reaching to the receiver. In multipath communication,
however, one component of a scattered signal is blocked by
an object in the transmission path, some components may still
reach the receiver. It can contribute positively to the gain in
the received power.

Further analysis of the results in Table 5 shows that the gain
in received power reduces with increase in the phase error
interval from top to bottom. This is logical as we previously
analyzed that the increase in the phase error adversely affect
the gain in received power. However, it can be observed
that it affects the baseline and proposed approach in the
same way. The difference at between the baseline and pro-
posed approaches is almost constant for different phase error
intervals.

Similarly, the analysis in terms of BER between the base-
line and proposed system is performed. Here the acceptable
value of BER is considered to be 10−3. Due to space limita-
tion the analysis is performed for two phase error intervals
{−0.1π ∼ 0.1π} and {−0.3π ∼ 0.3π}. The results of this
comparison are shown in Table 6. It is clear from the table
in case of both phase error intervals that the proposed system
requires less transmission power to achieve the required BER
level.

For the case of AWGN only where no fading is considered,
the proposed technique performs slight better than baseline
Naqvi et al. [31] approach. However, for the rest of the cases,
the proposed technique performs significantly better than
baseline system. This improvement in the proposed technique
is due to the multipath scattering. Each scatter component
at the receiver is considered as an independent signal and
added to the rest of the signals to achieve spatial diversity.
Exploiting spatial diversity is an advantage of collaborative
communication which converts a scatter signal into positive
gain at the receiver.

It should also be noticed that both techniques are
equally affected by the increase in the phase error interval.

The change can be observed as we go from top to bottom both
in case of baseline and the proposed system in Table 6. The
improvement shows that the proposed communication system
requires less transmission power to achieve the required SNR
value and acceptable BER. This means that the battery of
each sensor will deplete slower in comparison to the baseline
system. It means that using the proposed system, a network
can survive for a longer time as compared to the baseline
approach.

V. CONCLUSION
A collaborative communication model using a multipath
channel with fading and noise is presented in this article
where the scatter multipath components at the receiver are
considered out-of-phase. It has been observed that not only
the number of transmitter nodes but an increase in the num-
ber of scattered components of a signal, positively affect
the received power gain and energy consumption in WSN.
A comparative analysis of multipath based collaborative
communication and SISO system reveals that collaborative
communication achieved 99% saving in energy over long
distances as compared to SISO systems. Furthermore, mul-
tipath scatter components help collaborative communication
to mitigate the fading effects of the channel effectively.
The proposed approach shows performance improvements in
terms of received power gain and BER with the single path
communication system.

In the future, multipath based collaborative communication
may be investigated with imperfect frequency synchroniza-
tion as well imperfect frequency and phase.

APPENDIX
TRIGONOMETRIC FUNCTIONS & THEIR EXPECTATION
A. EXPECTATION OF COSINE FUNCTION

E
[
cos(θf )

]
=

∞∫
−∞

cos(θf )P(θf )d(θf )

=

φ∫
−φ

cos(θf )
1
2φ

d(θf )

=
1
2φ

φ∫
−φ

cos(θf )d(θf )

=
sin(φ)
φ

(32)

B. EXPECTATION OF SQUARE OF COSINE FUNCTION

E
[
cos2(θf )

]
=
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cos2(θf )P(θf )d(θf )

=
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1
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C. VARIANCE OF COSINE FUNCTION
Var

(
cos(θf )

)
= E

[
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(
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[
cos(θf )

])2
Using equations 32 and 33 in the above equation we get

Var
(
cos(θf )

)
=

(
1
2
+

sin(2φ)
4φ

)
−

(
sin(φ)
φ

)2

(34)

D. CALCULATING VARIANCE OF COSINE
WITH RANDOM VARIABLES
since h and θf are i.i.d random, hence calculation of their
multiplication may be carried out as follows

Var
[
αX cos(θf )

]
= X2

[
Var[α]

(
E
[
cos(θf )

])2
+ (E [α])2Var

[
cos(θf )

]
+Var [α]Var

[
cos(θf )

] ]
(35)

As it is known from Equations (32) and (34) that, Var(α) =
σ 2
α = (2− π

2 )b
2 and E [α] = µα =

(√
π
2

)
b.

Now putting values in Equation35, we get

Var
[
αX cos(θf )

]
= b2X2

[
1−

π

2

(
sin(φf )
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+
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REFERENCES
[1] B. Latré, B. Braem, I. Moerman, C. Blondia, and P. Demeester, ‘‘A survey

on wireless body area networks,’’ Wireless Netw., vol. 17, no. 1, pp. 1–18,
2011.

[2] A. B. Noel, A. Abdaoui, T. Elfouly, M. H. Ahmed, A. Badawy, and
M. Shehata, ‘‘Structural health monitoring using wireless sensor networks:
A comprehensive survey,’’ IEEE Commun. Surveys Tuts., vol. 19, no. 3,
pp. 1403–1423, 3rd quart., 2017.

[3] B. Abidi, A. Jilbab, and M. E. L. Haziti, ‘‘Wireless sensor networks in
biomedical: Wireless body area networks,’’ in Proc. Eur. MENA Coop-
eration Adv. Inf. Commun. Technol. Saidia, Marocco: Springer, 2017,
pp. 321–329.

[4] D.-G. Zhang, S. Liu, T. Zhang, and Z. Liang, ‘‘Novel unequal clustering
routing protocol considering energy balancing based on network partition
& distance for mobile education,’’ J. Netw. Comput. Appl., vol. 88, no. 15,
pp. 1–9, Jun. 2017.

[5] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, ‘‘Wireless
sensor networks: A survey,’’ Comput. Netw., vol. 38, no. 4, pp. 393–422,
2002.

[6] D.-G. Zhang, K. Zheng, T. Zhang, and X. Wang, ‘‘A novel multicast
routing method with minimum transmission for WSN of cloud computing
service,’’ Soft Comput., vol. 19, no. 7, pp. 1817–1827, Jul. 2015.

[7] M. Chiang. (2016). ‘‘Fog networking: An overview on research opportu-
nities.’’ [Online]. Available: https://arxiv.org/abs/1601.00835

[8] A. Djajadi and M. Wijanarko, ‘‘Ambient environmental quality monitor-
ing using IoT sensor network,’’ Internetw. Indonesia J., vol. 08, no. 1,
pp. 41–47, 2016.

[9] A. S. Sadiq, T. Z. Almohammad, R. A. B. M. Khadri, A. A. Ahmed, and
J. Lloret, ‘‘An energy-efficient cross-layer approach for cloud wireless
green communications,’’ in Proc. 2nd Int. Conf. Fog Mobile Edge Com-
put. (FMEC), May 2017, pp. 230–234.

[10] S. A. Hassan, S. S. Syed, and F. Hussain, ‘‘Communication technologies
in IoT networks,’’ in Internet of Things. Springer, 2017, pp. 13–26.

[11] B. Bejar Haro, S. Zazo, and D. P. Palomar, ‘‘Energy efficient collaborative
beamforming in wireless sensor networks,’’ IEEE Trans. Signal Process.,
vol. 62, no. 2, pp. 496–510, Jan. 2014.

[12] J. Feng, Y.-H. Lu, B. Jung, D. Peroulis, and Y. C. Hu, ‘‘Energy-efficient
data dissemination using beamforming in wireless sensor networks,’’ ACM
Trans. Sensor Netw., vol. 9, no. 3, p. 31, 2013.

[13] G. Kramer, M. Gastpar, and P. Gupta, ‘‘Cooperative strategies and capacity
theorems for relay networks,’’ IEEE Trans. Inf. Theory, vol. 51, no. 9,
pp. 3037–3063, Sep. 2005.

[14] S. Jayaprakasam, S. K. A. Rahim, and C. Y. Leow, ‘‘Distributed and
collaborative beamforming in wireless sensor networks: Classifications,
trends, and research directions,’’ IEEE Commun. Surveys Tuts., vol. 19,
no. 4, pp. 2092–2116, 4th quart., 2017.

[15] H. Yetgin, K. T. K. Cheung, M. El-Hajjar, and L. H. Hanzo, ‘‘A sur-
vey of network lifetime maximization techniques in wireless sensor net-
works,’’ IEEE Commun. Surveys Tuts., vol. 19, no. 2, pp. 828–854,
2nd Quart., 2017.

[16] S. Biswas, R. Das, and P. Chatterjee, ‘‘Energy-efficient connected target
coverage in multi-hop wireless sensor networks,’’ in Industry Interactive
Innovations in Science, Engineering and Technology, S. Bhattacharyya,
S. Sen, M. Dutta, P. Biswas, and H. Chattopadhyay, Eds. Singapore:
Springer, 2018, pp. 411–421.

[17] B. Karp and H. T. Kung, ‘‘GPSR: Greedy perimeter stateless routing
for wireless networks,’’ in Proc. 6th Annu. Int. Conf. Mobile Comput.
Netw. (MobiCom), 2000, pp. 243–254.

[18] A. Nosratinia, T. E. Hunter, and A. Hedayat, ‘‘Cooperative communication
in wireless networks,’’ IEEE Commun. Mag., vol. 42, no. 10, pp. 74–80,
Oct. 2004.

[19] S. Gupta,M. C. Vuran, andM. C. Gursoy, ‘‘Power efficiency of cooperative
communication in wireless sensor networks,’’ in Proc. 3rd Int. Conf. Signal
Process. Commun. Syst. (ICSPCS), Sep. 2009, pp. 1–10.

[20] R. Mudumbai, J. Hespanha, U. Madhow, and G. Barriac, ‘‘Distributed
transmit beamforming using feedback control,’’ IEEE Trans. Inf. Theory,
vol. 56, no. 1, pp. 411–426, Jan. 2010.

[21] H. Naqvi, S. Berber, and Z. Salcic, ‘‘Energy efficient collaborative com-
munications in AWGN and Rayleigh fading channel in wireless sen-
sor networks,’’ Wireless Commun. Mobile Comput., vol. 14, no. 14,
pp. 1382–1396, 2012.

[22] S. Naqvi, ‘‘Energy-efficient collaborative communications for wireless
sensor networks,’’ Ph.D. dissertation, Dept. Elect. Comput. Eng., Univ.
Auckland, Auckland, New Zealand, ResearchSpace@ Auckland, 2012.

[23] G. J. Pottie and W. J. Kaiser, ‘‘Wireless integrated network sensors,’’
Commun. ACM, vol. 43, no. 5, pp. 51–58, 2000.

[24] Y. Zhang, N. Ansari, andW. Su, ‘‘Optimal decision fusion based automatic
modulation classification by using wireless sensor networks in multipath
fading channel,’’ in Proc. IEEE GLOBECOM, Dec. 2011, pp. 1–5.

[25] S. A. Astaneh and S. Gazor, ‘‘Collaborative communications: Joint relay
and protocol selection,’’ in Proc. 11th Can. Workshop Inf. Theory (CWIT),
May 2009, pp. 25–28.

[26] K. Zarifi, S. Affes, and A. Ghrayeb, ‘‘Distributed beamforming for
wireless sensor networks with random node location,’’ in Proc. IEEE
Int. Conf. Acoust., Speech Signal Process. (ICASSP), Apr. 2009,
pp. 2261–2264.

[27] H. Naqvi, S. Berber, and Z. Salcic, ‘‘Collaborative communication with
imperfect phase and frequency synchronization in AWGN channel in
wireless sensor networks,’’ in Proc. IEEE Sensors Appl. Symp. (SAS),
Feb. 2010, pp. 241–244.

[28] B. Sklar, ‘‘Rayleigh fading channels in mobile digital communication
systems. I. Characterization,’’ IEEE Commun. Mag., vol. 35, no. 7,
pp. 90–100, Jul. 1997.

[29] A. Goldsmith, Wireless Communications. Cambridge, U.K.: Cambridge
Univ. Press, 2005.

[30] L. Simic, S. M. Berber, and K. W. Sowerby, ‘‘Energy-efficiency of coop-
erative diversity techniques in wireless sensor networks,’’ in Proc. IEEE
18th Int. Symp. Pers., Indoor Mobile Radio Commun. (PIMRC), Sep. 2007,
pp. 1–5.

[31] H. Naqvi, S. Berber, and Z. Salcic, ‘‘Energy efficient collaborative com-
munication with imperfect phase synchronization and Rayleigh fading in
wireless sensor networks,’’ Phys. Commun., vol. 3, no. 2, pp. 119–128,
2010.

[32] AT86RF212, ATMEL Products, Atmel, San Jose, CA, USA, 2012.
[33] Texas Instruments. (2013). Texas Instruments Chipcon Products CC2420.

[Online]. Available: http://www.ti.com/product/cc2420

26568 VOLUME 7, 2019



A. Ghani et al.: Energy Efficiency in Multipath Rayleigh Faded WSNs Using Collaborative Communication

[34] A. Ghani, H. A. Naqvi, M. Sher, Z. S. Khan, I. Khan, and M. Saqlain,
‘‘Energy efficient communication in body area networks using collabo-
rative communication in Rayleigh fading channel,’’ Telecommun. Syst.,
vol. 63, no. 3, pp. 357–370, 2015.

[35] D. Blumenfeld,Operations ResearchCalculationsHandbook. Boca Raton,
FL, USA: CRC Press, 2010.

ANWAR GHANI received the B.S. degree in com-
puter science from the University of Malakand
K.P.K, Pakistan, in 2007, and the M.S. and Ph.D.
degrees in computer science from the Depart-
ment of Computer Science and Software Engineer-
ing, International Islamic University Islamabad,
in 2011 and 2016, respectively. He is currently a
Faculty Member of the Department of Computer
Science and Software Engineering, International
Islamic University Islamabad. He has worked as

a Software Engineer with Bioman Technologies, from 2007 to 2011. He was
selected as an exchange student under - EURECA Program for VU Univer-
sity, Amsterdam, The Netherland, in 2009, and the EXPERT Program for
Masaryk University Czech Republic, in 2011, funded by the EUROPEAN
Commission. His broad research interests include wireless sensor networks,
next generation networks, information security, and energy efficient collab-
orative communication.

SYED HUSNAIN A. NAQVI received the Ph.D.
degree from The University of Auckland, New
Zealand. He has more than 16 years of Teaching,
Research, and Development experience in New
Zealand and Pakistan. He has worked in several
multi-national software companies as a Software
Developer, Consultant, and Technical Manager.
He has authored over 70 peer-reviewed journal,
international conference papers, and book chap-
ters. Over the last 16 years, he has supervised

more than 80 students doing Ph.D., M.S., summer research, or final year
projects. He has several Academic/Industrial Certificates that includes
MCPS, MCITP (Database Developer 2008, Database Administrator 2008),
MCTS (Microsoft Office Visio 2007, Application Development, SQL Server
2008, Implementation and Maintenance, SQL Server 2008, Database Devel-
opment, SQL Server 2008, Business Intelligence Development and Main-
tenance, SharePoint 2010, Application Development, .NET Framework 4,
Windows Applications, .NET Framework 4, Service Communication Appli-
cations),MCSA (SQLServer 2008). His broad research interests include sen-
sor networks, collaborative communications, and lightweight cryptography.

MUHAMMAD U. ILYAS received the B.E. degree
in electrical engineering from the National Uni-
versity of Sciences and Technology, Islamabad,
Pakistan, in 1999, the M.S. degree in computer
engineering from the Lahore University of Man-
agement Sciences, Lahore, Pakistan, in 2004, and
the M.S. and Ph.D. degrees in electrical engineer-
ing from Michigan State University, East Lansing,
MI, USA, in 2007 and 2009, respectively. His work
experience as a Researcher spans wireless commu-

nication and networking, statistical data analysis andmodeling, graph theory,
information theory, applied optimization, algorithms, and social networks.
He is currently appointed as an Assistant Professor of electrical engineering
with the National University of Sciences and Technology, Islamabad, and
as an Assistant Professor of computer engineering with the University of
Jeddah, Jeddah, Saudi Arabia.

MUHAMMAD KHURRAM KHAN (SM’12) is
currently with the Center of Excellence in Infor-
mation Assurance (CoEIA), King SaudUniversity,
Saudi Arabia. He is one of the founding members
of CoEIA, and has served as the R&D Manager,
from 2009 to 2012. He is also an honorary Profes-
sor with IIIRC, Shenzhen Graduate School, China,
and an Adjunct Professor with the Fujian Univer-
sity of Technology, China. He, alongwith his team,
developed and successfully managed Cybersecu-

rity Research Program of CoEIA, which turned the center as one of the best
centers of excellence in Saudi Arabia and in the region. He is the Founder
and CEO of the Global Foundation for Cyber Studies and Research, which
is a US-based Cybersecurity think tank. He has published over 350 papers
in the journals and conferences of international repute. In addition, he is
an Inventor of 10 US/PCT patents. He has edited seven books/proceedings
published by Springer-Verlag and the IEEE. He has secured several national
and internationally competitive research grants in the domain of Cybersecu-
rity. He has played a leading role in developing BS Cybersecurity Degree
Program and Higher Diploma in Cybersecurity at King Saud University. His
research areas of interest are Cybersecurity, digital authentication, the IoT,
biometrics, multimedia security, and technological innovation management.

Prof. Khurram Khan is a Fellow of the IET (U.K.); a Fellow of the
BCS (U.K.); a Fellow of the FTRA (South Korea); a Senior Member of
the IACSIT (Singapore); and a member of the IEEE Consumer Electronics
Society, the IEEE Communications Society, the IEEE Technical Committee
on Security and Privacy, the IEEE Internet of Things Community, and the
IEEE Cybersecurity Community. He has secured an Outstanding Leadership
Award at the IEEE International Conference on Networks and Systems
Security 2009, Australia. He has been included in the Marquis Who’s Who
in the World 2010 edition. Besides, he has received a certificate of appreci-
ation for outstanding contributions in Biometrics and Information Security
Research at the AIT International Conference, Japan, in 2010. He has been
awarded a Gold Medal for the Best Invention and Innovation Award at the
10th Malaysian Technology Expo 2011, Malaysia. Moreover, in 2013, his
invention has received a BronzeMedal at the 41st International Exhibition of
Inventions, Geneva, Switzerland. In addition, he was awarded the Best Paper
Award from the Journal of Network and Computer Applications (Elsevier),
in 2015. He is a recipient of the King Saud University Award for Scientific

VOLUME 7, 2019 26569



A. Ghani et al.: Energy Efficiency in Multipath Rayleigh Faded WSNs Using Collaborative Communication

Excellence (Research Productivity), in 2015. He is also a recipient of
the King Saud University Award for Scientific Excellence (Inventions,
Innovations, and Technology Licensing), in 2016. Besides, he is the
Vice Chair of the IEEE Communications Society Saudi Chapter. He is
the Editor-in-Chief of a well-reputed International journal Telecommu-
nication Systems (Springer), for over 25 years with its recent impact
factor of 1.542 (JCR 2017). Furthermore, he is the Editor of several
international journals, including the IEEE COMMUNICATIONS SURVEYS AND

TUTORIALS, the IEEE Communications Magazine, the IEEE INTERNET OF

THINGS JOURNAL, the IEEE TRANSACTIONS ON CONSUMER ELECTRONICS, the IEEE
ACCESS, the Journal of Network and Computer Applications (Elsevier),
the IEEE Consumer Electronics Magazine, PLOS ONE, the Electronic
Commerce Research(Springer), the IETWireless Sensor Systems, the Journal
of Information Hiding and Multimedia Signal Processing (JIHMSP), and
the International Journal of Biometrics (Inderscience). He has also played
the role of the Guest Editor of several international journals of the IEEE,
Springer, Wiley, Elsevier Science, and Hindawi. Moreover, he is one of the
organizing chairs of over five dozen international conferences and a member
of the technical committees of over 10 dozen international conferences.
In addition, he is an Active Reviewer of many international journals as well
as the research grant foundations of Switzerland, Italy, Czech Republic, and
Saudi Arabia.

ALI HASSAN received the bachelor’s degree in
computer science from Government College Uni-
versity Lahore, in 2004, the M.Sc. degree in wire-
less networks from the Queen Mary University of
London, U.K., in 2005, and the Ph.D. degree in
communication networks from the Department of
Electronics Engineering, Queen Mary University
of London, in 2010. He has contributed to several
internationally funded research projects. In 2018,
he joined the Department of Applied Computing,

Sheridan College, Canada, as an Adjunct Professor. He had served the
Faculty of Computing and Information Technology-University of Jeddah, as
an Assistant Professor. His research interests include the Internet of Things,
wireless sensor networks, swarm intelligence, and network security. He has
served as a reviewer for several international conferences and journals.

26570 VOLUME 7, 2019


	INTRODUCTION
	SYSTEM MODEL
	ASSUMPTIONS
	DESCRIPTION
	THEORETICAL MODEL
	AVERAGE PROBABILITY OF ERROR

	ENERGY CONSUMPTION MODEL
	SISO: ENERGY CONSUMPTION MODEL
	ENERGY CONSUMPTION MODEL FOR MULTIPATH COLLABORATIVE COMMUNICATION

	RESULTS AND PERFORMANCE ANALYSIS
	COMPARATIVE ANALYSIS

	CONCLUSION
	EXPECTATION OF COSINE FUNCTION
	EXPECTATION OF SQUARE OF COSINE FUNCTION
	VARIANCE OF COSINE FUNCTION
	CALCULATING VARIANCE OF COSINE WITH RANDOM VARIABLES

	REFERENCES
	Biographies
	ANWAR GHANI
	SYED HUSNAIN A. NAQVI
	MUHAMMAD U. ILYAS
	MUHAMMAD KHURRAM KHAN
	Excellence
	ALI HASSAN


