
RESEARCH ARTICLE

Spread Spectrum Based Energy Efficient
Collaborative Communication in Wireless
Sensor Networks
Anwar Ghani1☯*, Husnain Naqvi1☯, Muhammad Sher1☯, Muazzam Ali Khan2☯,
Imran Khan1☯, Azeem Irshad1☯

1Department of Computer Science & Software Engineering, International Islamic University, Islamabad,
Pakistan, 2 NUST College of EME, National University of Science & Technology, Islamabad, Pakistan

☯ These authors contributed equally to this work.
* anwar.ghani@iiu.edu.pk

Abstract
Wireless sensor networks consist of resource limited devices. Most crucial of these

resources is battery life, as in most applications like battle field or volcanic area monitoring,

it is often impossible to replace or recharge the power source. This article presents an

energy efficient collaborative communication system based on spread spectrum to achieve

energy efficiency as well as immunity against jamming, natural interference, noise suppres-

sion and universal frequency reuse. Performance of the proposed system is evaluated

using the received signal power, bit error rate (BER) and energy consumption. The results

show a direct proportionality between the power gain and the number of collaborative

nodes as well as BER and signal-to-noise ratio (Eb/N0). The analytical and simulation results

of the proposed system are compared with SISO system. The comparison reveals that

SISO perform better than collaborative communication in case of small distances whereas

collaborative communication performs better than SISO in case of long distances. On the

basis of these results it is safe to conclude that collaborative communication in wireless sen-

sor networks using wideband systems improves the life time of nodes in the networks

thereby prolonging the network’s life time.

Introduction
The resource limited nature of sensor networks make the power source of a sensor node very
crucial resource. The power source in these networks should be used intelligently as in many
applications it is almost impossible to replace or recharge it [1].

Many approaches, like cooperative communication [2–4], Multihop routing [5], collabora-
tive communication [6–8] and Beamforming [9–12], for sensible use of power source in sensor
networks have been proposed. Each of these approaches have their own prose and cons for
example in case of multihop system [5], communication over long distances may affect the
power source of all the hops from source to destination specially in case of retransmission.
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Similarly in case of distributed beamforming schemes, source and cooperative relay nodes
make sure that their signal be transmitted with such phases so that they can be constructively
added at the destination. The issue with Distributed beamforming is it needs modification to
the existing front end RF further increasing the complexity and cost of the system [4]. Many
other techniques could be found in literature addressing the issues of energy efficiency from
different perspectives like; energy efficient clustering and topology control [13, 14], node
energy based polynomial distribution for improved routing [15], energy driven architecture
(EDA) based on energy dissipation to minimize energy consumption in Wireless Sensor Net-
works [16] and many others.

This paper presents collaborative communication model for wireless sensor networks using
Rayleigh fading and wideband channels to achieve energy efficient communication. In collabora-
tion a set of transmitter nodes transmits the same data at the same time towards base station [17]
to exploit spatial diversity in order to achieve different benefits. It is presumed that the data to be
transmitted toward the base station is shared among collaborative nodes before the actual collab-
orative transmission starts may be using one the schemes in [6, 18]. Unlike cooperative commu-
nication where the transmitted information is relayed by intermediate cooperative nodes [3], in
collaboration each node communicates directly with the base station without any intermediate
relay node(s). From the study of the literature it is clear that if time, frequency and phase syn-
chronization is achieved sensor networks, substantial gain in received power can be produced at
the receiver [2, 6, 9–12, 19, 20]. However in collaborative communication high power gain can be
achieved even with imperfect phase, frequency and time synchronization [7].

A simple motivation here is to combine the benefits of collaborative communication with
the benefits of the wideband channels. The benefits of collaboration are explored in the litera-
ture as well as in our previous work [8] but in quite different channel scenario. A channel is
wideband if the ratio of its bandwidth(W) and the information rate (R) is much greater than
unity i.e, Be =W/R� 1, where Be is known as the expansion factor [21]. Wideband channels
offers benefits like immunity against jamming, interference and noise as well as using single
frequency for all nodes (universal frequency reuse). These features are helpful in different
applications of sensor networks, such as secure and uninterrupted information transfer from
hostile environments like battle field or volcanic area. To the best of our knowledge, this article
is the first to explore the combination of these two technologies and analyze the benefits they
have offer together.

As a problem statement; for a given “N” number of collaborative transmitter nodes which
transmit the same information to a common receiver (BS), this paper strive to design an energy
efficient algorithm using collaborative communication in combination with wideband chan-
nels including the effect of AWGN noise and Rayleigh fading. It is aimed to achieve the follow-
ing advantages: 1) Produce substantial power gain at the receiver. 2) Considerably mitigate the
fading effect. 3) Study the trade-off between energy consumption and transmission distances.

Contribution(s) of this article are, a) derivation of mathematical model for collaborative
communication (power gain, BER and energy consumption) with imperfect phase synchroni-
zation based on spread spectrum with noise and fading. b) Theoretical models shown that gain
in received power grows with the number of collaborative transmitters N whereas the BER
shows converse behavior with with signal-to-noise ratio (SNR). c) Derivation of theoretical
model to compute the energy expense during communication among transmitter nodes them-
selves for synchronization as well as transmitters nodes and base station. d) Design an energy
efficiency model based on the parameters of off-the-shelf products like, CC2420 and
AT86RF212 [22, 23] as shown in Table 1. Transmission distance, number of transmitters nodes
and phase error are taken into consideration while calculating the total consumed energy of the
proposed system. “Break-even” distances are used in trade-off analysis between the power
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consumed in circuit operations and transmission power. “Break-even” distance is a point
where power depletion of collaboration becomes equal to that of a SISO system. e) A technique
to reduce the effect of fading using collaborative communication by achieving significant gain
in the received power and reduce the required power to be transmitted by a factor N (for N is
the number of transmitter nodes). f) The use of spread spectrum approach to mitigate the effect
of noise, reduce natural as well as inter symbol interference and transmit information at even
low power and single frequency so that it is immune to interference, jamming and
eavesdropping.

This model avoid interference and noise thereby decreasing the number of bits in error.
This leads to less number of retransmission as well as allow nodes to use low power for trans-
mission of data thereby preserving their power source. Hence it prolongs the network’s lifetime
by prolonging the life of a single node. It also improves the coverage range as the number of
collaborative nodes increases. Therefor, collaborative communication is suitable for networks
with limited resources like sensor networks. The theoretical expressions derived for received
power and bit error rate are confirmed by simulation.

A comparison of the simulated and theoretical results show that collaborative communica-
tion in wideband channels is not only successful in mitigating the effect of fading but it signifi-
cantly suppresses the noise power. As a result significant improvements have been observed in
received signal power and BER. It is further revealed that an increase in the number of collabo-
rative transmitters, increases the gain in received power whereas an increase in SNR lowers the
BER. Results of energy efficiency model divulge a saving of 99% in energy consumption, due to
the use of collaborative communication in a Rayleigh faded wideband channel, even if the sig-
nal is received out-of-phase.

In remainder of the paper Related work section presents a brief survey of related literature,
system model section presents a list of assumption for the proposed system and a description
and derivation of theoretical (mathematical) model for received power and bit error rate in a
Rayleigh faded AWGN channel. Energy consumption has been discussed from the perspective
of SISO and collaborative communication. Results and discussion section presents an analysis
of the proposed system whereas conclusion section conclude the article.

RelatedWork
It is evident from literature survey that wireless networks, if synchronized in phase, frequency
and time, yield huge gain in the received power [24–27]. However it is also shown in different
schemes [6, 7] that synchronization is not mandatory for achieving high gain in received

Table 1. Details of off-the-shelf products with data and parameters used in simulation.

Symbol Description AT86RF212 CC2420

- Modulation BPSK BPSK

f0 Operating frequency 915MHz 2.45GHz

Rs Transmission data rate (BPSK) 40Kbps 250Kbps

U Operating voltage (typical) 3V 3V

Irx Currency for receiving states 9mA 17.4mA

Prx Receiving power, Prx = UIrx 27mW 52.2mW

Iidle Currency for idle states 0.4mA 0.4mA

Pcir Electronic circuitry power, Pcir = UIidle 1.2mW 1.2mW

Ps Receiver sensitivity -110dBm 95dBm

doi:10.1371/journal.pone.0159069.t001
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power. Collaborative communication enables a system to achieve significant gain in received
power even if the incoming signals are not synchronized in phase, frequency and time. Collab-
orative communication is basically a cooperation of different neighboring nodes to help for-
ward a node’s data to a common receiver, called as base station. Collaborative communication
for energy efficiency has been thoroughly investigated in [6, 7, 9], in Rayleigh fading channels
with imperfect phase and frequency, assuming each node has only one scatter component
which may not be the case in reality. It is also crucial that collaborative nodes are synchroniza-
tion with each other. Many schemes have been proposed in the literature for synchronizing col-
laborative nodes prior to transmission of data towards the base station [28, 29].

The effect of time and frequency synchronization on collaborative communication, has
been investigated in [30–33], to show what range(bounds) of frequency could be used. Two
venues, efficient communication system and task scheduling through smart algorithms, for
reducing energy consumption in wireless sensor networks has been explored in [34]. In both
venues reduction in energy utilization has been claimed. Synchronization among collaborative
nodes is more crucial than their distribution diversity. But it must be noted that synchroniza-
tion among collaborative nodes can degrade system’s performance, in some groups of diversity
distribution [11, 17, 20, 35]. In [6, 12], a Quantized feedback technique has been presented for
wireless relay networks, not only to achieve synchronization but also a significant gain in the
received power. An energy consumption model forMIMO has been proposed in [36, 37],
where SISO andMIMO systems are compared. It has been concluded that SISO performs well
when the distance between communicating node and base is small, whereas in case the distance
between communicating node and base station is large, it is difficult for SISO to keep up with
MIMO systems. A comparison of energy efficiency of virtualMISO and decode-and-forward is
presented in [38], concluding decode-and-forward approach shows strong energy efficient
behavior compared to virtualMISO.

The feasibility of applying cooperativeMIMO system toWSN has been investigated in [39].
The authors argued that the cooperativeMIMO systems are promising in terms low error per-
formance, low power performance, tolerance to jitter and it outperforms other cooperative
schemes in cases of imperfect synchronization. But it does not find the best or optimal scheme
because they related diversity gain only with link reliability and do not consider the circuit
power. A spread spectrum based communication system for range extension in wireless sensor
network, to study the effect of collaboration has been investigated in [35]. The authors argued
that using the natural diversity in collaboration; power from multiple sensor nodes can be com-
bined to achieve robustness against the channel impairments and produce significant extension
in the coverage range. Our approach however is to improve the energy consumption through
collaboration in combination with spread spectrum by considering one receiver and multiple
transmitter nodes from a sensor field as shown in Fig 1.

SystemModel

Assumptions
The assumption under which the proposed model is developed are listed as follow:

1. From a sensor field some randomly distributed (collaborative nodes) transmit the preshared
(using one of the schemes [6, 18]) identical information concurrently to a common receiver
(Base Station).

2. Single path communication is assumed here therefore, one signal component from each
transmitter node using identical modulation is received subject to synchronization error
making the system behave like virtual multipath fading system.
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3. The noise in the channel is considered to be AWGN.

Unlike fixed array antenna systems, in distributed deployment it is often very close to
impossible to determine the exact location of a node. Secondly there is no central network con-
troller to synchronize the received signal therefore, the theory of fixed array antenna is not
applicable [19, 40] directly. As a result there may be an estimation error in determining the
position of a node in distributed deployment, known as the displacement error. Due to this dis-
placement error the reception of the signals at the base station may be out-of-phase. So collabo-
rative communication needs to synchronize the signal in time, frequency and phase to achieve
power gain. In addition the use of spread spectrum provides the opportunity to exploit the
transmitter diversity for achieving improved SNR values at the receiver [39].

As positions of the transmitters are not fixed in the proposed scenario and the estimation
technique used to determine positions of the transmitters, gives most probable location rather
than the exact location of a transmitter, therefor it is very difficult to fully synchronize the sys-
tem. However, a general collaborative architecture where each node uses same carrier fre-
quency based on spread spectrum approach, has been proposed in this article as shown in Fig
1. The collaborative nodes in the figure, are presumed to be synchronized with each other,
before they begin information exchange with the base station.

Fig 1. Geometry of sensor nodes.

doi:10.1371/journal.pone.0159069.g001
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Theoretical Model
If in a random deployment N sensor nodes are considered in such a way that there is no “line-
of-sight” between these N transmitters and the base station, for example in an urban or volca-
nic area. Therefore Rayleigh fading channel with AWGN is considered for the proposed system.
A detail representation of the proposed system with N transmitter nodes is shown in Fig 2.

Each collaborative node transmits the same signal x(t) correlated with the chipping code
ci(t) of lengthM. If “d0” is considered as the initial displacement of a node from the base station
and f0 the carrier frequency, then the phase is given by “θ0 = 2πf0 d0/c”, where c represents the
speed of light. Let the distance due to displacement error is di, which when translated into
phase error, produces a phase of “θi = 2πf0 di/c”. If the carrier signal is “cos(2πf0 t)”, and not
only the negligible signal delay in comparison to bit length lessens the chances of inter symbol
interference but the use of spread spectrum approach fully mitigate this problem. The spread
spectrum approach also exploits the transmit diversity to produce significant power gain with-
out bandwidth expansion but at lower spatial rate.

The transmitted data x(t) from each node, is modulated using cos(2πfc t) and correlated
with the chip code c(t), to produce the transmitted data signal s(t) as follows.

sðtÞ ¼ 1

M
xðtÞcðtÞ cos ð2pfctÞ ð1Þ

whereM is the length of chip code and fc is the carrier frequency.
Signals from all N nodes are received at the base station with phase error as follow

yðtÞ ¼ 1

M

XN
i¼1

XM
j¼1

aixðtÞcjðtÞ cos ð2pfct þ yiÞ þ nðtÞ ð2Þ

here αi is the channel response/attenuation factor for ith channel and n(t) is AWGN.

Fig 2. Systemmodel.

doi:10.1371/journal.pone.0159069.g002
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Signal in Eq (2) is demodulated, and decorrelated with chip sequence, yields the following
result

Y ¼ 1

M

XN
i¼1

XM
j¼1

aiXcj � cj cos ðyiÞ þ n� cj ð3Þ

here X ¼ � ffiffiffi
E

p
is the amplitude of the received signal whereas n represents noise amplitude.

Also we know from spread spectrum properties that 1=M
PM

j¼1 cj � cj is equal to 1. Also let

PY represents the signal power at the receiver (base station) therefore, the above equation can
be rewritten as

PY ¼
XN
i¼1

aiX cos ðyiÞ þ
1

M

XM
j¼1

n� cj

" #2

ð4Þ

Since αi, θi, n and cj are identically independent random (i.i.d), therefore the expected value
of the above equation should be calculated in order to derive the power gain

E½PY � ¼ E
XN
i¼1

aiX cos ðyiÞ
" #" #2

þ s2
n

M
ð5Þ

As summation is a linear operator, so we can take the expectation inside to evaluate the
expression

E½PY � ¼
XN
i¼1

X2E½ cos 2ðyiÞ�E½a2i � þ
XN
i¼1

XN
j¼1

j =¼ i

X2E½ cos ðyiÞ cos ðyjÞ�E½aiaj� þ
s2
n

M ð6Þ

Since all θi, θj hi and hj are i.i.d random therefore E[θi]�E[θj]�E[θ], E[αi]�E[αj]�E[α] and

E½a2i � � E½a2�. Also we know that VarðaÞ ¼ s2
a ¼ 2� p

2

� �
b2 and E½a� ¼ ma ¼

ffiffi
p
2

p� �
b. So Eq

(6) can be rewritten as follows

E½PY � ¼ NX2E½ cos 2ðyÞ�E½a2� þ NðN � 1ÞX2E½ cos ðyÞ�E½ cos ðyÞ�E½a�E½a� þ s2
n

M
ð7Þ

Now putting values from Eqs (35) and (36) (for derivation see Appendix) and values of E[α]
and E[α2] in Eq (7) we get the following result

E½PY � ¼ Nb2X2 1þ sin ð2�Þ
2�

� �
þ pNðN � 1Þb2X2

2

sin ð�Þ
�

� �2
þ s2

n

M
ð8Þ

Here ϕ is the distribution limit over the phase error and b is the mode of Rayleigh fading.
Notice in Eq (8) that, the noise effect is mitigated by the length of pseudo noise (PN) chip code.
As the length of chip code increases, the effect of noise decreases and that is the magic of the
spread spectrum system. Detailed analysis of results obtained by implementing Eq (8), is pre-
sented in energy consumption section.

Average Probability of Error
To evaluate the bit error rate of the proposed system, let the transmitted signal is modulated
using BPSK. The signal received at the base station is a combination of the signal sent as well as
the added noise during propagation and both are identically independent random variables i.e,
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Y = s + n. The probability of error is given by the following expression

Pe ¼ 0:5erfc
mYffiffiffiffiffiffiffiffi
2s2

Y

p
 !

ð9Þ

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

mY ¼ ms þ mn ð10Þ

Putting values of μs and μn in Eq (10) and de-correlate with pseudo noise chipping code cj,
we get

mY ¼ 1

M
E
XN
i¼1

XM
j¼1

ðaiXicj cos ðyiÞÞ � cj

" #
þ 1

M
E
XM
j¼1

n� cj

" #
ð11Þ

In the first part of Eq (11), 1=M
PM

j¼1 cj � cj ¼ 1, whereas in the second part since n repre-

sents AWGN and its expectation results in 0, therefore the whole second part becomes zero
and Eq (11) is reduce to the following form.

mY ¼ X
XN
i¼1

E½ai�E½ cos ðyiÞ� ð12Þ

In Eq (12), αi, αj, θi and θj are identically distributed random process, therefore their expec-
tation is approximately equal to their own-self without subscript. Putting values from Eq (35)
(see appendix for derivation) and the expectation of E[α], Eq (12) can be reduced to the follow-
ing form,

mY ¼
ffiffiffi
p
2

r	 

bðN � XÞ sin ð�Þ

�
ð13Þ

Here ϕ is the limit on the distribution of phase error and b is the mode of Rayleigh fading αi,
a zero mean Gaussian distributed random process.

Since Y is the sum of two i.i.d random variables, so its variance can be calculated as follow

s2
Y ¼ s2

s þ s2
n ð14Þ

putting values of the de-correlated signal and noise variance in Eq (14). We know that noise
n and chipping code cj are independent of each other and variance of AWGN noise correlated
with PN sequence summed overM is s2

n=M, where s2
n ¼ N0=2 to distinguish it from Eq (14).

We also know that αi and θi are independent random processes so αi � α and θi � θ, so the
above equation will take the following form,

s2
Y ¼ Var

XN
i¼1

aiX cos ðyiÞ
" #

þ Var
XM
j¼1

n� cj

" #

¼
XN
i¼1

Var½aiX cos ðyiÞ� þ
N0

2M

ð15Þ

Eq (15) shows that the effect of noise is considerably mitigated by the PN sequence. As the
lengthM of PN sequence increases the effect of noise decreases which means that the noise is
evenly distributed over all the communicating nodes instead of just one or two.
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Now taking values from Eq (39) (see appendix for derivation), Eq (15) will become

s2
Y ¼ NX2b2 1� p

2

sin ð�Þ
�

	 

þ sin ð2�Þ

2�

� �
þ N0

2M
ð16Þ

Now by putting values from Eq (13) and (16), in Eq (9) we get the following relation

Pe ¼ 0:5erfc

ffiffiffi
p
2

r	 

bðN � XÞ sin ð�Þ

�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 NX2b2 1� p

2

sin ð�Þ
�

	 

þ sin ð2�Þ

2�

� �
þ N0

2M

	 
s
0
BBBB@

1
CCCCA ð17Þ

Eq (17) can be represented in form of SNR with some further simple manipulation. As X2 =
Eb, the probability of error relation in Eq (17) can be rewritten in the following form

Pe ¼ 0:5erfc

ffiffiffi
p
2

r
sin ð�Þ
�

	 

b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2ðEb=N0Þ

2Nb2 1� p
2

sin ð�Þ
�

	 
2

þ sin ð2�Þ
2�

" #
Eb

N0

	 

þ 1

M

 !
vuuuut

0
BBBBB@

1
CCCCCA ð18Þ

Special Case: reduction in transmit power
Spread spectrum technique allow nodes to transmit at a low power which extends the bat-

tery time of each node. This extension in battery time is further improved by collaborative
communication by reducing the transmit power by a factor of N, where N is the number of
transmitter nodes. To prove this let the amplitude of signal transmitted by each collaborative
node is X ¼ � ffiffiffiffiffi

Eb

p
=N , then the expression in Eq (18) can be expressed as follows.

Pe ¼ 0:5erfc

ffiffiffi
p
2

r
sin ð�Þ
�

	 

b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEb=N0Þ

2b2

N
1� p

2

sin ð�Þ
�

	 
2

þ sin ð2�Þ
2�

" #
Eb

N0

	 

þ 1

M

 !
vuuuut

0
BBBBB@

1
CCCCCA ð19Þ

It is clear from Eq (19) that the transmit power is reduced by factor of N due to the use of
collaborative communication. It is also interesting to see that the lengthM of PN sequence
(chip code) also contributes to this reduction in power. The energy efficiency of the proposed
system can be analyzed against different number of collaborative nodes as well as for different
values of BER.

Energy efficiency of collaborative communication in WSN
Energy consumption is an important figure of merit in evaluating performance of wireless sen-
sor networks. In order to analyzed the energy efficiency of collaborative communication this
section presents energy consumption models for SISO and collaborative communication. Both
the models are derived and analyzed for the sack of comparison and evaluating performance of
the collaborative communication. This theoretical models reflect the effect on the energy con-
sumption when collaborative communication is used in combination with the spread spectrum
approach. These models have been used to compute break-even-distances, and an analysis of
both the models has been presented in the results and discussion section to analyze the effect of
both systems on coverage range.
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SISO energy consumption model
Energy consumption of a communication system is typically the combined energy consumed
by the transmitter (Ptr) and receiver (Prv). therefore energy consumption over a single bit in
SISO can be represented by the following relation

ESISO ¼ Ptr þ Prv

Ci � Rs

ð20Þ

where Rs is the bit transmission rate and Ci is the PN sequence.
In this case, a simplified path loss model be applied to calculate the desired transmission

power as argued in [41]. Consider Gt and Gr be the gain of transmitter and receiver antenna
respectively, and if Gt = Gr = 1, then the total energy consumption of the transmitter Ptr is
given by the following relation [42].

Ptr ¼ Pcir þ
ð4pÞ2Prd

b

db�2
r l2

ð21Þ

power required for transmitter circuit operation is represented by Pcir, power of received sig-
nal Pr, λ = c/f0, where c represents speed of light, f0 represents carrier frequency, β represents
exponent of path loss, d represents distance between receiver and transmitter, dr represents ref-
erence distance for far-field region.

The minimum required received power Pr, to achieve the desired bit error rate can be calcu-
lated as follow

Pr ¼ Ps þ reber ð22Þ

Ps represents receiver’s sensitivity(in Watt), required to obtain required BER in noisy
(AWGN) channel only, and reber is Eb/N0(in Watt) used to obtain desired BER for a Rayleigh
faded AWGN system. reber in [38], is shown to be calculated as

reber ¼
ðð1� 2PeÞ2=1� ð1� 2PeÞ2Þ

ðerfc�1ð2PeÞÞ2
ð23Þ

erfc−1 is inverse of complimentary error function erfcðxÞ ¼ 2ffiffi
p

p
R þ1
x e�t2dt.

Taking values from Eqs (21)–(23), total consumption of energy for SISO systems can be
achieved as

ESISO ¼ Pcir þ
ð4pÞ2Psreberd

b

drb�2l2
þ Prv

	 
�
Ci � Rs ð24Þ

Collaborative communication energy consumption model
Energy consumption in SISO model is given by the sum of energy consumed in node-to-node
communication El (local communication) and energy consumed by communicating with base
station Et. Energy consumption of both local communication and communication with the
base station may be represented as follow

ECOL ¼ El þ Et ð25Þ

Both channels; channel among collaborative nodes and channel between a collaborative
node and base station are Rayleigh fading channels. The distance among collaborative nodes is
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considered to be maximum (local communication) leading to maximum energy consumption,
although distance of collaborative nodes from base station may vary. Energy consumption in
case of local communication can be represented as follow

El ¼
Ptr l þ NPrv l

Rs

ð26Þ

Here N is the number of collaborative nodes in the sensor network. Ptr_l can be derived
from Eq (21), can be written in the following form

El ¼ Pcir þ
ð4pÞ2Psrrber ld

b
l

db�2
l l2

þ NPrv l

	 
�
Rs ð27Þ

Energy consumed during communication between collaborative nodes and base station is
given by

Et ¼
Ptr t þ Prv

ci � Rs

ð28Þ

where Ptr_t is total energy, which is consumed by all (N) collaborative nodes and can be rewrit-
ten as

Ptr t ¼ NPcir þ
ð4pÞ2Pr td

b

Ndrb�2l2
ð29Þ

To obtain the desired Bit Error Rate(BER), the minimum required received power Pr_t may
be written as

Pr t ¼ PS þ rcol ber ð30Þ

where rcol_ber represents ratio between Eb/N0 (for system with phase error), AWGN and Ray-
leigh fading, and For systems with AWGN only, this ratio is equal to Eb/N0 (in Watt), to
achieve the desired BER. rcol_ber can be re-written as

rcol ber ¼
BER�1ðPe;NÞ
ðerfc�1ð2PeÞÞ2

ð31Þ

here BER−1 is the inverse function of Eq (19). Therefor Et can be written as follow

Et ¼ NPcir þ
ð4pÞ2Pr td

b

Ndb�2
r l2

þ Prv

 !�
ci � Rs ð32Þ

Taking values from Eqs (27) and (32), to represent total energy consumption of collabora-
tive communication as follow

ECOL ¼
1

Rs

Pcir þ
ð4pÞ2Psrrber ld

b
l

db�2
l l2

þ NPrv

	 

þ

NPcir þ
ð4pÞ2Pr td

b

Ndb�2
r l2 þ Prv

ci

0
BBB@

1
CCCA

0
BBB@

1
CCCA ð33Þ
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The total energy saving for the proposed collaborative communication model can be
achieved using the following equation.

Esavingð%Þ ¼ ESISO � ECOL

ESISO

� 100

	 

%: ð34Þ

Energy saving for small distances is dominated by circuit energy consumption. Saving is 0
in case where ESISO = ECOL, and the distance in this case is known as “break-even-distance”.

Results and Discussion
This section is devoted to analyzed the behavior of the proposed system. For this purposed
results obtained from analytical and simulated experiments are compared shown in the follow-
ing series of figures. The comparison shows that the theoretical and simulation are a perfect
match. Both analytical and simulated results are obtained usingMonte Carlo simulation. For
experimental purposes, the phase error is assumed to be uniformly distributed over a range
from −ϕ to ϕ. Four different ranges of phase values has been used for the sack of experimental
analysis i.e, {−0.1π to 0.1π}, {−0.2π to 0.2π}, {−0.3π to 0.3π} and {−0.4π to 0.4π}. 46-bit Hada-
mard codes are used as PN sequences to spread and de-spread the signal at the sender and
receiver. It has been observed that the use of these codes (spread spectrum), reduces the effect
of noise, thereby improving not only the received power but also the bit error rate(BER).
Results for normalized received power are shown in Fig 3.

Fig 3. Normalized average received power vs. number of collaborative nodes with Rayleigh fading.

doi:10.1371/journal.pone.0159069.g003
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It is clear from Fig 3 that increase in phase error has inverse effect on the normalized
received power. As the phase error increases, the normalized received power decreases. A closer
look at the figure reveals that 9-10% approximate decrease occured for the phase error over the
interval {−0.1π to 0.1π}, 17-18% for the phase error over the interval {−0.2π to 0.2π}. The error
seems to increase with increase in phase error i.e, the interval over {−0.3π to 0.3π} produces an
approximate decrease of 31-32% whereas the interval over {−0.4π to 0.4π} produces an approx-
imate of 47-48% decrease in the normalized received power in comparison to the N2 received
power without phase errors. Another comparison between simulated and analytical results is
shown in Fig 4, based on the total average received power i.e, “power/N” in the presence of
fading.

It is clear from the figure linear increase occurs in the total received power with an increase
in the number of collaborative nodes. Therefore it safe to conclude that in collaborative com-
munication, the number of collaborative nodes have a impact on the total received power.
Even in the presence of phase error and fading a significant gain in the received power is
recorded. It proves that collaborative communication in combination with spread spectrum
not only can mitigate the fading effect but also the noise to achieve such gain in the received
power. Fig 4 shows an approximate of 0.65 − 0.66N2 gain in the received power over the phase
error interval of {−0.3π to 0.3π}. In case of interval over {−0.4π to 0.4π}, there seems to be a
negative impact on the gain in received power, but still it resulted in a gain of 0.51 − 0.52N2.

Fig 4. Average received power/N vs. number of collaborative nodes with Rayleigh fading.

doi:10.1371/journal.pone.0159069.g004
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Now to analyze bit error rate, let the energy consumed by one bit is represented by Eb = N2,
then the energy consumed by all collaborative nodes must be Eb = N. Analytical results based
on the calculation from Eq (19) versus the simulated results are plotted in Figs 5 and 6. For the
sack of space limitation, two of four results are included for phase error over the interval
{−0.1π to 0.1π} and {−0.2π to 0.2π}, but they should be enough to reflect the trend of BER with
Rayleigh fading and AWGN for a varied number of collaborative node.

Further analysis of the BER curves reveal the effect of number of collaborative nodes. From
Fig 5, with phase error interval over {−0.1π to 0.1π}, it is clear to achieve a BER of 10−4 in case
of AWGN only, a power of approximately 5dB is required with no fading, whereas in case of a
single node with fading only, a power of 17dB is required. By increasing the number of node
from one to five with fading, the required power to achieve a BER of 10−4, is approximately
8dB. Similarly the required power reduces to approximately 8dB, 7.5dB and 7.2dB for a number
of 7,9 and 11 collaborative nodes respectively. Fig 5 in case of phase error over {−0.2π to 0.2π},
The required power in case AWGN only is same but there is a slight raise in the remaining
cases like fading only requires a power of 17.6dB, for N = 5 it is 9.2dB for N = 7 it is 8dB, for
N = 9 it is approximately 7.7dB and for N = 11 it is 7.5dB. Here it can be seen that an increase
in number of collaborative nodes N, reduces the desired power requirement whereas an
increase in the phase error has inverse effect over the required power. Similar trends has been
observed for phase error interval over {−0.3π to 0.3π} and {−0.4π to 0.4π}.

Fig 5. BER over interval {−0.1π to 0.1π} for different number of nodes with fading and total
transmitted energy Eb/N0.

doi:10.1371/journal.pone.0159069.g005
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As mentioned above, it is clear from Figs 3 and 4 that the gain in received power raises as
the number of collaborative nodes N increases, but increasing the number of node also mean
an increase in power consumption due to circuit operations. To perform an analysis of the
energy cosumed by the proposed approach, break-even distances are measured over different
phase error intervals and different number of collaborative nodes (N). Parameters of the off-
the-shelf products, like CC2420 and AT86RF21 are considered for this analysis. The maximum
distance between any two nodes is considered to 1m, accepted value of BER for energy con-
sumption analysis is 10−5 whereas the path loss exponent β ranges from 4.0–6.0 [43]. A detailed
summary of product information about off-the-shelf products i.e, CC2420 and AT86RF21, is
given in Table 1.

The following Figs 7–10 present the relation between percentage energy savings with the
number of collaborative nodes (N). It can be observed that an increase in the number of collab-
orative nodes results in a raise in break-even distances. For the sack of analysis break-even dis-
tances for AT86RF212 and CC2420 are presented over different phase error intervals. CC2420
has long break-even distance but less energy efficient than AT86RF212 both at 100m and 200m
distances. It can be seen that AT86RF212 has fast energy saving convergence than CC2420
after reaching the break-even distances showing that AT86RF212 more stable than CC2420. A
more closer look shows that AT86RF212 stabilizes at approximately 117m whereas CC2420
gets stabilize at approximately 146m.

Table 2 shows a detailed summary of Break-even distances for both CC2420 and
AT86RF212. It is analyzed that an increase in the distances causes increase in the energy

Fig 6. BER over interval {−0.2π to 0.2π} for different number of nodes with fading and total
transmitted energy Eb/N0.

doi:10.1371/journal.pone.0159069.g006
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Fig 7. Percentage energy savings and break-even distances over {−0.1π to 0.1π}, for AT86RF212, with
different number of nodes.

doi:10.1371/journal.pone.0159069.g007

Fig 8. Percentage energy savings and break-even distances over {−0.3π to 0.3π} for AT86RF212, with
different number of nodes.

doi:10.1371/journal.pone.0159069.g008
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Fig 10. Percentage energy savings and break-even distance ove {−0.3π to 0.3π} for CC2420, with
different number of nodes.

doi:10.1371/journal.pone.0159069.g010

Fig 9. Percentage energy savings and break-even distance over {−0.1π to 0.1π} for CC2420, with
different number of nodes.

doi:10.1371/journal.pone.0159069.g009
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preservation of collaborative communication and becomes constantly steady after a specific
distance. Percentage energy preservation for both the products over different phase error inter-
vals for distances of 100m and 200m are shown in Tables 3 and 4.

Comparison with other Approaches
Energy preservation efficiency measurement technique can be classified as one of Multihop,
Cooperative communication or beamforming [5, 11, 12, 44]. The proposed system comes
under the category of beamforming, since beamforing focuses multiple signals on a single

Table 3. Percentage energy preservation based on the parameters of CC2420.

N phase error 0.1π phase error 0.2π phase error 0.3π phase error 0.4π

200m 100m 200m 100m 200m 100m 200m 100m

2 98 95.5 97.5 94.9 97 94.3 95 92

3 99.4 95.7 99.5 95.5 98.3 95.5 99 94.6

4 99.8 94.8 99.7 94.4 99.5 94.3 99.4 94.5

5 99.9 93.5 99.8 93.3 99.6 93.3 99.5 93.5

6 99.6 92.4 99.6 92.5 99.6 92.3 99.5 92.4

7 99.6 91.5 99.5 91.4 99.5 91.3 99.5 91.5

9 99.5 88.4 99.5 88.4 99.5 90.5 99.5 89.4

11 99.2 86.8 99 86.5 98.6 89.5 98.5 87

doi:10.1371/journal.pone.0159069.t003

Table 2. Break-even distance for CC2420 and AT86RF212.

N Break-even distance CC2420(m) Break-even distance AT86RF212(m)

2 40.5 44.5

3 43.7 46.7

4 47.6 50.5

5 50.2 52.1

6 52.5 54

7 54.7 54.7

9 58.1 57.1

10 61.1 59.5

doi:10.1371/journal.pone.0159069.t002

Table 4. Percentage energy preservation based on the parameters of AT86RF212.

N phase error 0.1π phase error 0.2π phase error 0.3π phase error 0.4π

200m 100m 200m 100m 200m 100m 200m 100m

2 98.4 97.4 98 95 97 95.9 95.5 94.5

3 99.8 98.4 99.5 95.3 98.5 98.3 99.1 97.8

4 99.8 98.1 99.9 94.3 98.6 98.4 99.6 97.9

5 100 97.8 100 93.3 97.9 98 99.9 97.8

6 100 97.6 100.1 92.3 97.8 97.9 99.97 97.5

7 100.1 97.5 100.1 91.3 97.6 97.6 100.2 94.4

9 100 96.7 100.1 89.2 96.7 96.7 100 96.2

11 100.2 96.3 99.3 86.4 96.3 96.3 99.1 96.8

doi:10.1371/journal.pone.0159069.t004
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point to gain different advantages [9]. collaborative communication follow identical approach
as beamforming, since in collaborative communication there is a single receiver known as the
base station. So collaborative communication can be considered as an extension of beamform-
ing and both can be used in combination to achieve different goals like high gain in received
power.

Comparison with Multihop communication. In this type of communication the sending
device is unable to transmit information directly to a base station, instead it forward the infor-
mation to an intermediate node in the direction toward base station, which in turn forward it
either to the base station if in range or forward it in the same fasion to another neighbor that is
closer to the base station [5, 45]. It is an impressive approach capable of not only significant
improvements in signal reception but also tremendously reduces the transmit power of the
sender to preserve its energy.

However due to the involvement of multiple intermediate nodes, this approach has the ten-
dency to of becoming more complex as the number of intermediate nodes increases from
source to the base station. Additionally it has worse effect in terms of energy consumption on
all nodes from source to base station in case of a retransmission. In terms of range, multihop
communication can transmit over long distances but suffer severely in case a node dies in the
multihop path as shown in Fig 11, resulting in a sudden exponential growth in BER. Let con-
sider a four nodes (N = 4) multihop path with each node having a range of 1m. In a multihop
scenario these four nodes can transmit up to 16 (N× transmission power of a node) meters.
Anything further will lead to the inclusion of new hop thereby increasing complexity as well as

Fig 11. Multihop system in case of node failure.

doi:10.1371/journal.pone.0159069.g011
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the overhead in case of retransmission. For the same number of nodes, collaborative communi-
cation can transmit up to 64 meters, as the output power is square of the input power from
each node.

On the other hand in case of a node’s death, transmission in collaborative communication
will not be effected, however BERmay slightly increase as shown in Fig 12.

Comparison with Cooperative communication. In this approach a node cooperatively
forwards any information received from its next neighbors to fulfill the requirement of cooper-
ation [4]. It overcome the problem of node’s death by involving multiple next hop neighbors
(redundancy). In other words cooperative communication can be thought of as multipath mul-
tihop communications, inheriting advantages of multihop communication as well as its prob-
lem in even more severe nature. However for the same amount of information transfer, energy
source of many more nodes may effected as compared to multihop and collaborative commu-
nication. A node has to forward data it receives even if it makes no difference in the overall
communication. The more dense the node deployment, the more severe the effect of energy
draining for the same amount of information as compared to collaborative communication.

Conclusion
A spread spectrum based energy efficiency mechanism using collaborative has been derived
and analyzed in this article. The analysis is performed through a comparison between analyti-
cal and simulated results using received power, bit error rate and energy consumption as fig-
ures of merit. It has been proved that even if the received signals are unsynchronized in phase,
using collaborative communication a significant power gain and well as better BER rates can be
achieved. It has been observed in the analysis that BER is function of SNR whereas received
power is a function of the number of collaborative nodes. For analysis of energy consumption
the proposed system is compared with its counterpart SISO system and it has been observed

Fig 12. collaborative communication in case of node failure.

doi:10.1371/journal.pone.0159069.g012
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that the performance of SISO is better at short distance whereas collaborative communication
performs well at medium and large distances. To conclude it can be argued that although an
increase in the number of collaborative node offers many benefits but the this number should
be kept moderate so that the power consumption of circuit operation be kept from overwhelm-
ing the overall energy consumption of the system. The same approach can be extended to per-
form the same analysis in case of imperfect frequency as well as frequency and phase
synchronization for collaborative communication systems.

Mean values of trigonometric functions

Mean value of cos(θf)

E½ cos ðyf Þ� ¼
Z1
�1

cos ðyf ÞPðyf Þdðyf Þ

¼
Z�

��

cos ðyf Þ
1

2�
dðyf Þ

¼ 1

2�

Z�

��

cos ðyf Þdðyf Þ

¼ sin ð�Þ
�

ð35Þ

Mean value of cos2(θf)

E½ cos 2ðyf Þ� ¼
Z1
�1

cos 2ðyf ÞPðyf Þdðyf Þ

¼
Z�

��

cos 2ðyf Þ
1

2�
dðyf Þ

¼ 1

2�

Z�

��

cos 2ðyf Þdðyf Þ

¼ 1

2�
�þ sin ð2�Þ

2

	 


¼ 1

2
þ sin ð2�Þ

4�

ð36Þ

Variance of cos(θf)

Varð cos ðyf ÞÞ ¼ E½ cos 2ðyf Þ� � ðE½ cos ðyf Þ�Þ2
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Using Eqs (35) and (36) in the above equation we get

Varð cos ðyf ÞÞ ¼ sin ð�Þ
�

� 1

2
þ sin ð2�Þ

4�

	 

ð37Þ

Variance of hS cos(θf)
since all of these are independent random variables, therefore the multiplication can be calcu-
lated as

Var½hS cos ðyf Þ� ¼ S2½Var½h�ðE½ cos ðyf Þ�Þ2 þ ðE½h�Þ2Var½ cos ðyf Þ�
þVar½h�Var½ cos ðyf Þ��

ð38Þ

Since we know from Eqs (35) and (37) that, VarðhÞ ¼ s2
h ¼ 2� p

2

� �
b2 and E½h� ¼ mh ¼ffiffi

p
2

p� �
b by putting these values in Eq (38), we get

Var½hS cos ðyf Þ� ¼ b2S2 1� p
2

sin ð�Þ
�

	 
2

þ sin ð�Þ
2�

" #
ð39Þ

Acknowledgments
The authors would like thank the Handling Editor and the anonymous reviewers for their
time, efforts and suggestions to improve the structure, quality and correctness of this manu-
script. The authors would also like to extend their gratitude to all faculty members of the
Department of Computer Science & Software Engineering, International Islamic University
Islamabad for their encouragement and help during preparation of this manuscript.

Author Contributions
Conceived and designed the experiments: AG. Performed the experiments: HN. Analyzed the
data: MS. Contributed reagents/materials/analysis tools: MAK. Wrote the paper: IK. Was been
involved in reviewing different system to compare with the proposed system: AI.

References
1. Bejar Haro B, Zazo S, Palomar DP. Energy Efficient Collaborative Beamforming in Wireless Sensor

Networks. IEEE Transactions on Signal Processing; Jan 2014; 62(2):496–510. doi: 10.1109/TSP.
2013.2288080

2. Liu KR. Cooperative communications and networking. Cambridge University Press; 2009.

3. Urgaonkar R, Neely MJ. Delay-limited cooperative communication with reliability constraints in wireless
networks. In: IEEE INFOCOM. IEEE; 2009. p. 2561–2565.

4. Kramer G, Gastpar M, Gupta P. Cooperative strategies and capacity theorems for relay networks. IEEE
Transactions on Information Theory. 2005; 51(9):3037–3063. doi: 10.1109/TIT.2005.853304

5. Karp B, Kung HT. GPSR: Greedy perimeter stateless routing for wireless networks. In: Proceedings of
the 6th annual international conference on Mobile computing and networking. ACM; 2000. p. 243–254.

6. Naqvi H, Berber SM, Salcic Z. Performance analysis of collaborative communication in the presence of
phase errors and AWGN in wireless sensor networks. In: Proceedings of the 2009 International Confer-
ence onWireless Communications and Mobile Computing: Connecting theWorld Wirelessly. ACM;
2009. p. 394–398.

Collaborative Communication in Wireless Sensor Networks

PLOS ONE | DOI:10.1371/journal.pone.0159069 July 22, 2016 22 / 24

http://dx.doi.org/10.1109/TSP.2013.2288080
http://dx.doi.org/10.1109/TSP.2013.2288080
http://dx.doi.org/10.1109/TIT.2005.853304


7. Naqvi H, Berber S, Salcic Z. Collaborative communication with imperfect phase and frequency synchro-
nization in AWGN channel in wireless sensor networks. In: IEEE Sensors Applications Symposium
(SAS). IEEE; 2010. p. 241–244.

8. Ghani A, Naqvi H, Sher M, Khan Z, Khan I, Saqlain M. Energy efficient communication in body area net-
works using collaborative communication in Rayleigh fading channel. Telecommunication Systems.
2015 Dec:1–14. Available from: http://dx.doi.org/10.1007/s11235-015-0125-3

9. Mudumbai R, Hespanha J, Madhow U, Barriac G. Distributed Transmit Beamforming Using Feedback
Control. IEEE Transactions on Information Theory. 2010 Jan; 56(1):411–426. doi: 10.1109/TIT.2009.
2034786

10. Quitin F, Madhow U, Rahman MMU, Mudumbai R. Demonstrating distributed transmit beamforming
with software-defined radios. In: IEEE International Symposium on aWorld of Wireless, Mobile and
Multimedia Networks (WoWMoM), 2012; 2012. p. 1–3.

11. Ding Z, Chin WH, Leung KK. Distributed beamforming and power allocation for cooperative networks.
IEEE Transactions onWireless Communications. 2008; 7(5):1817–1822. doi: 10.1109/TWC.2008.
070105

12. Koyuncu E, Jing Y, Jafarkhani H. Distributed beamforming in wireless relay networks with quantized
feedback. IEEE Journal on Selected Areas in Communications. 2008; 26(8):1429–1439. doi: 10.1109/
JSAC.2008.081009

13. Wang F, Wu S, Wang K, Hu X. Energy-Efficient Clustering Using Correlation and Random Update
based on Data Change Rate for Wireless Sensor Networks. IEEE Sensors Journal. 2016;PP(99: ):1–1.

14. Hao X, Liu W, Yao N, Geng D, Li X. Distributed topology construction algorithm to improve link quality
and energy efficiency for wireless sensor networks. Journal of Network and Computer Applications.
2016;. doi: 10.1016/j.jnca.2016.04.017

15. Palanisamy T, Krishnasamy KN. Bayes Node Energy Polynomial Distribution to Improve Routing in
Wireless Sensor Network. PLoS ONE. 2015 10; 10(10):1–15. Available from: http://dx.doi.org/10.
1371%2Fjournal.pone.0138932

16. Pour NK. Energy Efficiency in Wireless Sensor Networks. arXiv preprintarXiv:160502393. 2016.

17. Ochiai H, Mitran P, Poor HV, Tarokh V. Collaborative beamforming for distributed wireless ad hoc sen-
sor networks. IEEE Transactions on Signal Processing. 2005; 53(11):4110–4124. doi: 10.1109/TSP.
2005.857028

18. Barriac G, Mudumbai R, Madhow U. Distributed beamforming for information transfer in sensor net-
works. In: Proceedings of the 3rd international symposium on Information processing in sensor net-
works. ACM; 2004. p. 81–88.

19. Astaneh SA, Gazor S. Collaborative communications: Joint relay and protocol selection. In: 11th Cana-
dian Workshop on Information Theory, 2009. CWIT 2009. IEEE; 2009. p. 25–28.

20. Wei-ping ZHlQ. Collaborative Beamforming for Distributed Wireless Ad Hoc Sensor Networks. Shanxi
Electronic Technology. 2007; 5:032.

21. Proakis JG. Intersymbol Interference in Digital Communication Systems. Wiley Online Library; 2001.

22. ATMEL. AT86RF212, ATMEL Products. Microchip Atmel; 2013. Available from: http://www.atmel.com/
images/atmel-42178-migration-from-at86rf212-to-at86rf212b_ap-note_at02598.pdf

23. Texas Instruments. CC2420. Texas Instruments Chipcon Products; 2013. Available from: http://www.ti.
com/product/cc2420

24. Chen M, Gonzalez S, Vasilakos A, Cao H, Leung VC. Body area networks: A survey. Mobile Networks
and Applications. 2011; 16(2):171–193. doi: 10.1007/s11036-010-0260-8

25. Malik N, Esa M, Yusof S, Ismail M, Hamzah S. Intelligent circular collaborative beamforming array in
wireless sensor network for efficient radiation. In: Microwave Conference Proceedings (APMC), 2013
Asia-Pacific. IEEE; 2013. p.1009–1011.

26. Feng J, Lu YH, Jung B, Peroulis D, Hu YC. Energy-efficient data dissemination using beamforming in
wireless sensor networks. ACM Transactions on Sensor Networks (TOSN). 2013; 9(3):31. doi: 10.
1145/2480730.2480734

27. Wu KK, Chang MK, Lee SY, Chan YW. Novel Protocols of Modulation Level Selection in Decode-and-
Forward Multinode Cooperative Communication Systems. In: Multimedia and Ubiquitous Engineering.
Springer; 2014. p. 133–138.

28. Mudumbai R, Barriac G, Madhow U. On the feasibility of distributed beamforming in wireless networks.
IEEE Transactions onWireless Communications. 2007; 6(5):1754–1763. doi: 10.1109/TWC.2007.
360377

Collaborative Communication in Wireless Sensor Networks

PLOS ONE | DOI:10.1371/journal.pone.0159069 July 22, 2016 23 / 24

http://dx.doi.org/10.1007/s11235-015-0125-3
http://dx.doi.org/10.1109/TIT.2009.2034786
http://dx.doi.org/10.1109/TIT.2009.2034786
http://dx.doi.org/10.1109/TWC.2008.070105
http://dx.doi.org/10.1109/TWC.2008.070105
http://dx.doi.org/10.1109/JSAC.2008.081009
http://dx.doi.org/10.1109/JSAC.2008.081009
http://dx.doi.org/10.1016/j.jnca.2016.04.017
http://dx.doi.org/10.1371%2Fjournal.pone.0138932
http://dx.doi.org/10.1371%2Fjournal.pone.0138932
http://dx.doi.org/10.1109/TSP.2005.857028
http://dx.doi.org/10.1109/TSP.2005.857028
http://www.atmel.com/images/atmel-42178-migration-from-at86rf212-to-at86rf212b_ap-note_at02598.pdf
http://www.atmel.com/images/atmel-42178-migration-from-at86rf212-to-at86rf212b_ap-note_at02598.pdf
http://www.ti.com/product/cc2420
http://www.ti.com/product/cc2420
http://dx.doi.org/10.1007/s11036-010-0260-8
http://dx.doi.org/10.1145/2480730.2480734
http://dx.doi.org/10.1145/2480730.2480734
http://dx.doi.org/10.1109/TWC.2007.360377
http://dx.doi.org/10.1109/TWC.2007.360377


29. Mudumbai R, Brown DR, Madhow U, Poor HV. Distributed transmit beamforming: challenges and
recent progress. IEEE Communications Magazine. 2009; 47(2):102–110. doi: 10.1109/MCOM.2009.
4785387

30. Parker PA, Mitran P, Bliss DW, Tarokh V. On bounds and algorithms for frequency synchronization for
collaborative communication systems. IEEE Transactions on Signal Processing. 2008; 56(8):3742–
3752. doi: 10.1109/TSP.2008.924799

31. Mehrpouyan H, Blostein SD. Bounds and algorithms for multiple frequency offset estimation in cooper-
ative networks. IEEE Transactions onWireless Communications. 2011; 10(4):1300–1311. doi: 10.
1109/TWC.2011.030311.101184

32. Brown DR III, Poor HV. Time-slotted round-trip carrier synchronization for distributed beamforming.
IEEE Transactions on Signal Processing. 2008; 56(11):5630–5643. doi: 10.1109/TSP.2008.927073

33. Madhow U, Brown D, Dasgupta S, Mudumbai R. Distributed massive MIMO: algorithms, architectures
and concept systems. In: Information Theory and Applications Workshop (ITA), 2014. IEEE; 2014.
p. 1–7.

34. Qiao D, Li Y, Li H. Energy Efficient Techniques for Implanted Nodes in Body Sensor Networks. In:
Zhang YT, editor. The International Conference on Health Informatics. vol. 42 of IFMBE Proceedings.
Springer International Publishing; 2014. p. 167–170. Available from: http://dx.doi.org/10.1007/978-3-
319-03005-0_43

35. Mudumbai R, Barriac G, Madhow U. Spread-spectrum techniques for distributed space-time communi-
cation in sensor networks. In: Conference Record of the Thirty-Eighth Asilomar Conference on Signals,
Systems and Computers. vol. 1. IEEE; 2004. p. 908–912.

36. Cui S, Goldsmith AJ, Bahai A. Energy-efficiency of MIMO and cooperative MIMO techniques in sensor
networks. IEEE Journal on Selected Areas in Communications. 2004; 22(6):1089–1098. doi: 10.1109/
JSAC.2004.830916

37. Jayaweera SK. Virtual MIMO-based cooperative communication for energy-constrained wireless sen-
sor networks. IEEE Transactions onWireless Communications. 2006; 5(5):984–989. doi: 10.1109/
TWC.2006.1633350

38. Simic L, Berber SM, Sowerby KW. Energy-Efficiency of Cooperative Diversity Techniques in Wireless
Sensor Networks. In: IEEE 18th International Symposium on Personal, Indoor and Mobile Radio Com-
munications, PIMRC; 2007. p. 1–5.

39. Ahmad MR, Dutkiewicz E, Huang X, Suaidi MK, and others. Cooperative MIMO systems in wireless
sensor networks. InTechOpen; 2010.

40. Zarifi K, Affes S, Ghrayeb A. Distributed beamforming for wireless sensor networks with random node
location. In: IEEE International Conference on Acoustics, Speech and Signal Processing, ICASSP
2009. IEEE; 2009. p. 2261–2264.

41. Sklar B. Rayleigh fading channels in mobile digital communication systems. I. Characterization. IEEE
Communications magazine. 1997; 35(9):136–146.

42. Goldsmith A. Wireless communications. Cambridge university press; 2005.

43. Blumenfeld D. Operations research calculations handbook. CRC Press; 2010.

44. Elias J. Optimal design of energy-efficient and cost-effective wireless body area networks. Ad Hoc Net-
works. 2014; 13, Part B(0):560–574. Available from: http://www.sciencedirect.com/science/article/pii/
S1570870513002321 doi: 10.1016/j.adhoc.2013.10.010

45. Ikki SS, Ahmed MH. Performance analysis of adaptive decode-and-forward cooperative diversity net-
works with best-relay selection. IEEE Transactions on Communications. 2010; 58(1):68–72. doi: 10.
1109/TCOMM.2010.01.080080

Collaborative Communication in Wireless Sensor Networks

PLOS ONE | DOI:10.1371/journal.pone.0159069 July 22, 2016 24 / 24

http://dx.doi.org/10.1109/MCOM.2009.4785387
http://dx.doi.org/10.1109/MCOM.2009.4785387
http://dx.doi.org/10.1109/TSP.2008.924799
http://dx.doi.org/10.1109/TWC.2011.030311.101184
http://dx.doi.org/10.1109/TWC.2011.030311.101184
http://dx.doi.org/10.1109/TSP.2008.927073
http://dx.doi.org/10.1007/978-3-319-03005-0_43
http://dx.doi.org/10.1007/978-3-319-03005-0_43
http://dx.doi.org/10.1109/JSAC.2004.830916
http://dx.doi.org/10.1109/JSAC.2004.830916
http://dx.doi.org/10.1109/TWC.2006.1633350
http://dx.doi.org/10.1109/TWC.2006.1633350
http://www.sciencedirect.com/science/article/pii/S1570870513002321
http://www.sciencedirect.com/science/article/pii/S1570870513002321
http://dx.doi.org/10.1016/j.adhoc.2013.10.010
http://dx.doi.org/10.1109/TCOMM.2010.01.080080
http://dx.doi.org/10.1109/TCOMM.2010.01.080080

