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Abstract. Cooperative communication becomes a popular area of research due to its strength and wide application scope in wireless networking and communications. This technique improves the communication performance largely in capacity enhancement, energy-eﬃciency,
timeliness and contention. Power allocation plays an important role in
the cooperative communication paradigm to get the desired performance
improvements in the aforementioned aspects. In this paper, we present
a bacterial foraging optimization algorithm (BFOA)-based power allocation method for cooperative communications in wireless systems. Comparative measures with non-cooperative approaches are made to justify
our proposed method.
Keywords: Wireless Communications, Bacterial Foraging, Constrained
Optimization, cooperative Communication, Signal Combining.
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Introduction

Cooperative communication attracts much attention in wireless communications
due to its potential to increase the received signal strength with multiple packets
using reduced transmit power. Increased signal strength in turn provides capacity
enhancement, energy eﬃciency, timeliness and reduction in contention.
For example, if the source node S intends to send data to the destination D,
the relay node R also sends the same packet received from the source node S.
The destination node D therefore combines both the signals received from the
source and the relay in order to boost the signal strength. Here, a single relay
or a number of relays in the vicinity can contribute to the relaying activity.
In cooperative communications relay node selection and power allocation
have ultimate impact on the performance. The best node or the set of best nodes
participating as relay(s) inﬂuence(s) the performance as the channel condition
varies from link-to-link. On the other hand the tradeoﬀ exists as improving the
signal strength by injecting packets increases the contention over the networks.
⋆
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In wireless sensor networks (WSNs), distributed approaches dominates the
design criteria of all the aspects of networking and selection mechanisms. Considering a homogenous deployment it is not desirable some of the tiny sensors
will bear the additional responsibility maintaining and managing the clusters.
Centralized environment generally requires explicit messaging for maintenance
and therefore undesirable for such homogeneous sensor network deployments.
The major contributions of this paper are: (1) Solving the power allocation problem on the cooperative communication paradigm in WSN under constrained receive sensitivity is addressed by utilizing bacterial foraging optimization algorithm (BFOA) in order to minimize the transmit power consumption
while achieving the desired received signal strength. (2) The proposed technique
provides throughput, energy, timeliness and contention based performance improvements due to the enhancement of the received signal strengths while sending
packets with small fraction of transmit power compared to the non-cooperative
(NC) communications.

2

Background

Cooperative communications have been increasingly studied in the context of
WSN. Reference [16] proposes cooperative communication scheme where sensors in each cluster relay data to the adjacent clusters utilizing the cooperative
communication scheme. This technique is only suitable for the cluster based
sensor networks. This proposition is not suitable in cases where all the nodes in
the network has similar role and no node is superior enough to take additional
responsibility to serve as cluster head.
Among the subtopics of the cooperative communications power allocation
techniques dominates the interest due to its importance. Reference [14] proposes
half transmission power allocation solution (HTPAS) where the transmission
power of the relay is set to half of the source’s power. Results show the performance is better than the equal power allocation scheme. This simple scheme
neglects intelligent allocation of constrained minimization of transmit power.
Equal power allocation (EPA) equally allocate powers to the sender and receiver with a constrained outage probability [5]. The family of simple equal power
allocation schemes are almost always inferior to the optimized power allocation
scheme while considering the power consumption.
Reference [8] provides a heuristic based approach where the algorithm attempts to minimize the energy cost by utilizing an iterative approach. Reference [11] provides two diﬀerent heuristic approaches named maximal channel
gain (MCG) and least channel correlation (LCC) algorithms under diﬀerent
constrained such as the energy and delay constraints. Hubristic algorithms are
rather intuitive approaches. We intentionally avoid designing a hubristic based
approach because of the lack of fundamental background behind the algorithms.
Reference [7] solves the power allocation problem in the cooperative communications with decode and forward mechanism where the constraint is deﬁned
as the symbol error probability of the radio links. The approximate solution
takes a form of water-ﬁlling strategy. Unfortunately the water-ﬁlling approaches
poses the limitation of on convergence in multiple constraints and the improved
solution has been proposed [10] for cognitive cooperative communications.
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A number of diﬀerent optimization tools have been utilized in the cooperative
communication paradigm. Reference [6] proposes a joint optimization of routing, relay node selection and power allocation under constraint signal to noise
ratio by utilizing mixed-integer optimization framework. Reference [4] proposes
linear programming approach to solve the multi-source, multi-relay cooperative
networks. Reference [15] presents reliable and energy eﬃcient cooperative communication (REEC) technique utilizing simulation annealing based optimization
approach to solve the power allocation problem in cooperative communications.
Contrarily, we have developed a cooperative power allocation technique for resource constrained WSN based on the BFOA.

3

Proposed Method

This section deals with the underlying theme of the BFOA, the cost function
utilized in the BFOA along with the complementary techniques utilized along
with our cooperative power allocation scheme. Where the proposed algorithm
provides output as Θ:(PT x (S)dBm , PT x (R)dBm ).
3.1

Bacterial Foraging Optimization Algorithm (BFOA)

BFOA is a bio-inspired optimization algorithm similar to ant colony optimization
or particle swarm optimization. BFOA is derived from the group foraging behavior of bacteria such as E.coli and M.xanthus. More precisely it is the chemotaxis
behavior of bacteria that will perceive chemical gradients in the environment
(such as nutrients) and move toward or away from speciﬁc signals.
Bacteria decides about the direction of the food based on the gradients of
chemicals in the surrounding environment. On the other hand bacteria’s secretion attracts and repels each other and control their search direction in the
environment. E.coli bacteria uses ﬂagella moves chaotic by tumbling and spinning. It also moves directionally known as swimming. Utilizing (i) chemotaxis
(ii) reproduction and (iii) elimination dispersion the bacteria stochastically and
collectively swarm toward optima. The detail algorithmic description of BFOA
is found in [9].
Mimicking the bacterial behaviour the underlying algorithmic functionalities
follow the steps: (a) initializing foraging parameters and variables (b) specifying
upper and lower limits of the variables (c) initializing elimination-dispersal, reproduction and chemo-taxis (d) generating bacterial population and positions (e)
updating bacteria locations by using tumbling and swimming and (f) executing
bacterial reproduction and elimination process.
Let us denote the number of bacteria as Sb , the chemotactic loop limit Nc ,
the swim loop limit Ns , the reproduction loop limit Nre , the number of bacteri
for reproduction Sr , the elimination-dispersal loop limit Ned , step-sizes Ci , and
the probability of elimination dispersal Ped , respectively.
The chemotactic step is
√modeled with the generation of a random search
direction by ϕ(i) = ∆(i)/( ∆(i)T ∆(i)) also known as tumble, where ∆(i)n is
the n-dimensional vector with elements having limits of [−1, 1]. Each bacterium
θi (j, k, l) modiﬁes its position known as swim by θi (j + 1, k, l) = θi (j, k, l) +
C(i)ϕ(i), where Ci is the step-size for each direction ϕ(i).
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BFOA power allocation Θ:(PT x (S)dBm , PT x (R)dBm )
while (Improvement > T hreshold) {
Θ =z(Θ) {
Initialize: Sb , Nc , Ns , Nre , Sr , Ned , Ci and Ped
Create initial swarm of bacteria as θ i (j, k, l)∀i where i = 1 : Sb
Find τ =f (θ i (j, k, l))∀i
for l = 1 : Ned {
for k = 1 : Nre {
for j = 1 : Nc
for i = 1 : Sb
Chemotactic step for bacterium θi (j, k, l) controlled by Ns
Reproduction with probability Sr
}
Elimination-dispersal with probability 0 ≤ Ped ≤ 1
}
}
}
τ =ℵ(Θ) {
pf = 3.01i
if (P̂Rx (S) + P̂Rx (R) > PRx (T h)) {
CBB (P̂T x (S), P̂T x (R)) = PRx (T h) − (P̂Rx (S) + P̂Rx (R))
ℵ = P̂T x (S) + P̂T x (R) + | log(−CBB ∗ pf )|
}
else
ℵ=∞
}

Fig. 1. BFOA power allocation algorithm.

In each swim the cost is evaluated. If f (θi (j + 1, k, l)) < f (θi (j, k, l)) the
swim is repeated up to Ns times.
The reproduction steps consists of sorting the bacteria population in terms
of the objective function. The worse Sr number of the population is destroyed
and the best Sr population is duplicated to maintain the population ﬁxed.
In elimination-dispersal step elimination of the bacteria takes place with a
probability of Ped , where 0 ≤ Ped ≤ 1.
3.2

Cost Function for BFOA

We attempt to utilize the algorithmic strength of BFOA to minimize the energy
cost while maintaining the minimum allowable received signal strength utilizing
the maximal ratio combining (MRC) scheme of the cooperative sensor networks.
Let, PT x (S) and PT x (R) are the powers to be assigned at the transmitters
at the source S and relay R. And let PRx (T h) be the receive sensitivity of the
receivers. The designed algorithm therefore assigns Θ:(PT x (S)dBm , PT x (R)dBm )
such that the resultant signal strength by MRC combine at the destination D
becomes greater than the receive sensitivity. Alternately the sum of the received
signal strengths PRx (S) and PRx (R) is greater than PRx (T h). Let, the PT x (min)
and PT x (max) are the minimum and maximum allowable level of the transmit
power respectively. Then, PT x (min) ≤ PT x (S) ≤ PT x (max) and PT x (min) ≤
PT x (R) ≤ PT x (max) becomes the other constrains of the minimization.
PT x (T ) = PT x (S) + PT x (R) s.t. PRx (S) + PRx (R) > PRx (T h) and
PT x (M in) < PT x (S) < PT x (M ax) and
PT x (M in) < PT x (R) < PT x (M ax)

(1)
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Penalty Function To achieve to aforementioned constrained optimization we
employ BFOA. Note that the core BFOA provides method for the simple optimization. Making it a constrained optimization several techniques may apply
such as primal method, penalty method dual and cutting plane method Lagrangian method. The proposed algorithm employ the logarithmic penalty function method while achieving the constrain in the BFOA.
Let P̂Rx (S) and P̂Rx (R) are estimated received power at D from S and from
R respectively. Algorithm approximate the resultant receive power. If this evaluated power becomes less than the acceptable threshold then the basic building
block of the penalty cost is set to CBB (P̂T x (S), P̂T x (R)) = PRx (T h)−(P̂Rx (S)+
P̂Rx (R)). Otherwise, the penalty cost is set to ∞. The resultant cost is deﬁned
as τ = P̂T x (S) + P̂T x (R) + | log(−CBB ∗ pf )|. Here pf is a multiplication factor
that depends on the algorithmic round. In our evaluation we deﬁne pf = 3.01i
for the ith round of the algorithmic run. Note that, P̂Rx () can be modeled as
P̂Rx = ℑ(PT x , d, γ) as per Friis transmission equation.
3.3

Complementary Techniques

The proposed power allocation technique is the bare allocation of power at the
sender and the relay nodes. The complementary techniques therefore are the
other mechanisms required to complete the other functionalities of the networking; described in the following subsections.
Routing: The sensor network can be of a ﬂat or a cluster based structure. In
homogeneous deployment a simple ﬂat architecture is often preferred. In the
ﬂat architecture, the well-known distributed routing technique named greedy
forwarding attracts much attention in recent days due to its simplicity and usefulness. The distributed geographic location aware greedy forwarding algorithm
is the basis of our routing approach [12]. Further specifying, the Euclidian least
reaming distance based routing algorithm employed in our evaluation of the
sensor networks as [3].
According to this approach, let the node i intends to forward a packet toward
the destination. And let Ni deﬁnes the set of the neighbor nodes of node i. Node
i calculates min(d(Ni , C)) for the set of Ni and selects the calculated node as
the next-hop. Note that d(j, k) deﬁnes the Euclidean distance of node j and k.
Access Control: Due to the distributed nature of the WSN architecture, carrier sense multiple access with collision avoidance (CSMA/CA) based simple
medium access control (MAC) mechanism is taken as the basis of the access
control mechanism. To accommodate the cooperative communications we in fact
implemented a modiﬁed CSMA/CA in our approach.
Here, each node detecting a busy medium waits for at least twice the transmit time requirement of a single packet before the next attempt to access the
medium. Such modiﬁcation attempts to is to provide priority on relaying packets
as the relay nodes priorities cooperatively sending the copy of the packet over its
own data packets or the packets it acts as a next hop node to forward. Without
such modiﬁcations in a simple MAC the same packet occupy unnecessary buﬀer
as multiple copies of same packet remains in multiple nodes over the time.
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Relay Selection: Multiple relays can contribute more in the signal boost up
with a trade of in the bandwidth ineﬃciency. In cooperative relay networks n
number of relay nodes require n+1 diﬀerent channels. A number of relay selection
mechanism therefore introduced in the literature to ﬁnd the best relay node(s).
To achieve such bandwidth advantage we therefore chosen a single relay based
cooperative communication scenario in our approach.
In a single relay based approach a number of min-max based relay selection
mechanism is devised. Imperfect channel information with min-max algorithm is
utilized in our approach while deﬁning the relay node using the method in [13].
According to this approach let a packet is ﬂowing through path consisting
of links Li . For each link Li there exists a source S and a destination D pair.
A potential relay of the link Li can be of the neighbor nodes in the forwarding
path only. Let Nf i deﬁnes the set of nodes satisﬁes all the three conditions: (i)
Nf i are in the radio range of S and D (ii) located closer to the sink compared
to the S and ﬁnally (ii) closer to the S compared to the D.
Here, the costs of the channels of any pair of nodes (S → Nf i , Nf i → D and
S → D) are deﬁne by the reciprocal to received signal strengths of the pairs.
Note that the signal strength can be depicted as a simpliﬁed view of the channel
condition. Let C(i, j) deﬁne the transmission cost from node i and j. The selected
relay therefore is the relay satisﬁes max(min(C(S, Nf i ), C(Nf i , D))).
Relaying: The relaying is of amplify and forward approach where a single relay
is utilized as an helper node that relay the received packet from the source
without any decoding. Upon receiving both the packets from the source and
relay the receiver utilize maximal ratio combining (MRC) as signal combining
approach to boost the signal strength.
MRC combines the signal in such way that the gain of each channel is made
proportional to the root mean square (RMS) signal level and inversely proportional to the mean square noise level in that channel. A detailed performance
analysis of single relay amplify forwarding based MRC is in [2], limited to physical layer characterization. Note that this characterization that follows the trend
of cooperative communications research where the upper layers are completely
ignored. Note that such evaluation is suﬃcient only for the TDMA like MAC
approaches. For the distributed MAC layering approach as CSMA-CA a upper
layer consideration is crucial as employed in our evaluation strategies.

4

Experimental Results

We simulate the proposed power allocation technique in Matlab. Where the
sensors are deployed randomly and generate packets. Data generated in the ﬁeld
is delivered to the sink in the central location in a multi-hop fashion.
The Chipcon CC2420 dataset [1] values are taken as the transceiver characteristics. Here, the allowable transmit power settings are Pdbm = [0, −1, −3, −5,
−7, −10, −15, −25]. The random backoﬀ as is set to rand() ∗ 2BF −1 ∗ 51.2 ∗ 10−6
second, where BF denotes the backoﬀ ﬂag. The packets are of 128 byte size. The
packet processing time is 2 msec. The retransmission timeout is 3. The physical
channel is modelled as Rayleigh fading channel.
A number of N sensors have been deployed in the squared sensor ﬁeld of
length L. During the evaluation the number of the nodes are varied as N = 100 :
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Fig. 2. Throughput performance of the protocols.

50 : 300. Three diﬀerent aspects of variation in the parameters are considered
in this literature: (i) ﬁeld size and γ remain constant as L = 1000m and γ = 2
with varying packet generation rate in packet per second (pps) pps = 1 : 1 : 4
and (ii) packet generation and γ remain constant as pps = 4 and γ = 2 while the
ﬁled length is varied with the length L = 500m : 250m : 1500m and (iii) ﬁeld
size and packet generation rate remain constat as L = 1000m and pps = 4 with
varying γ with γ = 2 : 0.1 : 2.2. 200 diﬀerent random ﬁelds are generated in each
scenario and averaged out for the results presented. Note that, each deployment
assumes a connected network, where each node has at least one neighbor in the
forwarding path to send the data to the sink. In case of low density deployments,
cooperative communications may not provide suﬃcient gain in terms of energy
eﬃciency, especially, due to the fact that there may not be a relay node available
in the right place. In such scenario no cooperation takes place. Such situation is
deﬁned by dγS,D > dγS,R + dγR,D .
Figs. 2–5 present performance of the proposed algorithm compared with the
NC. The sub-ﬁgures (a), (b) and (c) corresponds to the parameter settings of
(i), (ii) and (iii) respectively.
Throughput: Fig. 2 presents the throughput performance of the proposed
protocol along with the non-cooperative communication. Fig 2(a) presents the
throughput performances of the schemes in diﬀerent packet generation rates. In
all the cases the proposed cooperative communications (CC) outperforms the
non-cooperative (NC) counterpart. Note that the increasing number of generating packets does not result increasing the throughput in NC as eﬃciently as NC.
In fact in case of high density deployments with 225 nodes or above and with
pps 3 or above the throughput starts to fall due to ineﬃciency of the NC.
Fig 2(b) presents the throughput performance of the protocols with diﬀerent
ﬁeld sizes. Increasing the ﬁeld sizes causes the NC performance decreasing. This
is due to the fact that increasing the size in turn increase the hop distance
a packet needs to ﬂow from the sender to the sink. As the successful packet
reception in each hop is lower than that of CC. The multi-hop cases the rate of
reception decays exponentially with the increasing of the hop count. For example,
if the reception of each hop in case of C and NC is 90% and 80% respectively.
After the second-hop and after the third-hop the C reception becomes 81% and
72.9% respectively where the NC becomes 64% and 51.2% respectively.
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Fig 2(c) presents the performance of the throughput in diﬀerent γ. Like
the previous cases the CC outperforms the NC. In this aspect there are some
exceptions in γ = 2.2 and with a comparatively less number of nodes in the
ﬁled. Note that with low density network there is provision where we do not
have available cooperative nodes in a good location.
Energy Dissipation: Fig. 3 presents the energy costs of the CC and NC approaches. Fig. 3(a) shows that increasing of the pps increases the energy dissipation of NC abruptly in high density networks. Though the number of packets in
the systems are increasing, CC is not aﬀected by implosion of power as much as
in case of NC due to its superiority, in terms of capacity improvement. Fig. 3(b)
shows the energy dissipation with increased ﬁeld size. Increasing the ﬁled size
causes increasing is energy dissipation in the ﬁeld due to multi-hop transmissions. But increasing the number of node does not aﬀect the system largely in
case of CC. On the other hand the NC not only cannot handle the high data
rate but also suﬀer from high energy dissipation in high density deployment scenarios. Indeed, in some parameter settings the energy performance of the NC
outperforms CC (such as in Fig. 3(c)) this is due to the fact that multiple packets
(in CC) instead of a single packet (in NC) is transmitted in each link.
Delay: Fig. 4 presents the delay performance of the protocols. Fig. 4(a) shows
the delay performance of the communication paradigm with increasing pps. The
delay increases with increasing of data rates eventually due to higher number
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of collisions. In terms of increasing number of node deployment delay in CC
increases due to the same reason i.e., increasing nodes increases the packets in
the networks. In case of NC increasing the node results decreasing the delay
performance this is due to he far lesser number of packets in sink due to the
high packet drops. Note that packets only received at the sink is counted for the
delay. Fig. 4(b) shows the performance of delay with increased ﬁeld size. Eventually increasing the ﬁeld size increases the delay due to multi-hop functionality.
Fig. 4(c) shows the delay performance in diﬀerent γ. Increasing γ results increasing retransmissions and results increased delay in the networks. In all the
cases in Fig. 4(a), Fig. 4(b) and Fig. 4(c) CC outperforms NC due to its signal
enhancement and low power transmitter settings.
Collision: Fig. 5 presents the collision performance of the algorithms. The performance measures reveal useful rational behind the improved performance of
our proposed CC. Fig. 5(a) reveals that in case of increased node density the
proposed CC algorithm does not aﬀected largely due to its low power transmissions. On the other hand with increased pps and/or with increased node
density NC’s collision rate increases abruptly results poor throughput, high energy dissipation (with exceptions) and high delay. In case of varying ﬁeld size the
collision rate jumps in NC due to the shift of single hop to multi-hop presented
in Fig. 5(b). Where collision performance of CC remains almost the same. And
ﬁnally Fig. 5(c) shows that the increased γ results abrupt collision in NC due to
the poor receptions and retransmissions.
Diﬀerent aspects of improvements in terms of performance such as throughput, energy, delay and collisions are investigated and the result clearly demonstrate the superiority of the CC over NC with only minor exceptions.

5

Conclusions and Future Work

To support the cooperative communications this paper presents an optimized
power allocation for WSN based on BFOA algorithm. The algorithm attempts
to minimize the power allocation with the constrained receive sensitivity. This
approach enhances the throughput, energy and delay performance while comparing with the traditional NC communications in the WSN. The underlying reason

300

10

M. A. Azim, Z. Aung, and M. E. Rivero-Angeles

of the performance enhancements is due to the fact that the CC enhances the
received signal strength with MRC combine. Additionally the power allocation
results lower transmit power settings consequently holds the contention limited
compared to NC where the contention increases abruptly in high data rates.
We intend to extend this research in the network coding paradigm where relays
XOR messages from multiple sources and improve the performances in terms of
both contention and energy-eﬃciency.

References
1. Chipcon: CC2420 2.4 GHz IEEE 802.15.4 / ZigBee-ready RF Transceiver (2004),
http://inst.eecs.berkeley.edu/~cs150/Documents/CC2420.pdf
2. Datta, S.N.: Performance analysis of distributed MRC combining with a single
amplify-and-forward relay over Rayleigh fading channels. In: Proc. 2013 IEEE
WCNC. pp. 2399–2404 (2013)
3. De, S.: On hop count and Euclidean distance in greedy forwarding in wireless ad
hoc networks. IEEE Communications Letters 9(11), 1000–1002 (2005)
4. Farsad, N., Eckford, A.W.: Resource allocation via linear programming for multisource, multi-relay wireless networks. In: Proc. 2010 IEEE ICC. pp. 1–5 (2010)
5. Goudarzi, H., Pakravan, M.: Equal power allocation scheme for cooperative diversity. In: Proc. 2008 IEEE/IFIP ICI. pp. 1–5 (2008)
6. Habibi, J., Ghrayeb, A., Aghdam, A.G.: Energy-eﬃcient cooperative routing in
wireless sensor networks: A mixed-integer optimization framework and explicit
solution. IEEE Transactions on Communications 61(8), 3424–3437 (2013)
7. Khabbazibasmenj, A., Vorobyov, S.A.: Power allocation in decode-and-forward cooperative networks via SEP minimization. In: Proc. 3rd IEEE CAMSAP. pp. 328–
331 (2009)
8. Li, P., Guo, S., Cheng, Z., Vasilakos, A.V.: Joint relay assignment and channel
allocation for energy-eﬃcient cooperative communications. In: Proc. 2013 IEEE
WCNC. pp. 626–630 (2013)
9. Passino, K.: Bacterial foraging optimization. Foundations of Computational Intelligence 1, 1–16 (2010)
10. Qi, Q., Minturn, A., Yang, Y.: An eﬃcient water-ﬁlling algorithm for power allocation in OFDM-based cognitive radio systems. In: Proc. 2nd IEEE ICSAI. pp.
2069–2073 (2012)
11. Qu, Q., Milstein, L.B., Vaman, D.R.: Cooperative and constrained MIMO communications in wireless ad hocsensor networks. IEEE Transactions on Wireless
Communications 9(10), 3120–3129 (2010)
12. Stojmenovic, I.: Position-based routing in ad hoc networks. IEEE Communications
Magazine 40(7), 128–134 (2002)
13. Taghiyar, M.J., Muhaidat, S., Liang, J.: Max-min relay selection in bidirectional cooperative networks with imperfect channel estimation. IET Communications 6(15),
2497–2502 (2012)
14. W. Liu, G.L., Zhu, L.: Energy eﬃciency analysis and power allocation of cooperative communications in wireless sensor networks. Journal of Communications
8(12), 870–876 (2013)
15. Xie, K., Cao, J., Wang, X., Wen, J.: Optimal resource allocation for reliable and
energy eﬃcient cooperative communications. IEEE Transactions on Wireless Communications 12(10), 4994–5007 (2013)
16. Zhou, Z., Zhou, S., Cui, S., Cui, J.: Energy-eﬃcient cooperative communication in
a clustered wireless sensor network. IEEE Transactions on Vehicular Technology
57(6), 3618–3628 (2008)

