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Abstract Network Coding (NC) is a promising technique to increase network throughput in wireless sensor networks. There are still

some questions whether NC technique can be used for controlling congested networks. This paper presents a study of NC-based congestion

control in wireless sensor networks. By revealing the in-depth quantitative analysis of this issue, it is discovered that the current NC-based

congestion controls are yet to fully optimize the performance of any kind of network topology.
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1. INTRODUCTION

Wireless sensor networks (WSNs) are widely used in
health, agriculture, military, environment and others for
supervisory functions. Generally, it deploys a large
number of sensor nodes at the interest field with one or
more data sinks located either at the centre or out of field
[1]. The basic function of the sensor networks is to deliver
the data from neighbourhood event detection to the sink or
assemble the samples of the environment through the
continuous data collection and sending to the sink.

However, the congestion in WSNs occurs when (1)
concurrent data transmission over different source to one
node, (2) buffer overflow, (3) packet collision, and (4)
report rate change causing uncongested path of the
network become underutilize or congested [2]. Congestion
will deteriorate the quality of service in the network. For
instance, network delay due to the long queue in router,
throughput diminish that is caused by the packet loss, and

fairness event among the nodes and reliable data

transmission degradation. Fig. 1 shows the structure of
WSNs with different data paths from several source nodes

to sink. The path 2 in the Fig.1 shows congested network.
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Fig. 1: WSNs

Various researches have been conducted to mitigate the
congestion in WSNs. For examples, hop-by-hop flow
control technique [2,3], rate allocation techniques [4],
adaptive reliability transport protocol [5], Network
Coding (NC) [6,7] and etc. Network coding (NC)
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technique is first introduced [8] by allowing the local
network nodes to perform coding operations. Then, the
following related researches have successfully shown that
the NC technique achieves multicast capacity in lossless
networks. Now, NC technique is widely applied in WSNs.
NC technique can effectively control the energy
consumption and increase the throughput [9]. But, the
effectiveness of NC technique for congestion control in
WSNss is yet to be evaluated.

In this paper, we consider an important of congestion
control problem in WSNs. In particular, we study the
network transmission rate and capacity under the
congestion condition with overhearing in NC technique.
NC technique is used to combine the packets in the
network to reduce the transmission capacity. It is
delivering lesser information data than the traditional
store and forward approach. In other words, congestion in
the WSNs will also be reduced. Therefore, our interest is
to find out how well the NC technique can be used in
congestion control and network congestion avoidance with
overhearing in WSNs.

The paper is organized as follows. The next section
briefly discusses some related work. The details of
congestion control scheme, overhearing, and NC technique
are presented in Section 3 and Section 4 presents some
findings and discussions. Section 5 concludes this paper

and introduces some future works.

2. RELATED WORK

In this section, we provide briefly summaries on
existing work on the conventional way and NC techniques
on the transmission rate control to avoid congestion.
WSNs have an unpredictability of channel conditions and
workloads, so the congestion can happen anywhere in
network. Congestion may cause the increase in noise with
dramatically decreased packet delivery rate. There are a
lot of research works on congestion control techniques
performed by researchers throughout the years.

The most common ways of transmission rate control
techniques and NC technique in WSNs are discussed in
this paper. Fusion [2] combines three different techniques
to mitigate congestion: hop-to hop flow control, rate
limiting and prioritized medium access control. In [3], the
depth of congestion (DC) was introduced to measure the
level of congestion on node and adapts its transmission

rate according to DC to control congestion. This scheme

focused on the concurrent transmission with hop by hop.
Rate Controlled Reliable Transport (RCRT) protocol [10]
uses end-to-end explicit loss recovery by employing
NACK based scheme. In addition, RCRT uses congestion
detection and rate adaptation in sinks to produce a
centralized congestion control scheme.

Jiao et al. [11] have proved that NC technique can
improve the total number of transmission and path routing
of the delivered packet with a limited broadcast way to
reduce unimportant transmissions. Besides, Tornado code
with priority based NC scheme [9] showed the energy of
sensor is effectively control and the important data on the
node failures still keep on. While Zheng et al. [12] used
the Slepian-Wolf Coding in distributed data aggregation
with clustering based WSNs to decode the data within a
single cluster according to the distributed optimal
compression clustering rate allocation for minimize the
intra-cluster communication cost. Finally, Kumar et al. [7]
which

reserved the communication resources for the link that

proposed a selective channelization scheme

experience with congestion level that cannot be overcome
by NC technique.

3. QUANTITATIVE ANALYSIS
3.1 Congestion Control Overview

In this section, we describe the basic congestion
control of a network topology. For simplicity, we consider
the most fundamental ‘Y’ network, which consists of 4
nodes as shown in Fig. 2. A packet from either node A or B
is sending to node C with a basic transmission rate, R.
Since the transmission rate from node C to node D is the

same, a congestion may occur at node C.

Fig. 2: Fundamental ‘Y’ network.

In Fig. 2, we define the transmission rates from node A
to node C and from node B to node C are Ry¢ and Rpc,
respectively. Also a congestion-free coefficient is defined

as a, which 1is an non-negative integer. This



congestion-free coefficient means that how much output
rate increment should be made in order to balance the
incoming rate at node C. Since the transmission rate of
R,c and Rpc is the same and let say it is equal to R, we can
obtain the total input rate is 2R. On the other hand, we can
model the total output rate is equal to aR. If the
transmission rate from node C to node D (R¢p) is twice,
i.e., the congestion-free coefficient (a) is also twice, then
there is no congestion in the said network topology. In
mathematical representation, we can express the
congestion-free coefficient of the said network topology,
in which the input rate is less than or equal to the output

rate as given below:
Rc+Rpc <2Rey (1)

For the sake of simplicity, we assume that R c = Rzc =
Rcp = R. Therefore, the total channel capacity of node C
without congestion when the channel is ideal can be
written as

C=R,.+Ry. +2R,=4R

Generally, WSNs consist of N sensor nodes, which are
uniformly distributed throughout a coverage network of
interest, whereby each sensor node may has a periodical
data to be sent a sink. Those sensor nodes that act as an
intermediate node to forward the data are usually faced
traffic congestion. When the congestion happened, it may
cause packet loss, high latency, and high energy
consumption for each sending data packet. A few
congestion control methods are proposed, e.g., congestion

detection scheme and optimal rate allocation scheme.

3.2 Overhearing Overview

In this section, we describe the overhearing phenomena.
Regardless of the transmission rate, the broadcast nature
of wireless networks leads to the possibility and the
probability that other nodes except the intended recipient
node overhear the transmission.

Figure 3 shows sender nodes, S; and S, transmit their
data packet independently to receiver nodes, D; and D,
respectively through a relay, R, which is within the
transmission range of those said nodes. In such node
placement, node D, can overhear node S;’s data packet
because node D, is located within the transmission range
of node S;. Similar to D; can overhear node S,’s data
packet. According to [13], node overhears its neighboring
transmission and gathers a data packet in order to be used
in the coding, which is done by performing an

exclusive-or (XOR) operation on the overheard packet and

its native packet.

Overhearin'g']'u.,.

Fig. 3: Overhearing phenomena.

3.2.1 Perfect Overhearing

Perfect overhearing is assumed that node can perfectly
decode the overheard data packet and stores it in its
memory stack. We assume that node D can perfectly
overhear data packet from node B as shown in Fig 4. Upon
receiving data packets from both node A and node B, node
C encodes the data packets as a coded packet (e.g., A®B
packet) by using XOR coding scheme. This coded packet

is sent to node D with the transmission rate of R.
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Fig. 4: Y’ network with overhearing.

As we can see, even though the congestion-free
coefficient, o = 1, there is no congestion happened at node
C due to the perfect overhearing. On the other hand,
comparing with the conventional communication way, the
number of data transmissions is four transmissions,
whereas the number of data transmissions is three when
the perfect overhearing is performed. Therefore, the
network throughput gain at media access control (MAC)
layer is 1.33. Similarly, we assume that R,c = Rzc = Rcp =
R. We can summarize that the total channel capacity of
node C without congestion when the channel is ideal as

C=R, . +Ry +R,=3R
Although this perfect overhearing works very well in
solving  congestion, the aforementioned network
conditions are very difficult to accomplish. This is
because the perfect overhearing depends on the channel

quality and the node placement of network.



3.3 Network Coding Overview

In this section, we describe the NC techniques. The
basic idea of NC is to encode the data that send from
different senders to reduce the number of transmissions
and to increase the overall throughput gain. For example,
the most common NC that often used, XOR operation that
takes two bits as input and combines them into one bit as
output.

Figure 5 shows the node A and node B transmit the
packet A and packet B with transmission rate of R to node
C, respectively. Node C encodes both receiving packets as
a coded packet with transmission rate of aR to node D.
The congestion coefficient, a in here is depended on the
type of coding being used. In next subsection, we will
discuss the Slepian-Wolf Coding (SWC).

Total input rate is 2R )@ Total output rate is R
p \

Fig. 5: Y’ network with NC.

3.3.1 Slepian-Wolf Coding (SWC)

SWC [14] is a distributed source coding technique that
able to eliminate data redundancy of the samples without
inter-sensor communication. The basic assumption of
SWC at each sensor node is that it has knowledge of
correlation structure or joint distributed source code word,
which depends on the distances between sensor nodes and
the characteristics of observation phenomena [15]. One of
the SWC advantages is that nodes need not collaborate
while encoding their packets, which saves valuable
communication overhead and leads to great practical
potentials.

According to the SWC theorem, the node C can jointly
encode the incoming packets if it satisfies the three

constraints as below:

Ryc = H (A|B) (2)
Rgc = H (B|4) (3)
Ruc + Rgc = H(A,B) 4)

In particular, the node A and node B is assumed to have
an equal probability when they transmit “0” and “1”. If
both sources transmit the same symbols, “0” or “1”, the

node C can identify it easily. But, when they transmit

different symbols, the node C will receive “0”, where it
cannot identify the symbol that was transmitted by each
individual node. This condition is declared as erasure,
which has the probability of 0.5. So, although the node A
uses a half rate code, all erased symbols still can be
completely recovered by the node C. Therefore, the node
B can fully utilize the transmission rate of R. The same
argument work for node B too, as shown in Fig. 5. Hence,
the congestion-free coefficient, o in this situation is equal
to 1.5. In [16], Stankovic et al. proven that this value is
also a SWC bound.

Similarly, we assume that the transmission rate of R ¢
and Rpc is the same and it is equal to R. As we obtained,
the @ = 1.5 and we can represent the congestion-free of the
said network topology while we consider the SWC as

given below:
R,c+Ry <15R,, (5)

Thus, the total channel capacity of node C without
congestion when the channel is ideal can be written as
C=R,+Ry +1.5R, =3.5R

3.3.2 SWC with Imperfect Overhearing

In this section, imperfect overhearing is defined as
node (e.g., node D as shown in Fig. 6) can decode more
than 50% of the overheard data packet. In such situation,
SWC can be

congestion-free coefficient. For example, node D can

applied to accomplish a better
decode the coded packet from node C by using the joint

coding or the linear network coding.

Total input rate is 2R ‘i» Total output rate is aR

Fig. 6: Y’ network with NC and imperfect overhearing.

3.3.3 SWC with Limited Overhearing

In this section, limited overhearing is defined as node
(e.g., node D as shown in Fig. 7) can decode less than or
equal to 50% of the overheard data packet. In such
situation, SWC can be applied to accomplish the
congestion-free coefficient is not less than 1.5. In other
words, the network coding is applied directly without the

help of overhearing at all.
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Fig. 7: Y’ network with NC and limited overhearing.

4. DISCUSSIONS

In this section, we will discuss the effects of the
congestion-free coefficient and the overhearing towards
the application of NC technique in wireless sensor
networks. As we can see in Table 1, the congestion control
scheme requires node C to increase the most output rate to
balance the incoming rate compared with the overhearing
and NC technique. As a result, node C contributes the
highest total channel capacity, which leads to the low
throughput gain.

Table 1: Comparison of congestion control scheme,

overhearing, NC technique.

Congestion .
Overhearing NC
Control
o 2 1 1.5
Total channel 4R 3R 3.5R
capacity (node C)

notes: R denotes the transmission rate.

NC technique can be one of the potential solution for
congestion control in WSNs. This is because NC technique
still work well regardless of the overhearing level.
However, NC technique cannot fully solve the congestion

problem in WSNs if there is no perfect overhearing.

5. CONCLUSION

In this paper, we studied how the NC technique can be
used for controlling the congested WSNs. Based on the
quantitative analysis, we reveals that the NC-based
congestion control is applicable as one of the potential
solution for congested WSNs, but it is discovered that the
NC-based congestion control is still not able to fully solve
the congestion issue for any kind of network topology in
WSNs. We also can conclude that new scheme is required
to adaptively work with the NC-based congestion control.

As a future work, we will focus on the joint coding and

communication protocol schemes for NC-based congestion

control.
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