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Abstract. Wireless sensor networks are well embraced for their broad spectrum of ap-
plications. A wireless sensor network consists of a number of sensor nodes and a sink
node. Routing protocols of wireless sensor networks decide how sensed data is relayed by
other sensor nodes toward the sink node. Numerous routing protocols have been developed
in the literature with different appeals, such as energy-saving, reduced delay, improved
reliability, etc. However, a critical issue in practice, the node processing delay, is over-
looked in most previous studies. This article reports our attempt in contributing to this
issue from a new perspective. With the incorporation of queuing theory, the routing in a
wireless sensor network can be modeled as a Jackson network. Given the packet arrival
rate and the service capability of individual nodes, delays of candidate routes from the
source node to the sink node can be enumerated, evaluated, and compared using queuing
theory. The best route with least delay can then be decided. Analytical analysis and sim-
ulation with WinPEPSY validate the feasibility of the proposed approach. The findings
are of referential value to practitioners of wireless sensor networks.
Keywords: Wireless Sensor Network, Queuing Theory, Routing, Jackson Network, Net-
work Delay.

1. Introduction. For their great potential in almost every field, such as military, indus-
try, environmental protection, and security system, wireless sensor networks (WSNs) [1]
have received much attention in recent years. Generally, without the need for a central
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coordinating node, a wireless sensor network is formed spontaneously by its participant
sensor nodes, as illustrated in Figure 1. This unique operation mode makes wireless sensor
networks play their roles in circumstances when infrastructure is not possible. In general,
a sensor node is a low-cost device with a sensing component and radio interface and with
limited computing power. Moreover, sensor nodes are generally powered by a battery.
There are two essential issues in the successful deployment of a wireless sensor network,

Figure 1. Illustration for a typical wireless sensor network.

naming the routing protocol and the power consumption. As in ad hoc wireless networks,
when the sink node is not one-hop reachable to the source node, then intermediate nodes
between the source node and the sink node are responsible for the packet forwarding.
It is evident that an adequate routing protocol is critical for a wireless sensor network’s
efficient operation.

Numerous routing protocols have been developed in the literature with different ap-
peals, such as energy-saving, reduced delay, improved reliability, etc. However, a critical
issue in practice, the nodal delay, including processing delays and transmission delays, is
overlooked in most previous studies. This article reports our attempt to contribute to
this issue from the perspective of queuing theory. Based on queuing theory, the routing
process in a wireless sensor network can be modeled as a Jackson network. Given the
packet arrival rate and the service capability of individual nodes, nodal delays can be
evaluated using queuing theory. Candidate routes from the source node to the sink node
can be enumerated, evaluated, and compared. The best route with the least delay can
then be decided.

The rest of this paper is organized as follows. Previous works and Jackson networks
are briefly reviewed in Section 2. The framework of the proposed approach is presented
in Section 3. Then, analytical analysis and simulation with WinPEPSY on a typical
topology is reported in Section 4. Finally, some conclusions are drawn in Section 5.

2. Related Works. WSNs make significant strides in recent years as the technology for
Industry 4.0 and Internet of Things are getting mature. WSNs are employed in diverse
fields, such as smart homes, healthcare, agriculture, industry, environmental protection,
wildlife tracking, military, state security, and so forth [2, 3]. WSNs are usually located in
remote, inaccessible, even dangerous areas. Therefore, WSNs often operate independently
and unattended for a long time. Therefore, energy-saving for the sensor nodes in WSNs
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is an important issue and needs to be addressed [4, 5]. Another critical issue is packet
routing. Having to transmit packets over a long distance will cause a rapid drop in nodes’
energy levels. Inadequate packet routing could lead to buffer overflows and packet conges-
tion at intermediate nodes. Numerous efforts have been paid to improve the performance
of WSNs. Jiliang Wang focused on delay time between nodes [6]. To minimize the delay
and maximize the network lifetime in WSN, Xiaojun Lin et al. performed a sleep-wake
schedule and anycast packet-forwarding protocol [7]. Marco Martalo proposed a Markov
chain-based analytical framework for modelling the medium access control (MAC) proto-
col’s behavior to analyze packets transmitted time in WSNs [8]. Based on queuing theory,
Agassi Melikov and Anar Rustamov designed some QoS indices to improve application
quality in WSN [9]. But these studies neglect the effects of traffic processing and con-
gestion at sensor nodes. This study presents a framework to optimize traffic routing for
WSNs by applying queuing theory. Sensor nodes in WSNs have characteristic parameters
such as average received data rate and average processing capability that are similar to
the arrival rate (λ) and the service rate (µ) of the queuing model [10]. Using queue theory
to model the WSN parameters will help to find the mathematical relationships between
them. It can use it as the basis for applying mathematical tools to find the route that min-
imizes the waiting time of packets in the WSNs. Data traffics in WSNs can be classified
into two classes: sensed data that sensor collected from the environment and forwarding
data from neighbor sensor nodes. Since original and forwarding data is collected from the
external environment and will be consumed by the sink node, the Jackson network can
be used to model the packet routing process. A Jackson network is an open network that
satisfies the following conditions:

• Each node is a queue following the FIFO (First-In-First-Out) principle.
• Service rate at each node follows the exponential distribution law and is independent

to each other.
• The transmission time of packets at each node will be considered the same.
• At each node processing queue i, the packet will decide to leave node i to node j at

random with the probability qi,j or choose to leave the network with probability qi,d (d:
destination).

• The Jackson network is an open network through which it will receive packets coming
from outside the network, which we collectively call S (source).

• From the source S, the packet will enter the network according to Poisson’s distribu-
tion with arrival rate λ.

• The probability that the packet arrives in the i-th processing nodes will be qs,j. In
other words, the arrival rate of the packet at node i is λ.qs,j.
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Figure 2. A Jackson network.

Although the data flow into the network obeys the Poisson distribution, there is no
guarantee that the data flow transmitted between the nodes in the network obeys the
Poisson distribution. However, this condition holds if we ignore the regression data. The
sensor networks we analyze in this study also follow this principle: only data transmitted
is significant, regression data is trivial. In the Jackson network model, we may have the
following results according to queuing theory. The average number of packets at node i:

E [Ni] =
ρi

1− ρi
(1)

where ρi =
λi

µi
is the traffic intensity at node i. The average waiting time at node i:

E [Wi] =
E [Ni]

λi

(2)

3. Proposed Approach. A typical WSN, as shown in Figure 3, is used to facilitate our
explanation. Sensed data from the environment can make it challenging to model the WSN
as a queuing network if regarded as independent data. However, the data collected from
the environment and the forwarding data between sensor nodes is not much different. So
we can model the collected data as from an external source with arrival ratio λ satisfying
λ =

∑
i λi. Hence we can model the WSN network in Figure 3 using a Jackson queuing

network, as shown in Figure 4.
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Figure 3. A typical WSN.

Figure 4. A corresponding Jackson network corresponding to the WSN
in Figure 3.

With the availability of a Jackson network, a best route with least delay can be obtained
by following Algorithm 1 .

4. Theoretical Evaluation and Simulation. In this section, we compare the results
of theoretical evaluation with the results of simulation using WinPEPSY.
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Algorithm 1 Finding the route with least delay

1. Input source node i and destination node j
2. Construct the routing tree in breadth-first manner. The source node i will be the

root. Based on the network topology, add leaf nodes that are associated with
sensor nodes along the downstream.

3. On a branch, if appearing a leaf node affirms more than two nodes on the same
branch as the parent node, it will be considered invalid and disqualified.

4. Enumerate all valid paths from i to j.
5. Using the average data processing capacity of the path’s node as a priority to

choose better paths.
6. Applying queuing theory to estimate latency on determining paths

4.1. Theoretical Evaluation. Referring the Jackson network in Figure 4, Table I tab-
ulates the server capacity (service rate) of individual nodes. Table II shows the packet
arrival rate at each node that can calculate from formula λi =

∑
j λi.qji. Table III lists

the probabilities of data forwarding from nodes i to node j.

Table 1. Processing capacity of individual nodes

Node ID 1 2 3 4 5 6 7 8 9 10 11 12
µi 15 15 20 20 20 25 25 25 25 45 45 60

Table 2. Packet arrival rate at individual nodes

Node ID 1 2 3 4 5 6 7 8 9 10 11 12
λi 10 10 17 16 17 18.5 19.9 21.6 20 42.26 44.41 48.33

Table 3. Probability of data forwarding between sensor nodes

Src. 1 2 3 4 5 6 7 8 9 10 11 12 Dst.
Src.
1 0.074
2 0.074 0
3 0.074 0.7 0
4 0.074 0.3 0.3 0
5 0.074 0 0.7 0 0
6 0.074 0 0 0.5 0 0
7 0.074 0 0 0.3 0.3 0 0
8 0.074 0 0 0 0.3 0.4 0 0
9 0.074 0 0 0 0.2 0.4 0 0
10 0.111 0 0 0.2 0 0 0.5 0.3 0.4
11 0.111 0 0 0 0.2 0 0.5 0 0.6 0.2
12 0.111 0 0 0 0 0.2 0 0.7 0 0.8 0
Dst. 0 0 0 0 0 0 0 0 0 0 1 1 1

To demonstrate the idea of the proposed approach, we detail the application of Algo-
rithm 1 to the finding of the best routes from Q1 and D2 to D. The construction of the
routing tree from Q1 to D results in the following enumeration of possible routes:
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P11: Q1→ Q3→Q10→D
P12: Q1→Q3→Q6→Q11→D (Q10 is disqualified on the branch Q1→Q3→Q6)
P13: Q1→Q3→Q7→Q12→D (Q10 is disqualified on the branch Q1→Q3→Q7)
P14: Q1→Q4→Q11→D
P15: Q1→Q4→Q7→Q12→D (Branch Q1→Q4→Q7→Q10→D is disqualified due to
handling ability of Q10 is less than that of Q12)
P16: Q1→Q4→Q8→Q10→D (Q11 is disqualified on the branch Q1→Q4→Q8)
P17: Q1→Q4→Q9→Q12→D (Q11 is disqualified on the branch Q1→Q4→Q9)

The list of possible routes from Q2 to D is given below:

P21: Q2→Q5→Q12→ D
P22: Q2→Q5→Q8→Q11→D (Q12 is disqualified on the branch Q2→Q5→Q8)
P23: Q2→Q5→Q9→Q11→D (Q12 is disqualified on the branch Q2→Q5→Q9)
P24: Q2→Q4→Q11→D
P25: Q2→Q4→Q7→Q12→D (Branch Q2→Q4→Q7→Q10→D is disqualified due to
handling ability of Q10 less than Q12)
P26: Q2→Q4→Q8→Q10→D (Q11 is disqualified on the branch Q2→Q4→Q8)
P27: Q2→Q4→Q9→Q12→D (Q11 disqualified on the branch Q2→Q4→Q9)

We evaluate the total route delay by summing nodal delays of immediate nodes along the
route. We can calculate the nodal delay according to (3).

Ti =
1

1− ρi

1

µi

=
1

µi − λi

(3)

For example the delay of P11 is

DP11 = Ti + Ti + Ti = 0.2 + 0.33 + 0.36 = 0.89 (4)

Figure 5 and Figure 6 report the results of analytical evaluation.

Figure 5. Delays of possible routes from Q1 to D.
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Figure 6. Delays of possible routes from Q2 to D.

From Figure 5, we can see that the P12 has the longest latency of 2.38s due to the long
route through many nodes as well as the nodes’ low handling capacity. Also, the nodes’
data arrival rates are rather high. The same goes for the P14, although the distance is
only three hops. P14 still has high latency of 2.14s because of the queue nodes’ limited
processing power and data congestion. Meanwhile, the remaining routes’ delay is relatively
low. The delays are less than 1 second due to the queue nodes’ processing performance
and clear road. P15 and P17 are the two best routes from Node 1 to D with a delay
around 0.7 seconds.

Similarly, as shown in Figure 6, those paths from Node 2 to D, P22, P23, and P24 have
high latency over 2 seconds due to more hops and high data congestion. While P21, P25,
P26, P27 have low and similar latency due to the average processing rate at each path is
similar. P21 is the best path with the lowest delay, about 0.6s, while P25 and P27 also
have latency close to P21 as 0.7s.

4.2. Simulation. With WinPEPSY, we establish a simulation model following Figure 4,
Table I-III, as show in Figure 7.

Figure 7. Simulation model in WinPEPSY.
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The results of analytical evaluation and simulation are compared and reported in Figure
8 and 9. From the comparison graph between theoretical calculation and simulation,
we realize that the results between the two parts are quite similar and matched. The
difference between the results is relatively small at about 0.2 - 0.3 sec. Therefore, it can
be concluded that the simulation has verified theoretical results.

Figure 8. Delays by analytical evaluation and simulation for routes for
Node 1.

Figure 9. Delays by analytical evaluation and simulation for routes for
Node 2.

5. Conclusions. This article devotes to the routing in WSNs. The nodal delay is a
critical factor overlooked in previous studies. We emphasize the influence of nodal delay
in WSN routing. Modelling a WSN using queue theory provides new insights to the
operation of WSNs. The nodal delay can be modeled by the M/M/1 queue in queuing
theory. Jackson networks are employed in this study for the modeling of the routing
process in WSNs. For a particular source node, the routing tree can be constructed. The
delay from the source node to the sink node can be evaluated using queuing theory. A
route with the least delay can then be decided. Simulation with WinPEPSY is conducted
to validate the feasibility of the proposed scheme.
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