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Abstract—In this paper, a wireless based network
control system is considered. Poisson process models are
proposed to approximate the transmission delays for both
single-hop and multi-hop wireless transmissions. State
estimation is done in the real wireless network and a
simulated network using the Poisson process model. The
estimate errors in the two cases match well, which verifies
the validity of the delay model.

I. INTRODUCTION

Wireless communication networks have been widely
used for online monitoring and control. As an exten-
sion to or as an alternative for the traditional wired
networks, there are many attractive advantages such
as mobility, flexibility, scalability, easy installation,
and reduced long-term cost in mobile environments
[1, 2]. However, it is more challenging since wireless
channels are prone to possible transmission errors
caused by either channel outages or interferences.

When networks are introduced into the control sys-
tems, new problems appear, including packet losses
and network-induced delays [3]. As is well known,
time delay may reduce the performance of the system
or even destabilize the system [4]. We have to con-
sider network induced delays when designing control
systems. To this end, it is necessary to properly model
network delays.

In the literature, many results are available about
time delay modeling. Kleinrock [5] first evaluated the
CSMA mode and the average delay was studied in
order to get a tradeoff between the average delay and
the throughput of the network. In [6], a cluster-tree
topology wireless network was studied and packet ser-
vice time for the uplink and downlink were considered
to prevent the networks to become saturated. Multi-
hop delays were studied in [7] to evaluate network
performances. A trace-based approach was used in [8]
to reproduce the characteristic of a real network by
simulation. However, in all the results above, delays
are considered from the viewpoint of “networks” and
it is hard to use these delay models in designing a
network control system. In this paper, we will consider
delays from the viewpoint of “control” and a Poisson

process is used to model the network-induced delays.
Both single-hop and multi-hop delays are considered.
From experiments, we find that this delay model fits
the experiment results well. Finally, Kalman filters are
used for both the real wireless network system and a
simulated network control system based on the Poisson
delay model. The estimated errors in both cases match
well, which further validates the delay model.

II. EXPERIMENTAL SETUP
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Fig. 1. Topology of a multi-hop network

Experiments are carried out using the multi-hop
testbed as shown in Fig.1, in which 𝑀 stands for the
master node and 𝑆𝑖, 𝑖 = 1, ..., 𝑛 stand for the slave
nodes. When there is only one slave computer, the
multi-hop network reduces to a single-hop network as
shown in Fig.2. Each wireless node is composed of

Mater Computer (M)

Wireless Module B

Slave Computer (S)

RS232

Wireless Module A

RS232

Fig. 2. Single-hop network

a computer and a wireless module compliant to the
IEEE 802.15.4 standard. The computer communicates
with the wireless module via a serial port.

The Carrier Sense Multiple Access with Collision
Avoidance (CSMA/CA) mechanism is used to access
the communication channel in the wireless networks.
In the experiment, unslotted CSMA/CA is used [9].
Two parameters need to be predefined: 𝑁𝐵 and 𝐵𝐸.
𝑁𝐵 is the number of times the CSMA/CA algorithm is
required to backoff while attempting the current trans-
mission. It is initialized to zero before every new trans-
mission. 𝐵𝐸 is the backoff exponent, which is related
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to how many backoff periods a device shall wait before
attempting to access the channel. The MAC layer will
delay for a random number of backoff periods in the
range of 0 to 2𝐵𝐸 − 1 before requesting the physical
layer to perform a CCA (Clear Channel Assessment).
If the channel is assessed to be busy, the MAC layer
will increase both 𝑁𝐵 and 𝐵𝐸 by one, provided that
𝐵𝐸 is no more than the 𝑚𝑎𝑐𝑀𝑎𝑥𝐵𝐸. If 𝐵𝐸 is less
than or equal to 𝑚𝑎𝑐𝑀𝑎𝑥𝐶𝑆𝑀𝐴𝐵𝑎𝑐𝑘𝑜𝑓𝑓𝑠, another
CCA is performed after a random waiting time; else
the CSMA/CA will terminate with a Channel Access
Failure status. If the channel is idle, the MAC layer
starts transmission immediately.

III. DELAY MODELS

A. Single-hop Delay

Consider the single-hop network shown in Fig.2. In
the experiment, the round trip time delay is recorded.
The master computer (𝑀 ) sends a data request com-
mand to the slave computer (𝑆) once every second
and records the sending time 𝑇1. The slave computer
sends a reply packet back as soon as the command
is received. When the master computer receives the
reply packet, the receiving time 𝑇2 is recorded and the
round trip time delay 𝑇𝑅𝐷 is calculated as 𝑇𝑅𝐷 =
𝑇2 − 𝑇1.The packet sending and receiving process is
shown in Fig.3 (only one way transmission is shown).
This figure indicates that the total time when a packet
is sent from computer 𝑀 to computer 𝑆 consists
of the following several parts: times taken by the
operating system (OS) of the computers, 𝑇𝑀𝑜𝑠 and
𝑇𝑆𝑜𝑠; times taken by the serial ports, 𝑇𝑀𝑝𝑜𝑟𝑡 and
𝑇𝑆𝑝𝑜𝑟𝑡; times taken by the wireless modules, 𝑇𝑀𝑚𝑜𝑑𝑢𝑙𝑒

and 𝑇𝑆𝑚𝑜𝑑𝑢𝑙𝑒; and the transmission time from A to B,
𝑇𝐴𝐵 .

Computer OS

Serial Port

Wireless module

M

A
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Serial Port
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B

Fig. 3. Packet sending procedure

A Windows XP system is installed in each computer,
and it is a multi-task operation system. A delay may
happen if another task is in progress when the data
request is sent out. The time taken by the OS can be
divided into two parts: 𝑇𝑀𝑜𝑠 = 𝑇𝑀𝑜𝑠𝑚𝑖𝑛 + 𝑇𝑀𝑜𝑠𝑣𝑎𝑟,
where 𝑇𝑀𝑜𝑠𝑚𝑖𝑛 stands for the time that the OS handles
the data request command as soon as possible,which
can be seen as a constant, while 𝑇𝑀𝑜𝑠𝑣𝑎𝑟 stands for
the time waiting for the OS to have time to handle
the data request command. Similarly, for computer 𝑆,

𝑇𝑆𝑜𝑠 = 𝑇𝑆𝑜𝑠𝑚𝑖𝑛 + 𝑇𝑆𝑜𝑠𝑣𝑎𝑟. For the wireless module,
the time delay can also be divided into two parts:
𝑇𝑀𝑚𝑜𝑑𝑢𝑙𝑒 = 𝑇𝑀𝑚𝑜𝑑𝑚𝑖𝑛 + 𝑇𝑀𝑚𝑜𝑑𝑣𝑎𝑟. Module B is
ready for receiving data all the time and the time
𝑇𝑆𝑚𝑜𝑑𝑢𝑙𝑒 can be seen as a constant. In the experiment,
the packet size is 25 bytes and the serial port is set
with baud rate of 38400, no parity and one stop bit. So
the time taken by the serial port is fixed, i.e., 𝑇𝑝𝑜𝑟𝑡 =
𝑇𝑀𝑝𝑜𝑟𝑡 = 𝑇𝑆𝑝𝑜𝑟𝑡 = (10 ∗ 25)/38400 ∗ 1000 ≈ 6.5𝑚𝑠.
The distance between the two wireless modules is in
the order of tens of meters, so the transmission time
from A to B can be ignored, i.e., 𝑇𝐴𝐵 = 0.

When the data transmitted from B to A, the same
procedure is followed. So the round trip time can be
calculated as

𝑇𝑅𝐷 = 2(𝑇𝑀𝑜𝑠 + 𝑇𝑆𝑜𝑠 + 𝑇𝑀𝑝𝑜𝑟𝑡 + 𝑇𝑆𝑝𝑜𝑟𝑡 + 𝑇𝑀𝑚𝑜𝑑𝑒𝑙

+ 𝑇𝑆𝑚𝑜𝑑𝑒𝑙 + 𝑇𝐴𝐵)

= 2(𝑇𝑀𝑜𝑠𝑚𝑖𝑛 + 𝑇𝑀𝑜𝑠𝑣𝑎𝑟 + 𝑇𝑆𝑜𝑠𝑚𝑖𝑛 + 𝑇𝑆𝑜𝑠𝑣𝑎𝑟

+ 𝑇𝑀𝑚𝑜𝑑𝑚𝑖𝑛 + 𝑇𝑀𝑚𝑜𝑑𝑣𝑎𝑟 + 𝑇𝑆𝑚𝑜𝑑𝑒𝑙 + 2𝑇𝑝𝑜𝑟𝑡)

= 2(𝑇𝑐𝑜𝑛 + 𝑇𝑣𝑎𝑟 + 𝑇𝑀𝑚𝑜𝑑𝑣𝑎𝑟) (1)

where, 𝑇𝑐𝑜𝑛 = 𝑇𝑀𝑜𝑠𝑚𝑖𝑛 + 𝑇𝑆𝑜𝑠𝑚𝑖𝑛 + 𝑇𝑀𝑚𝑜𝑑𝑚𝑖𝑛 +
2𝑇𝑝𝑜𝑟𝑡 + 𝑇𝑆𝑚𝑜𝑑𝑒𝑙 and 𝑇𝑣𝑎𝑟 = 𝑇𝑀𝑜𝑠𝑣𝑎𝑟 + 𝑇𝑆𝑜𝑠𝑣𝑎𝑟.
𝑇𝑀𝑚𝑜𝑑𝑣𝑎𝑟 is mainly the time waiting for the module to
access the channel. 𝑇𝑣𝑎𝑟 is small and will be ignored
here. In this paper, we propose to use a Poisson process
to approximate 𝑇𝑀𝑚𝑜𝑑𝑣𝑎𝑟. In the following, we will
show some experiments to verify the assertion above.

TABLE I
THE EXPERIMENT RESULTS

sets Total Num. Receive Ratio
Delay /(ms)

Min. Max. Ave.
(a) 36004 0.9923 36.6 52.6 39.6
(b) 43704 0.9936 36.6 85.0 39.6
(c) 27608 0.9965 36.7 60.9 39.7

Three sets of our experiments are selected and the
total packet number, receive ratio, minimum delay,
average delay, maximum delay of each set are depicted
in Table.1. From Tab.1, we can see that the minimum
delay, 𝑇𝑚𝑖𝑛, is nearly constant in the three experi-
ments, witch corresponds to the part 2𝑇𝑐𝑜𝑛 in equation
(1), i.e,

𝑇𝑚𝑖𝑛 = 2𝑇𝑐𝑜𝑛 = 36.6 𝑚𝑠 (2)

From the above equation, we obtain

𝑇𝑐𝑜𝑛 = 18.3 𝑚𝑠

Subtracting 𝑇𝑚𝑖𝑛 from the round trip time 𝑇𝑅𝐷,
the variable part of 𝑇𝑅𝐷 is obtained. One set of the
probability density function of this part is presented
in Fig.4 ( the line with circle), which shows that the
distribution of the varying delay is very similar to
a Poisson process. And a fitting poisson distribution
line is also drawn (the line with square). According to
Fig.4, we can see that the variable part of the delay
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Fig. 4. PDF function of a single-hop network

can be approximated by a Poisson precess. We also
see that there is some difference between the fitting
line and the experiment. This may be caused by the
varying delay part of the OS, i.e., 𝑇𝑣𝑎𝑟.

In Fig.5, the delay values of some packets are
plotted. The red line is the delay value of the real
wireless network and the blue line is the delay value
simulated by the Poisson Process model using Matlab.
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Fig. 5. PDF function of a single-hop network

B. Multi-hop Delay

Consider a a multi-hop network shown in Fig.1.
Compared with the one-hop network, the only differ-
ence is the time taken by the inter nodes to retransmit
the packet, denoted as 𝑇𝑟𝑒𝑡𝑟𝑎𝑛𝑠𝑖 , 𝑖 = 1, ⋅ ⋅ ⋅ , 𝑛−1 . So,
the delay in the multi-hop network could be formulated
as

𝑇𝑚𝑢𝑙𝑡𝑖𝐷𝑒𝑙𝑎𝑦 = 𝑇𝑅𝐷 + 2
𝑛−1∑
𝑖=1

𝑇𝑅𝑒𝑡𝑟𝑎𝑛𝑠𝑖 (3)

For convenience, we assume that the inter-nodes are
identical. The time taken by the inter-nodes can also
be divided into two parts: minimum time for the 𝑖-th
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node to retransmit a packet 𝑇𝑚𝑖𝑛𝑅𝑒𝑡𝑟𝑎𝑛𝑠, which can be
seen as a constant, and time for the 𝑖-th node waiting to
retransmit a packet while the channel is busy, denoted
as 𝑇𝑣𝑎𝑟𝑅𝑒𝑡𝑟𝑎𝑛𝑠𝑖 , which can be approximated by a
Poisson process. The PDF of delays of one set of our
experiments is shown in Fig.6, from which we can
see that the Poisson process fits the experiment results
well.

IV. STATE ESTIMATION

In this section, we consider the use of the proposed
time delay model in state estimation. State estimation
is done by a Kalman filter[10, 11]. The purpose of
this exercise is to see how good the delay model is. To
this end, we will compare the state estimation errors
obtained using both approaches, one with the delay
model and one with the hardware setup.

Consider the following system

𝑥𝑘 = 𝐴𝑥𝑘−1 + 𝑤𝑘−1

𝑦𝑘 = 𝐶𝑥𝑘 + 𝑣𝑘 (4)

where 𝑥𝑘 ∈ 𝑅𝑛 is thestate vector, 𝑦𝑘 ∈ 𝑅𝑚 is the
measurement output, random variables 𝑤𝑘 ∈ 𝑅𝑛 and
𝑣𝑘 ∈ 𝑅𝑚 represent the process and measurement noise
respectively. 𝑥0 indicates the initial value of the process
state. They are assumed to be independent, white, and
with normal probability distributions

𝑝(𝑤) ∼ 𝑁(0, 𝑄), 𝑝(𝑣) ∼ 𝑁(0, 𝑅), 𝑝(𝑥0) ∼ 𝑁(0,Σ0)
(5)

The time update equations can be thought as pre-
dictor equations (6) while the measurement update
equations can be thought as corrector equations (7)
shown below.

𝑥̂−𝑘 = 𝐴𝑥̂𝑘−1 +𝐵𝑢𝑘−1 (6a)

𝑃−𝑘 = 𝐴𝑃𝑘−1𝐴
𝑇 +𝑄 (6b)

𝐾𝑘 = 𝑃−𝑘 𝐶𝑇 (𝐶𝑃−𝑘 𝐶𝑇 +𝑅)−1 (7a)

𝑥̂𝑘 = 𝑥̂−𝑘 +𝐾𝑘(𝑦𝑘 − 𝐶𝑥̂−𝑘 ) (7b)

𝑃𝑘 = (𝐼 −𝐾𝑘𝐶)𝑃−𝑘 (7c)

The experiment includes two cases: emulation using
the hardware and Matlab simulation using the Poisson
process model.

In the emulation case, the linear system (4) is simu-
lated by the master computer. The output of this system
is sampled once per second and the measurements are
sent to a slave computer via a wireless network. When
the slave computer receives the output measurements
packet, it will send back the packet back to the master
computer immediately. The measured output will be
recorded if the master computer receives the reply
packet. And the state estimation will be done just
before the next sampling time.

In the simulation case, the same linear system is
simulated on Matlab. Different to the emulation part,

here the wireless network is also simulated, using the
Poisson process model developed before. The mea-
sured output of the system will arrive the Kalman Filter
via the simulated wireless network.

We will compare the estimate errors in these two
cases. Since the wireless network is introduced, there
may be none or more than one packets received in
each time step. So a modification needs to be made
to the Kalman filter algorithm. This modification is
similar to the estimation algorithm given in [12]. For
convenience, we use Kalman-predictor to stand for
the time update equations, Kalman-corrector for mea-
surement update equations and Kalman-filter for both
Kalman-predictor and Kalman-corrector. According to
the packet number received in each time step, two cases
are considered:(Assume the current time step is 𝑘.)

∙ No packet is received at time 𝑘. In this case, only
the Kalman-predictor is done.

∙ One or more than one packets are received. In
this case, firstly, consider whether the time step
of the first received packet, denoted as 𝑘0, equals
the current time step 𝑘. If 𝑘0 = 𝑘, do the
Kalman-filtering, else, return to step 𝑘0 and do
the Kalman-filtering. Then from step 𝑘0 + 1 to
𝑘, if the corresponding packet is received, do the
Kalman-filtering, else, do the Kalman-predicting.

This procedure is shown in Fig.7.
We carry out the state estimation procedures using

different sampling periods, i.e., 100 ms, 50 ms or 70
ms respectively and compare the traces of the estimate
error covariance matrix 𝑃 . Note that 𝑃 is stochastic
because of the time delay model. To make the compar-
ison more meaningful, we repeat the experiment many
times and compare the mean value of the trace of 𝑃 .

The parameters of (4) in the experiment are chosen
as follows,

𝐴 =

⎡
⎣

1.0155 −0.0381 0.0022
−0.0381 0.9965 0.0291
0.0022 0.0291 0.9880

⎤
⎦ , 𝐶 =

⎡
⎣
1
1
1

⎤
⎦
𝑇

(8)
Figs.8–9 show the results for a one-hop network and

Figs.10–11 show the results for a three-hop network.
The Star is for the simulation and the line is for the
emulation. We can see that they match very well.

V. CONCLUSIONS

In this paper, we have done the following: mod-
eling and estimation of a wireless based network.
Poisson process models are proposed to approximate
the transmission delay of the network, both single-hop
and multi-hop transmissions. Estimation is done by
a Kalman filter. From the experiments, we conclude
that the Poisson process model can approximate the
network delays well.
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Fig. 8. Sampling period is 100 ms,single-hop
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Fig. 9. Sampling period is 50 ms, single-hop
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Fig. 10. Sampling period is 100 ms , multi-hop
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Fig. 11. Sampling period is 70 ms, multi-hop
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