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Optimal Sample Rate for Wireless Sensor
Actuator Network

Amir M Jafari and Walter Lang

Abstract—In order to implement a wireless sensor network in
process automation applications, it is needed to specify the
sample rate for the sensors. Because of the hardware and power
supply limitations, wireless sensors are applied to discrete event
control system. In wireless sensor network the highest sample
number is restricted in comparison to the wired network.
Moreover, the lowest sample number is also constrained by the
limitations imposed by the control limits values. In this paper,
relations between sample number and actuator’s frequency
drift in discrete domain is formulated and presented. The
central and autonomous wireless sensor network structures are
introduced. In addition, ways to compromise the sample
number with the actuator’s frequency and control limits value
are acknowledged. One approach to find the optimal sample
rate for each network structure is proposed. It is shown when
the sensor network becomes larger, autonomous network can
partly compensate communication number and energy
consumption increase by adding the sample number whereas
central network does not support this feature.

Index Terms—Autonomous Network, Central Network,
Sample Number, Wireless Sensor Actuator Network (WSAN).

I. INTRODUCTION

Implementation of wireless sensor network (WSAN) in
automation process applications is one of the steps for
establishing autonomous logistic systems [2]. WSAN
implementation in industrial automation systems such as
Heating, Ventilation and Air Conditioning system (HVAC) is
a research subject [1][3]. In order to implement WSAN in an
automation process application, two structures are
considered: Central structure and Autonomous structure.

In a Central Network, the sensors measure the
environmental parameters and send their data to the center of
the network. In the center the control tasks are located. The
Center processes the data and performs the control tasks.
Afterwards the instruction will be sent to actuators. None of
the network nodes i.e. sensor or actuator do not have any
possibility to make decision. They are just subordinate to
center or another one in hierarchical structure and follow the
instructions [8][7]. In such conventional structure the data
follow is from sensor to the center or from the center to the
actuator. In Fig. 1, it is shown that which part of system
model reside inside the center.
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Figure 1: Controller of the system reside in center

One of the limitations with the central network is
scalability. When the network size in terms of nodes numbers
and applications increases, the system can be divided to the
subsystems and each subsystem has its own center which is
responsible for local decisions. In such configuration the
decision which requires the information from different
subsystems is made in system’s center (supreme center)
which locates over the subsystems. In comparison to one
central system in such distributed structure, the center of the
system devolves sum of its tasks and authority to the
subsystems [9][10], but the point is that either in each
subsystem or in whole system there is a center. Versus the
central structure, autonomous structure is considered as
alternative. In [11] and [12] two advantages of lower energy
consumption and more robustness are derived for the
autonomous network. This paper offers a method for finding
optimal sample number. Moreover it shows that how the
autonomous network is capable to cope with scalability in
comparison to the central network.

Autonomous network can be defined as a network in which
every node makes decision for itself and it does not accept the
authority of other nodes [7][8][9][10]. In terms of authority
they are in the same level. A center does not exist in
autonomous network [7][9][8]. Each node share its own
information with the others without restriction, therefore
each of them has access to the information of the others to
make its own decision [7] [8]. Versus Hierarchy for central
network, this structure is called Heterarchy [7] [8]. In this
structure the routing algorithm should be target-oriented.

In a central network each sensor sends its measured
parameters on each sample time periodically, but in
autonomous network the sensor makes decision when it
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Figure 2: On-off control system model

(Advance online publication: 19 November 2009)



TAENG International Journal of Computer Science, 36:4, IJCS 36 4 15

should send the information to its correspondent actuator. For
example in On-off control method, the sensor compare the
measured parameter with the limits value when it goes over
them it sends a message to the its correspondent actuator. In
this term the sensors are autonomous entity. Based on the
sent data from sensor and by checking other parameters, the
actuators make their own decision [7]. In fact the control
tasks are performed by the actuators. In this sense actuators
are autonomous entity as well. In Fig. 2, it is shown that
which part of the control system is located where.

In this paper, WSAN consists of nodes equipped with a
wireless transceiver (CC2420), a tiny event driven
microcontroller from MSP 430 family and batteries for
power supply. “Tmote sky” from “Moteiv” [4] is taken as
sample of such nodes. The wireless transceiver is IEEE
815.15.4 standard compliant and its radio range is limited;
therefore mesh topology is applied for establishing the
network.

Because of the hardware and power supply limitations,

wireless nodes are not suitable for continuous control
systems. WSAN is preferably used for On-off control
system. In this application, two arbitrary limit values around
the desired set-point are considered. When the system
output is going to become greater than the upper limit value
the actuator is turned off and when it is going to become
less than the lower limit value, the actuator is turned on. Fig.
2 shows a model for such system.
The question is what the sampling frequency should be for
reading the output by sensor. The sampling theorem [5]
(Nyquist frequency criteria [6]) cannot be applied here
because the relay is not a linear element and output is broken
on the limits; therefore the output signal is not continuous
while the sampling theorem works with continuous signal.
On the other hand sampling theorem does not offer any
limitation from above for sample frequency while we will see
that it is needed for WSAN.

In a continuous control system the system output value is
continuously compared with the limits and the instruction is
sent to the actuator instantly. In a discrete domain, the
sample is taken from output at each sample time. The
decision for the actuator is made by comparing the sample
values with the limits. In discrete domain can likely go over
the limit values. Suppose that a sample is taken just before
the limits, the actuator status will not change until the next
sample time. During this time the output goes beyond the
limits, which causes inaccuracy and we call it error. In order
to stay inside the continuous time limits interval and avoid
such errors, the new limits are defined in a discrete domain.
These limits in discrete domain are inside the continuous
time limits interval. Since the actuator’s frequency is a
function of the limits band width, it changes with the new
limits value. This way the sampling number is related to the
actuator’s frequency in discrete domain. In section II,
computation shows how the discrete limits value caused the
actuator’s frequency drift.

In the next section the mathematical relation of actuator’s
frequency drift in discrete domain, sample number and
limits values is formulated for a first order linear time
invariant (LTI) system. The behavior of the actuator
frequencies for various sample numbers and limits interval
is depicted.

In order to reduce the actuator frequency drift, sample
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Figure 3: Sample system step response

numbers can be increased. On the other hand higher sample
numbers in central and autonomous network causes more
computation for node’s microcontroller and particularly in
central network higher message transmission number which
consequently results in more computation and transmission
energy consumption. These considerations imply upper limit
for the sample number whereas in wired network, the sample
number can be increased high enough. Now the question is
what is the optimum sampling frequency? An approach to a
tradeoff between the sample number and energy
consumption or message transmission number is offered in
the third section.

II. SAMPLE FREQUENCY CALCULATION

It is assumed that the transfer function of the system in Fig.
2 is first order and its Laplace transform is represented by
H(s) which is expressed in (1). The step response of this
system with 7, =3600 s is depicted in Fig. 3. The set point
value is assumed to be Y, and the limit values are Y. and Y.
with equal distances from Y,. The On-off relay is
implemented in the control loop (Fig. 2). Fig. 4 shows the
system step response for Y,.=0.7 and Y;.=0.5 for ten hours.
The actuator On-off frequency in a continuous domain is
calculated by (2).

System output with On-Off relay
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Figure 4: Control system with relay
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H(s)=1/(T, xs+1) (1)

1 1 f
fo= = = @
- T % ln()fhc X (1 lec)) c

T Yx(d-Y,)

Equation (3) shows the recursive equation in a discrete
domain when H(s) is mapped to the z-plane with sample
time 7, and a normalized output. In this equation N is the
sample number during 7, which is equal to inverse of f.
computed in (2). 7 is the sampling period (f; sampling
frequency) and c is defined in (2).

y(n)=(1-exp(=T,/T,)) +exp(-T,/T,)x y(n-1)
T, =NxT,

fi=Nxf.=(Nxf)]e
y(n)=(1-exp(=c/N))+exp(—c/N)x y(n—1)

3

Assuming that the last sampling occurs just before the limit
values; then the system output goes beyond the limit values
up to the next sample time. This incident is counted as an
error. In order to avoid such errors the new limit values are
defined for discrete time system. These new values are equal
to the samples of the output value on one sample period time
before the limits Y}, and Y,.. These limits are called Y, and
Yy in (4). Considering this definition by lower sample
number (Y, - Y,,) becomes greater; consequently the limits
interval (Y4 - Y;y) becomes smaller. Smaller limit intervals
lead to a greater actuator’s frequency f;. In other words, by
moving to discrete domain with a low sample rate, actuator’s
frequency increases and we have to deal with the actuator’s
frequency drift.

Y,, =, +exp(—c/N)—1)/exp(—c/ N)

4
Y, =Y, Jexp(—c/N) @

Since Y), should always be greater than Y, a boundary
limit exists for sampling number N which is defined in (5).
This is our first criteria for choosing sampling number. As
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Figure 5: Digitized system output

an example for Y,.=0.7 and Y,.=0.5, N should be strictly
greater than 3 (f; > 4*). In Fig. 5 the digitized output for
the above system with N=20 is depicted. The time axis is
for ten hours. In comparison with Fig. 4 it can be seen that
the actuator’s state changes 20 percent more than its value

in a continuous domain of the control system.

N>c/(=In(1+Y, - Y,.)) ()

In autonomous WSAN when the system output reaches its
limits, sensor sends a message to the actuators. In Fig. 5 it
can be seen that the number of message transmissions is
double the number of the actuator’s status changes (i.e. one
message for on-off and one message for off-on transient
states). It denotes that the message transmission number is
proportional to the actuator’s frequency. Since reduction of
the sample number decreases the discrete limit intervals and
it leads to amplifying the actuator frequency, consequently
the number of message transmissions increases. By raising
the sample number, the microcontroller occupancy and
energy consumption increases too. This phenomenon causes
losing more messages during the routing of other sensor’s
messages in addition to increasing the process energy
consumption. Therefore the sample number should be
compromised in a way that it is neither very small that
causes the increase in the actuator’s frequency and message
transmission nor so large that the microcontroller becomes
too occupied and the process energy consumption increases
highly. This process is discusses in the next section.

In a central WSAN, sensor sends message to the center at
each sample time (Fig. 5). Increasing the sample number,
raises the message transmissions number directly which
causes more transmission energy consumption and high
network traffic. Moreover high frequency is not beneficial
for actuator’s life time as well. Reduction of the sample
number leads to the rising of actuator’s frequency which
means the center should send more messages to the actuator.

Increasing the sample number in central network causes
more transmission energy while in autonomous network it
leads to more process energy consumption. In addition
process energy consumption is much smaller than
transmission energy consumption. Therefore sample number
in an autonomous network can be greater than its value in a
central network which implies that with the same energy
consumption, lower actuator frequency and better control
quality can be achieved with autonomous configuration.

NS = =TIl S =

¢ 1 ®
(Y,. +exp(—c/ N)—-1)(exp(-c/N) - Y,C))

Y, x(1-1,)

In(

The normalized difference between actuator’s frequencies
in continuous and discrete domain is shown in (6). By this
equation the sample number and actuator’s frequency can be
optimized. The graph of (6) is depicted for Y;,.=0.7, Y;,.=0.5
and 7, =3600 s in Fig. 6. It is computed by (5) that for
these values, N must be greater than 3. For N=4 the
actuator’s frequency increases to 16.67 times (1667 percent)
of its frequency in continuous domain (Fig. 6). As it is
mentioned in the previous section it indicates that 16 times
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Figure 6: A sample of actuator frequency ratio

more instruction messages should be sent to the actuator to
turn on or off. This oscillation is not reasonable for actuator
either. Therefore by increasing the sample number to 20, the
actuator’s frequency drift is about 20 percent which could
be more acceptable considering the process and 1667
percent with pervious sample number. By increasing sample
number from N=30 to N=50, the actuator’s frequency
decreases just about 6.5% implying 66.66% increase of
process energy consumption, 66.66% increase of the node’s
microcontroller occupancy in autonomous network and the
same percent increase of message transmission in central
network. This increase (from N=30 to N=50) sounds not
very helpful. In the next section, Equation 6 shows that the
sample number is compromised with actuator oscillation
which is proportional to message transmission number.
Now, we assume that we have a control task with no
restriction in the limit values, so that the set point Y is given
and we know that the upper and lower limits have to be in
equal distance from Y, in the continuous domain. Rewriting
(6) results (7). In these equations by choosing two arbitrary
parameters, the third parameter can be computed. For
example if 20 samples number (N=20) and maximum 20
percent actuator’s frequency drift ((Af / f) < 0.2) is
acceptable for the sensor and actuator, AY would be 0.18.
Fig. 7 is derived from (7) with Y,=0.7. This figure shows

(Fd-Fc)/Fe
Actuator Frequency Drift
°
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" 25" |¥-Yo| x 100

40

Sample Number (N)

Figure 7: A sample of actuator frequency ratio

s hops

Figure 8: Central network structure

that by changing the limit values to maximum possible
numbers, the actuator’s frequency differs about 50 percent.
On the other hand, for small N, increasing the interval does
not necessarily lead to a lower frequency difference.
Utilizing (7) offers the trade off option between three

parameters: control limits, actuator’s frequency and
sampling number.
N fe=(fa =TS =

c (7

(Y, + Ay +exp(—c/ N)—1)(exp(—c/N) =Y, + Ay))
(Yo —Ay)x(1-Y, - Ay)
¢ =In(((Y, + &) x (1= Y, + A))/ (¥, + Ay)x (1= Y, —Ay)))

In(

1. SAMPLE NUMBER SELECTION

In central and autonomous networks, message
transmission number is related to the sample number and
actuator frequency. The sample number can be selected in
compromise with the transmission number in central
network and energy consumption in autonomous network.

A. Central Network

For central network, the communication path like Fig. 8
is considered. In the network shown in Fig. 8 the sensor
measures the environment parameter in each sample time
and sends it to the center through  hops. The center checks
the sensor value; if it is greater than the upper limit value it
sends a message to the actuator to turn it “on”. When the
received sensor value is less than the lower limit, it sends a
message to turn the actuator “off”.

In Fig. 8 with the sample number of N, the number of
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Figure 9: Number of message transmission corresponding to
each sample number in central structure of Fig. 8.
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Figure 10: Number of message transmissions corresponding
to each sample number with different hops number from
center to actuator in central structure of Fig. 8.

message transmissions from the sensor to the center during
time T is equal to 7/Tyxr = ((TxN)/T,)xr. At the same time
interval 7, the number of instruction message transmissions
from the center to the actuator is equal to (7/T,) x2xs =
(Tx(p(N)+1)/T,) x2xs. By adding these two values the total
number of transmissions in unit time is equal to (8).

g(N,r,s)=(Nxr+(p(N)+1)x2xs)x f, (8)

The graph of (8) with r=s=1 is given in Fig. 9 with the
system parameters of the pervious section. The function is
minimum at N=6. Considering the minimum of the
transmission numbers, the best sample number is equal to 6
concerning to 7, & Y,. & Y. It indicates that the sample
should be taken at every T,=T./ N = 508 s.

We assume that the message from the center to the sensor
passes through s hops. In Fig. 10 it can be seen that the
number of transmissions increases and table 1 shows that
for s from 1 to 10, the N corresponding to the minimum
transmission number increases as well. Suppose that s=/
and sample number corresponding to the minimum number
of transmissions is 6. Now we increase the number of hops
to 10 (s=10), with N=6 the transmission number per unit

Table 1: Sample
number corresponding
to hops number from

Table 2: Sample number
corresponding to hops
number from sensor to

center to actuator center
s Mmlgmum N r | Minimum g N
1 0.0036 6 1 0.0036 6
2 0.005 8 2 0.0056 6
3 0.0062 8 3 0.0074 5
4 0.0073 9 4 0.0091 5
5 0.0084 10 5 0.0107 5
6 0.0094 10 6 0.0123 5
7 0.0104 11 7 0.014 5
8 0.0113 11 8 0.0156 5
9 0.0123 12 9 0.0173 5
10 0.0132 12 10 0.0189 5

Semsor] —__

d hons\ Actuator

Figure 11: Autonomous network structure

time is g(6,1,10) = 0.1884 and the ratio of g(6,1,10) to
g(6,1,1) is about 4.9 whereas with sample number
corresponding to the minimum transmission number this
ratio changes to g(12,1,10) / g(6,1,1) = 3.55. These two
ratios comparison shows that by changing the sample
number to 12, the message transmission number is reduced
about 27 percent. It means adding intermediate nodes
between the center and actuator leads to the energy
consumption increase which is partly compensated by
increasing the sample number. This is an advantage of
finding the sample number corresponding to the minimum
of equation g(N,r, Is).

From another angle we hold the s=/ and start to increase
7 one unit at a time. Table 2 shows that when the number of
hops increases, N does not change significantly in order to
compensate the increase in the number of hops. N should be
reduced but its value is limited by (5). This claim can be
verified by inequality 9. In this inequality the right side
shows the ratio of message transmission increase when the
number of hops between the sensor and the center increases.
The left side represents the message transmission increase
when the number of hops between the actuator and the
center increases. From this observation and comparison of
Fig. 10 & 11, it is concluded that in central network it is
more efficient to choose the center closer to the sensor than
the actuator. Practically it is more effective to consider that
the center should be closer to the node with higher loads to
deliver. In continuance, if we take =0 (sensor instead of
center), the result is still valid. This network with =0 is the
same as an autonomous network. It implies that when the
number of hops increases, the autonomous network has less
transmission number and consequently works better.

[2(5.10,1)/g(6,L,)]>[2(12,1,10)/g(6,1,1)] = 5.25>3.66 (9)

Finally, if there are r hops from the sensor to the center
and s hops from the center to the actuator, the proper sample
number is where g is minimal. As an example for »=3 and
s=7, N corresponding to the minimum g is equal to 8.

B. Autonomous network

For autonomous network we consider the communication
path like Fig. 11. The sensor in this figure measures the
environment parameter at each sample time. Then the sensor
compares it with the limit values; if it is greater than the
upper limit, the sensor sends a message to the actuator e.g.
“on” and when it is less than the lower limit, the sensor
sends a message to the actuator e.g. “on”. In this paper it is
assumed that the average of the process energy for taking a
sample or finding the next node by routing algorithm is
fixed and it is considered as the unit for energy consumption
measurement. Another assumption is that the transmission
energy from one node to another is equal to e=/0 times of
process energy (energy consumption unit).

(Advance online publication: 19 November 2009)
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structure.

h(N,r)=(p(N)+ 1) x2xrx f, (10)

In Fig. 12 the number of transmissions for N in time T is
equal to (T/Ty x2xr = (Tx(p(N)+1)/T,) x2xr and in unit
time it is equal to the function % in (10) (h(N,r)=g(N,0,r)).

As N increases from N=i to N=i+1, p(N) or the actuator
frequency drift with respect to Fig. 6 decreases. This
reduction causes the reduction of 4, the message
transmission number. Equation 11 formulates the reduction
of the transmission numbers which is equivalent to Ak *e of
the process energy consumption reduction. Decreasing of
transmission numbers also causes reduction of the process
energy for forwarding messages in intermediate nodes. We
call the summation of these two energy consumption
reductions as saved energy. From another side by increasing
the N, the process energy consumption increases in order to
take more samples. We look at this energy consumption
increase as cost energy. These concepts entail that by
increasing N, the transmission number decreases but N’s
higher limit value is also restricted. Therefore optimal N is
where the saved energy is still greater than the cost energy,
which is formulated in (12). Optimal sample number is
maximum N so that the inequality 12 becomes valid.

AR = h(i,r) — h(i +1,7) = .
(p()— pi+ D)) x2xrx f. =Ap" x2xrx £,

Ahxe+Ahfrx(r-1)—(i+1-(@)x f, =

. (12)
Ap! x((e+D)xr=1)x f.x2—f. >0
For Y;,.=0.7, Y;,=0.5 and T,, =3600 s table 3 shows N as in

previous section corresponding to each r. For example when
r=2 then N=15 and T,=T./N = 190 s is the optimum sample

Table 3: Maximum N values for which inequality of 12 is
valid for different r.
r| 1| 2| 3| 4] 5| 6| 7| 8| 9| 10

N| 12| 16| 19| 21| 23| 25| 27| 28| 30| 31

number.

Obviously with different e, Y;.and Y;. sample number will
change. Considering these conditions for A, if there are other
criteria as well, its value could also be compromised with
them. For example in table 2 when r is 2, N=6 but with
respect to (6) and Fig. 6 the actuator frequency increases
about 150% in comparison to the continuous time. If this
oscillation is not acceptable as a criterion, N can be increased
to 8 and actuator’s frequency drift reduces to about 80%.

IV. CONCLUSIONS

In this paper the central and autonomous structure for
wireless sensor actuator network is defined. The meaning and
definition of “autonomous” regarding to text book in politic
science, logistic and networking is briefly offered. Regarding
to feedback loop model, it is shown how these two structures
can be realized and by considering typical sensor node it is
explained that for which kind of controller they can be
applied.

Following it is presented that the sensor’s sample number
selection in WSAN for process automation application is not
as straightforward as common methods used in wired
network. Sample number has impacts on the actuator’s
frequency, number of message transmissions and sensor
node’s microcontroller occupancy. It has been shown that
actuator’s frequency gets closer to its value in continuous
domain by a higher sample number. Low sample number
causes the actuator’s frequency increase and consequently
reduction of actuator’s life time.

Moreover, this phenomenon increases the requirement for
sending instructions to the actuator. In a wired control
systems this problem can be solved by increasing the sample
number to a high enough value. But in WSAN increasing
sample number causes side problems. In autonomous
WSAN, higher sample number increases microcontroller
occupancy and process energy consumption. In central
WSAN, higher sample number leads to more message
transmission energy consumption in the nodes which are
supplied by batteries.

In this paper the above constrains are taken into account
and an approach for finding the sample number
corresponding to the actuator’s frequency drift is offered. In
addition a tradeoff technique between the actuator’s
frequency, sample number and limits value interval is
introduced. For finding the optimum sample number in
central WSAN a function is given and the optimum N is the
corresponding variable to the minimum value of this
function. With the same function it is shown that when the
number of hops between nodes increases, the autonomous
network can offer less message transmission number by
higher sample number and consequently better functionality.
This property of autonomous network is known as an
advantage of autonomous configuration versus scalability of
the network. An inequality is given for autonomous network
which states difference between the saved and cost energy.
The optimal sample number is where this difference becomes
minimal.
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