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ABSTRACT Wireless body area networks (WBANs) exhibits immense potential for application in ubiq-
uitous healthcare systems. However, in dense environments where multiple WBANs are deployed such as
hospitals, the performance of WBANs is deteriorated by inter-network interference. In this study, we apply
Kuramoto model to the transmission power control of users in WBAN environments with the purpose of
addressing the issue of inter-network interference, and thereby improving the Quality of Service (QoS)
fairness inWBAN environment. For this purpose, we define the utility function which expresses the QoS of a
user and synchronize this utility function value of each user for fair resource allocation. The synchronization
of the utility function is obtained by Kuramoto model and coupling coefficient defined in Kuramoto model
is dynamically adjusted for faster convergence. The range of convergence of the Kuramoto model is derived
analytically. From the simulation results, we can verify that the performance of the proposed algorithm is
better than those of the existing algorithms with regard to QoS fairness, power, and data rate. In addition,
we show that the convergence speed of the proposed algorithm with adaptive coupling strength parameter
outperforms the Kuramoto model with fixed coupling strength parameter.

INDEX TERMS Kuramoto model, quality of service (QoS), transmission power control, wireless body area
networks (WBANs).

I. INTRODUCTION
With the rapid advancements in wireless communication
technologies and sensor devices, wireless body area net-
works (WBANs) are becoming increasingly popular in ubiq-
uitous healthcare [1]. Owing to the small size and life-long
battery of the sensor node, WBAN gives users constant mon-
itoring while allowing them to conduct their routine activities
without interruption [2]. By offering real-time monitoring,
WBAN can help in early detection and diagnosis of disease,
which is cost and treatment-effective [3]. A WBAN system
can consist of many sensor nodes and a coordinator node
that are placed around or in the user’s body. The sensors
send information to the sink node, and the coordinator node
relays the information to users. In WBAN system, there
are typically three tiers of communication: intra, inter, and
Beyond-WBAN communication. Intra-WBAN communica-
tion basically deals with the connection of the sensors that
are placed approximately two meters around the body, while
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inter-WBAN communication additionally takes into account
the coordinator that acts as access point for the sensor. The
last tier is related to database that contains all of the patients’
information [4]. Due to the growing applications of WBAN,
the requirements of scalability, energy consumption, power
usage, and resource allocation of the networks have also
increased [5]. This poses challenges such as channel inter-
ference, power control, resource allocation, and security and
privacy problems, which have garnered considerable research
attention [6]–[8].

Transmission power control partakes a crucial role in wire-
less network, for it can affect the efficiency of resource
utilization in a network. Due to the variation in channels’
quality over time, the authors in [9] proposed a mechanism
that predicts the received signal strength indicator (RSSI)
by using gait cycle information in order to update the
real-time transmission power level. Various studies have been
conducted based on game theory to alleviate interference
with coexistingWBAN. To reduce inter-WBAN interference,
a non-cooperative power control game to control transmis-
sion power was proposed [10]. Each player is always trying
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to find its own utility function to achieve maximum value.
By adjusting the optimal transmission power, the players
maximize their utilities through sink node using Nash equi-
librium depending on the noise, channel’s quality, signal-to-
interference-plus-noise ratio (SINR), and initial transmission
power of other players.

Recently, problems in wireless networks such as channel
interference, power control, and resource allocation have
been solved by using synchronization models. Synchroniza-
tion is a process in which two or more disordered systems
adapt an attribute of their motion to amutual behavior accord-
ing to other systems in their environment due to coupling or
forcing [11]. The synchronization phenomenon of behavior
in nature can be found in many live forms on Earth such as
behaviors of fireflies flashing in group, flocking of birds, fish
swimming in school, or pacemaker cells [12].

Among the many models, Kuramoto synchronization
model is one of the mathematical model that gains popu-
larity these days. Kuramoto model consists of independent
oscillators that rotate at varying intrinsic frequencies coupled
through the phase differences in sine function. As the cou-
pling strength tends to a certain value in the critical region,
the rotation speed of each oscillator achieves synchroniza-
tion. Kuramoto model was originated in 1975 by Kuramoto
Yoshiki [14]. Since then, many extensions and modifications
of the model were documented in literature.

In this paper, we develop a transmission power control
approach in WBAN environment to reduce inter-WBAN
interference and satisfy the QoS of each user. The proposed
algorithm is integrated with the Kuramoto model in order
to synchronize the user’s QoS. We also propose a coupling
strength adjustment algorithm which varies coupling strength
parameter value for faster convergence speed. The proposed
algorithm shows stable convergence speed even the number
of node increases, which validates the scalability of the pro-
posed model. To sum up, we make three main contributions
in this paper:

1) We apply the Kuramoto model to the power control in
WBAN in order to mitigate interference and provide
QoS fairness among users.

2) We propose coupling strength coefficient adjust-
ment procedure to accelerate the convergence of the
Kuramoto model.

3) We prove the convergence condition of the proposed
algorithm.

This paper is organized as follows. In Section II, we explain
the Kuramoto model with coupling strength coefficient
adjustment which is one of the main contribution of
this paper. In Section III, we describe the system model
and the proposed transmission power control algorithm.
In Section IV, we provide the proof regarding the conver-
gence of the Kuramoto with coupling strength coefficient
adjustment. In Section V, we evaluate the performance of
the proposed algorithm. Finally, we conclude this paper in
Section 6.

II. KURAMOTO MODEL WITH COUPLING STRENGTH
COEFFICIENT ADJUSTMENT
Kuramoto model was originally developed as a tractable
mean-field model of coupled biological oscillator, such as
groups of chorusing crickets, fish swimming in school, and
cardiac pacemaker cells [14]. In physics and biology, it has
been used to study synchronization phenomena in popu-
lations of coupled oscillators [15]. Due to the distributed
manner under which the Kuramoto model operates, it has
been applied to in many fields of research [16]–[18]. For
example, Moioli et al. applied Kuramoto model to investi-
gate neural dynamics of a simulated robotic agent engaged
in minimally cognitive tasks [19]. Authors in [18] studied
the attractivity properties of the phase-locked equilibria set
in nonlinear, heterogeneously delayed oscillator networks
under fixed and switching topologies provided by Kuramoto
dynamics.

In the Kuramoto model, suppose there are N oscillators,
each characterized by a phase angle θi(t) at time t , and
intrinsic frequency ωi. The synchronization state of the oscil-
lators can be achieved by the using the updating rule as the
following equation:

dθi
dt
= ωi −

K
N

N∑
j=1

sin(θj − θi), i = 1, 2, . . . ,N (1)

where K is the coupling strength, which indicates the force
that couples oscillators. An earlier study [22] has shown that
when the coupling strength increases to a certain threshold,
the collective behavior of the group of oscillators emerges.
It is noted that the original Kuramoto model assumed that
constant coupling strength coefficient for updating the phase.
In this work, we take a note on the fact that when the initial
phase values of oscillator are close to the convergent phase
being synchronized, a large coupling strength is not needed,
but when the initial values of oscillators are far away from
those being synchronized, a large coupling strength might be
suitable. Therefore, by varying the coupling strength accord-
ing to the difference of initial values, the system can reach
synchronization state faster than when using the constant
coupling strength coefficient.

Here, we explain the proposed discrete-time Kuramoto
model with coupling strength coefficient adjustment, which
is to be applied to the power control in WBAN application.
By considering that the frequencies of all the oscillators are
identical, i.e., when ωi = ω, we consider the discrete-time
Kuramoto model, which is given by

θi(t + 1) = θi(t)+
N∑
j=1

Kij(t) sin(θj(t)− θi(t)), (2)

where Kij is the coupling strength coefficient between oscil-
lators i and j. In our work, Kij is set to be updated according
to the following equation;

Kij(t + 1) = αKij(t)+ β| sin(θj(t)− θi(t))|, (3)
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FIGURE 1. Inter-network interference model.

where α and β are non-negative constants that are propor-
tional to learning enhancement rate and friction, respectively.

III. SYSTEM MODEL
As described in Section I, WBANs system consists of many
bodies, and each body can consist of one coordinator, and up
to ten sensor nodes in one network [20]. If transmission power
range of several nodes overlap, they can interfere with each
other as shown in Fig. 1. Based on the IEEE 802.15.6 stan-
dard, by assuming free intra-network interference, sensor
nodes that are connected to the same coordinator can avoid
interfering with each other through using multiple access
techniques such as time division [21].

So, we assume that each WBAN WBANi comprises of
only one coordinator Ci and sensor node(s) Si for simplicity,
where Si has different QoS requirement. Let Gii and Gji be
the channel gain between sensor node Si and coordinator Ci,
and the channel gain between Sj and Ci, respectively. Sj is the
sensor node that is within the range of Ci but is not connected
toCi. The signal-to-noise-interference (SINR) of Si, γi at time
t is expressed as follows:

γi(t) =
pi(t)Gii∑M

j=1,j6=ipj(t)Gji + N0
, (4)

where i = {1, 2, . . . ,N }, and j = {1, 2, . . . ,M} are the
set of WBAN, and sensor node(s) in a WBAN respectively,
pi(t) and pj(t) are the transmit power of Si in WBANi and the
neighboring Sj in WBANj, respectively, and N0 is the noise.
According to Shannon’s capacity formula, the data rate Di(t)
of the ith sensor node at time t is defined as follows:

Di(t) = B log2(1+ γi(t)), (5)

where B is the bandwidth of the channel.

A. PROPOSED ALGORITHM
Since each node can achieve a global purpose by processing
and obtaining information from other nodes, the Kuramoto
model described as in (2) is appropriate for use in distributed
resource allocation. Here, we propose a power control algo-
rithm based on Kuramoto model for WBAN environment.
In the proposed algorithm, the utility function is used for
defining QoS of each user, and the transmission power is

FIGURE 2. Utility function.

adjusted to synchronize the value of utility. We use the utility
function to express the QoS of each user according to data
rate. The utility functions employed in previous study usually
had sigmoidal or logarithmic form [23], [24]. According to
Suzuki et al [23], the shapes of the utility functions are applied
based on the type, and features of the applications in use. The
utility value Ui(t) of the sensor node Si in WBANi at time t
can be written as follows:

Ui(t) = Umax −
e−ce

b.r(t)

e−ce−b − e−c
(6)

where b and c are the parameters for controlling the shape of
the utility function (b > 0, c > 0),

r(t) =
Di(t)− D

Req
i

DReqi

, −1 ≤ r(t) <∞, (7)

and DReqi is the required data rate of sensor node Si. The
shape of the utility function can be changed according to
the controlling parameters, b and c. For example, when b =
1, c = 9, and b = 7, c = 3, the utility exhibits the logarithmic
and sigmoidal shapes, respectively, as can been seen in Fig. 2.
The term, Umax = 1 + e−c/(e−ce

−b
−e−c ), represents the

maximum achievable value of utility. In this paper, DReqi is a
constant and predetermined value for each user, and does not
change over time. The value of r(t) is greater than or equal to
−1, and the lowest possible value of Di(t) is zero. If Di(t) is
zero, the values of r(t) is−1; hence,Ui(t) is zero. If the values
ofDi(t) is the same asDReqi (t), the value of r(t) is zero; hence,
the value of Ui(t) is one. The transmission power required to
convert FromDi(t) toD

Req
i (t) can be obtained from (4) and (5)

as follows:

DReqi (t) = B log2
(
1+ γ Reqi (t)

)
= B log2

(
1+

pReqi (t)Gii∑N
k=1,j6=ipj(t)Gji + N0

)

= B log2

(
1+ pReqi (t)×

γ
Req
i (t)

pi(t)

)
(8)

where γ Reqi (t) and pReqi (t) are the SINR required for the coor-
dinatorCi to attain the required data rate R

Req
i considering the

channel gain and interference from neighbouring WBANs at
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Algorithm 1 TPC Based on Kuramoto Model Algorithm

Parameters: pi(t), γi(t),D
Req
i ,Ui(t), ε;

1: for i← 1, n do
2: while |Ui(t + 1)− Ui(t)| ≥ ε do
3: Si transmits data packet to Ci;
4: Si computes γi(t) and Di(t) as in (4) and (5);
5: Ci calculates Ui(t) as in (6);
6: if Ui(t) > 1 then
7: Ci calculates pi(t) according to (9),
8: pi(t) = pReqi (t);
9: else

10: pi(t) = pi(t);
11: end if
12: Ci transmits its Ui information to all nodes;
13: Ci calculates the next utility Ui(t + 1) as in (10);
14: if |Ui(t + 1)− Ui(t)| ≥ ε then
15: Ci calculates pi(t + 1) according to (11);
16: pi(t) = pi(t + 1)
17: else
18: pi(t) = pi(t);
19: end if
20: end while
21: end for
22: return p∗i ,D

∗
i ,U

∗
i after |Ui(t + 1)− Ui(t)| < ε for all i

time t , and the required power for obtaining the required data
rate, respectively. From (8), we can compute pReqi (t) given by

pReqi (t)=max
[
pmin,min

[
pmax ,

(
2
DReqi
B −1

)
.
pi(t)
γi(t)

]]
, (9)

where pmin and pmax are the predetermined minimum and
maximum transmission power, respectively. The coordina-
tor Ci computes the next target utility value by using the
Kuramoto model as below:

Ui(t + 1) = Ui(t)+
N∑
j=1

Kij(t) sin(Uj(t)− Ui(t)) (10)

where N is the number of sensor nodes. Ci can obtain the
next target data rate by adjusting transmission power at the
time t + 1 based on the calculated utility value. pi(t + 1) can
be acquired based on (5) and (6), and can be expressed as
follows:

pi(t + 1) = max
[
pmin,min

[
pmax ,

pi(t).(2
ρ
B − 1)

γi(t)

]
(11)

where ρ = DReqi

(
1 + 1

b ln
(
−

1
c

(
ln
(
δ
(
Umax − Ui(t)

)))))
,

and δ = e−ce
−b
− e−c.

In the proposed algorithm (Algorithm 1), the initial value
of transmit power are uniformly random between pmin and
pmax . The required data rate is predetermined fixed value
(see Table 1). The outputs of the algorithm are the adjusted
transmit power p∗i , data rateD

∗
i , and utilityU

∗
i . The outputs of

the algorithm can be determined according to the threshold, ε.

TABLE 1. Application of sensors used in simulation.

When the difference between Ui(t + 1) and Ui(t) is smaller
than ε, then it means that Ui(t + 1) is the adjusted utility
U∗i . Hence, the adjusted transmit power and data rate are also
determined when the utility is adjusted.

Step 1 is the beginning of the main loop. The loop runs
repetitively for each node i until the criterion is met, that
is until all nodes achieve convergence with the condition
|Ui(t + 1) − Ui(t)| < ε. In step 3, Si sends packets to Ci for
processing. In the next step (step 4), Si computes the SINR at
time t γi(t) and Di(t) according to the received packets. Sub-
sequently, in step 5Ci calculates the utility value for Si at time
t , which is Ui(t). Then in step 6, Ui(t) is determined using
equation (6). In step 7, the case that the utility value Ui(t) is
greater than one means that the current data rate is greater
than the required value, Di(t) > DReqi . Hence, in step 8 the
coordinator Ci decreases the transmission power of Si such
that the current data rate Di(t) becomes equal to the required
data rate DReqi . By using the information of the SINR at time
t , the required power for converting Di(t) to DReqi can be
obtained from (9). However, if the utility value Ui(t) smaller
than 1, the transmit power pi(t) of sensor Si stays the same.
In the next step (step 12), Ci broadcasts its information to all
the users. Next, in step 13, Ci calculates the next target utility
Ui(t + 1) by using Kuramoto model. In step 14, the updated
utility is compared with the utility value at previous time to
see if the difference is larger or equal to a predefined threshold
ε. Then, in step 15, Ci calculates the next step transmission
power at time t + 1, pi(t + 1), which is updated according to
equation (11). In step 18, if the difference of Ui(t + 1) and
Ui(t) is smaller than ε, the transmission power remains the
same. The last step (step 22) is the end of the iteration loop.

Overall, there are eight main stages in the proposed algo-
rithm as can be seen in Fig. 3. To begin with, the initial
value (pi(t), γi(t),D

Req
i ,Ui(t), ε;) is set in the first stage. In

stage two, the transmission of packets is in process between
coordinator Ci and sensor node Si. Next, the coordinator Ci
compares the utility value Ui(t) whether it is greater than 1;
if so, the transmit power pi(t + 1) is adjusted to achieve
Ui(t) = 1; if not, the algorithm skips stage four and proceed to
stage five. In stage five, the coordinator Ci shares the utility
information of itself to neighboring node. In the following
stage,Ci updates the transmit power pi(t+1) so that its utility
value at time t + 1 Ui(t + 1) is tuned according (10). Next,
the stages two to six are repeated until the convergence crite-
ria (the difference between the utility values at time t and t+1
becomes less than threshold ε) is satisfied. If the condition is
met, the algorithm returns outputs, if not, the coordinator Ci
readjusts the transmit power and returns to stage two until the
condition in stage seven is met.
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FIGURE 3. Flow chart of the proposed algorithm.

IV. ANALYSIS ON CONVERGENCE
In this section, we derive the condition for the convergence
of the Kuramoto model with coupling strength coefficient
adjustment.
Theorem 1: Suppose there are N objects in the network

that updates their phases according to (2). When Kkj is ini-
tialized uniformly random in the interval

[
0, π2N

]
, the phase

oscillator θi(t) ∈ [0, π], α ∈ [−1, 1], and β = π (1−α)
4N , then

synchronization is achieved.
Proof: To prove Theorem 1, we construct a Lyapunov

function. Let ∇(t) be the differential of Lyapunov at time t ,
V (t) be the Lyapunov candidate at time t , and V (t + 1) be
the updated function of the Lyapunov candidate at time t+1.
It is known that 0 ≤ V (t) ≤ 1 for ∀t ∈ R+. It is noted
that V (t) = 1 for the synchronized states, and V (t) = 0 for
the de-synchronization states. When ∇(t) approaches zero at
time t , the system reaches convergence. We will prove that
the Lyapunov differential at time t is greater or equal to zero,
which can be described as follows:

∇(t) = V (t + 1)− V (t) ≥ 0. (12)

In the following, we will prove that when Lyapunov differen-
tial is greater than or equal to zero when α ∈ [−1, 1]. First,
the phase centroid is obtained by

R(t) =
1
N

N∑
k=1

∣∣∣∣cos θk (t)sin θk (t)

∣∣∣∣. (13)

We defined V (t) as the square of the magnitude of the phase
centroid, which is given by

V (t) = ‖R(t)‖2 =

∥∥∥∥∥ 1N
N∑
k=1

∣∣∣∣cos θk (t)sin θk (t)

∣∣∣∣
∥∥∥∥∥
2

. (14)

Then we have

∇(t) =
1
N

(( N∑
k=1

sin θk (t)
)2

+

( N∑
k=1

cos θk (t)
)2)

=
1
N 2

(
N + 2

N∑
k=1

∑
j=k+1

N cos
(
θk (t)− θj(t)

))
. (15)

Then we obtain

∇(t)=
2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t + 1)− θj(t + 1)

)
− cos

(
θk (t)− θj(t)

))
=

2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t + 1)− θj(t + 1)

)
− cos

(
θk (t + 1)− θj(t)

))
+

2
N 2

N∑
k=1

N∑
j=k+1(

cos
(
θk (t + 1)−θj(t)

)
−cos

(
θk (t)−θj(t)

))
. (16)

Here, we define
∇(t) = ∇1(t)+∇2(t), (17)

where

∇1(t) =
2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t + 1)− θj(t + 1)

)
− cos

(
θk (t + 1)− θj(t)

))
,

∇2(t) =
2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t + 1)− θj(t)

)
− cos

(
θk (t)− θj(t)

))
,

and θk (t) − θj(t) is the two-phase differences between node
j and k . When ∇1(t) and ∇2(t) are positive functions for all
time t , ∇(t) is also positive function.

1. Proof that ∇1(t) is positive function for all time t .
We have

∇1(t) =
2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t + 1)− θj(t + 1)

)
− cos

(
θk (t + 1)− θj(t)

)
(18)

=
2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t + 1)− θj(t + 1)

)
− cos

(
θk (t + 1)− θj(t)+ Fj(t)

)
. (19)

In this proof we study four cases, and by letting φ = θk (t)−
θj(t) and ρ = θk (t + 1)− θj(t + 1) we have:
Case 1, 0 ≤ ρ ≤ π and ρ ≤ ρ + Fj(t) ≤ π ,
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Case 2, −π ≤ ρ ≤ 0 and −π ≤ ρ + Fj(t) ≤ ρ,
Case 3, 0 ≤ φ ≤ π and 0 ≤ φ + Fk (t) ≤ φ,
Case 4, −π ≤ φ ≤ 0 and φ(t) ≤ φ + Fk (t) ≤ 0.
∇1(t) is positive for all time t when Case 1 and Case 2 are

satisfied. Considering Case 1, we have

0 ≤ θk (t + 1)− θj(t + 1) ≤ π, (20)

θk (t+1)−θj(t+1)≤θk (t+1)−θj(t+1)+Fj(t)≤π. (21)

From (20) & (21), we derive an inequality condition as

0 ≤ Fj(t) ≤ π − {θk (t + 1)− θj(t + 1)}

⇒ 0 ≤
N∑
k=1

Kjk (t) sin
(
θk (t)− θj(t)

)
≤ π

−{θk (t + 1)

− θj(t + 1)}

⇒ 0 ≤ E
[ N∑
k=1

Kjk (t) sin
(
θk (t)− θj(t)

)]
≤ π

−E[θk (t + 1)− θj(t + 1)].

Then for all {θk (t + 1)− θj(t + 1)} ∈ [0, π],

E
[
θk (t + 1)− θj(t + 1)

]
=
π

2
. (22)

We get

0 ≤ E
[ N∑
k=1

Kjk (t)
]
≤
π

2
. (23)

Considering Case 2, we have

−π ≤ θk (t + 1)− θj(t + 1) ≤ 0, (24)

−π ≤ θk (t + 1)− θj(t + 1)+ Fj(t) ≤ θk (t + 1)

− θj(t + 1). (25)

From (24) & (25), we derive an inequality condition as

−π − {θk (t + 1)− θj(t + 1)} ≤ Fj(t) ≤ 0

⇒ −π − {θk (t + 1)− θj(t + 1)} ≤
N∑
k=1

Kjk (t) sin
(
θk (t)

− θj(t)
)
≤ 0.

⇒ −π − E[θk (t + 1)− θj(t + 1)] ≤ E
[ N∑
k=1

Kjk (t)

sin(θk (t)− θj(t))
]
. (26)

Then for all {θk (t+1)−θj(t+1)} ∈ [−π, 0], we haveE
[
θk (t+

1)− θj(t + 1)
]
= −

π
2 . Then, we get

−
π

2
≤ −E

[ N∑
k=1

Kjk (t)
]
≤ 0

⇒ 0 ≤ E
[ N∑
k=1

Kjk (t)
]
≤
π

2
. (27)

2. Proof that ∇2(t) is positive function for all time t .
We have

∇2(t) =
2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t + 1)− θj(t)

)
− cos

(
θk (t)− θj(t)

))
=

2
N 2

N∑
k=1

N∑
j=k+1

(
cos

(
θk (t)− θj(t)+ Fk (t)

)
− cos

(
θk (t)− θj(t)

))
. (28)

∇2(t) is positive for all time t when the Case 3 and Case 4
are satisfied. Considering Case 3, we have

0 ≤ θk (t)− θj(t) ≤ π, (29)

0 ≤ θk (t)− θj(t)+ Fk (t) ≤ θk (t)− θj(t). (30)

From (29) & (30), we derive the inequality condition as

0 ≤ θk (t)− θj(t)+ Fk (t) ≤ θk (t)− θj(t)

⇒ −{θk (t)− θj(t)} ≤ Fk (t) ≤ 0

⇒ −{θk (t)− θj(t)} ≤
N∑
k=1

Kkj(t) sin
(
θj(t)− θk (t)

)
≤ 0

⇒ 0 ≤
N∑
j=1

Kkj(t) sin
(
θk (t)− θj(t)

)
≤ {θk (t)− θj(t)}.

For all {θk (t)− θj(t)} ∈ [0, π], we have

E
[
θk (t)− θj(t)

]
=
π

2
.

We get

0 ≤ E
[ N∑
j=1

Kkj(t) sin
(
θk (t)− θj(t)

)]
≤ E

[
θk (t)− θj(t)

]
⇒ 0 ≤ E

[ N∑
j

Kkj(t)
]
≤
π

2
. (31)

Considering Case 4, we have

−π ≤ θk (t)− θj(t) ≤ 0 (32)

θk (t)− θj(t) ≤ θk (t)− θj(t)+ Fk (t) ≤ 0. (33)

From (32) & (33), we derive the inequality condition as

θk (t)− θj(t) ≤ θk (t)− θj(t)+ Fk (t) ≤ 0

⇒ 0 ≤ Fk (t) ≤ −{θk (t)− θj(t)}

⇒ 0 ≤
N∑
j=1

sin
(
θj(t)− θk (t)

)
≤ −{θk (t)− θj(t)}

⇒ 0 ≤ −
N∑
j=1

Kkj(t) sin
(
θk (t)− θj(t)

)
≤ −{θk (t)θj(t)}.

(34)

For all {θk (t)− θj(t)} ∈ [−π, 0], then E
[
θk (t)− θj(t)

]
= −

π
2 .
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We get

0 ≤ −E
[ N∑
j=1

Kkj(t) sin
(
θk (t)− θj(t)

)]
≤ E

[
θk (t)− θj(t)

]
⇒ 0 ≤ E

[ N∑
j=1

Kkj(t)
]
≤
π

2
. (35)

From (23), (27), (31) & (35), ∇(t) ≥ 0 when the summation
of the coupling strength satisfies with condition as

0 ≤ E
[ N∑
j=1

Kkj(t)
]
≤
π

2
. (36)

From (3), we have

0 ≤ αE
[ N∑
j=1

Kkj(t − 1)
]

+βE
[ N∑
k=1

| sin
(
θk (t − 1)− θj(t − 1)|

)]
≤
π

2
.

⇒ ≤ αE
[ N∑
j=1

Kkj(t)
]
+ βN ≤

π

2
. (37)

Therefore, to guarantee that the condition in (37) is always
true, each element of the coupling strength Kkj must initialize
with uniform random in the interval

[
0, π2N

]
, and the phase

oscillator θi(t) ∈ [0, π]. As noticed in (23), (27), (31),
and (35), ∇1(t) and ∇2(t) are positive for all time, where α
lies in the range of [−1, 1], and β = π (1−α)

4N . According
to (16),∇(t) is also positive within the range of α and β, so the
updated function of Lyapunov candidate ∇(t + 1) is always
greater than∇(t) for all time. Hence, the Lyapunov candidate
∇(t) will converge to one at time t . In addition, the vector
elements of phase centroid will converge to one according
to (13), which ends the proof. �

V. PERFORMANCE EVALUATION
In this section, we evaluate the performance of the proposed
algorithm under various network environments. In this simu-
lation, we generate six WBANs, where each one can occupy
one sensor node. The sensor node is uniformly distributed
within each seat. The detail of the types of sensor used in this
simulation can be found in Table 1 We consider a hospital
waiting room for the simulation scenario. We choose the
network size as 20m× 20m, which is shown in Fig. 4. In the
simulation, the control parameter for the utility with b = 1
and c = 9 as in Fig. 2 are used. The details of the simulation
parameters are given in Table 2 [13].
For the path loss model, we adopt the IEEE P802.15

channel model for body area network [20], which is given
by

Gii = 6.6 log10 d + 36.1+ N0 (38)

where d is the distance between transmitter and receiver.
As shown in Fig. 5, the utility values of all sensor nodes

converge to the same value, indicating the QoS of each user is

FIGURE 4. WBANs within hospital environment.

TABLE 2. Simulation parameters.

FIGURE 5. Utility values of the proposed algorithm.

fairly adjusted among the neighboring WBANs. U1,U2,U3,

and U4 are the utility values of the sensor type 3, 2, 1, 4 as
shown in Table 2, and U5 and U6 are the utility values of the
sensor type 3 and 2 respectively. It is clear in Fig. 6, that the
power of all sensors reach convergence at around iteration 15.
This implies that the transmission powers are adjusted so that
only the required power is consumed by sensor nodes to reach
the required data rate. In Fig. 7, the data rate D1,D2,D3,

and D4 converge to the highest possible value of the required
data rate, according to the utility values. while the data rate
D5 and D6 coincide with D1 and D2, respectively, because
they are the same types of sensor. Since the utility value
converged to approximately 0.9 (utility value ranges from 0 to
1), the achieved data rate cannot be as high as the required
value in the Table 2.
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FIGURE 6. Transmit power of the proposed algorithm.

FIGURE 7. Data rate of the proposed algorithm.

FIGURE 8. Average utility values of the proposed algorithm, FTPC-U, and
Kuramoto with constant coupling strength.

We compare the performance of the proposed algo-
rithm with Kuramoto model with constant coupling strength
and Flocking-based transmission power control with utility
(FTPC-U) [25] using the same environment for fair compari-
son. In the Kuramoto model with constant coupling strength,
we set the coupling strength for the model to K = 1. Overall,
according to Figs. 8, 9, 10, it is noticeable that the proposed
algorithm performs significantly better than the Kuramoto
model with constant coupling strength and FTPC-U. In Fig. 8,

FIGURE 9. Average transmit power of the proposed algorithm, FTPC-U,
and Kuramoto with constant coupling strength.

FIGURE 10. Average data rate of the proposed algorithm, FTPC-U, and
Kuramoto with constant coupling strength.

the result shows that the average the QoS of each user under
the proposed algorithm is around 20 percent higher than those
of the Kuramoto model with constant coupling strength and
FTPC-U. The average utility value of the proposed algorithm
drops slightly as the number of node grows, but it still out-
matches the Kuramoto model with constant coupling strength
and FTPC-U. Additionally, the proposed algorithm uses less
power as in Fig. 9, while obtaining around 0.2 Mbps more
data rate than the Kuramoto model with constant coupling
strength and FTPC-U, as shown in Fig. 10. According to
Fig. 10, after the number of WBAN increases to about 20,
the proposed algorithm still acquires approximately 0.1Mbps
more data rate in average than both the comparison algo-
rithms.

In the following figure, we compare the convergence
performance of the proposed algorithm with the Kuramoto
model with constant coupling strength and FTPC-U. As illus-
trated by Fig. 11, the number of rounds required for the pro-
posed to reach convergence is below ten while the Kuramoto
model and FTPC-U need more rounds to achieve conver-
gence. The significant difference between the convergence
speed of the proposed and theKuramoto is due to the coupling
strength coefficient adjustment Kij(t) as mentioned in (3) was
applied to the proposed algorithm. As the number of bodies
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FIGURE 11. The average number of rounds required to reach a stable
equilibrium under the proposed algorithm, FTPC-U, and Kuramoto with
constant coupling strength.

increases, FTPC-U needs about eighty number of rounds, and
theKuramotomodel needs nearly twice as that of the FTPC-U
to obtain convergence, whereas the proposed requires approx-
imately the same number of rounds to acquire convergence
through out the number of bodies in the network.

VI. CONCLUSION
In this paper, a transmission power control scheme based
on Kuramoto model was introduced for WBAN environ-
ment, which provides QoS fairness and improved power effi-
ciency for users. In addition to the original Kuramoto model,
we use the Kuramoto model with coupling strength coeffi-
cient adjustment to enhance the synchronization speed.More-
over, we prove the range of convergence for the Kuramoto
model. The proposed method works with different types of
sensor within each WBANs. We use a utility function to
regulate and indicate the QoS of each user. The transmit
power is controlled in relation to the utility value, provid-
ing that the utility values are synchronized. The simula-
tion results demonstrate that the transmission power control
algorithm is QoS-effective, power efficient, and sufficient
for mitigating inter-network interference in dense network
environment.

In the future, we plan to carry out experiment regarding
the proposed algorithm on actual WBAN hardware test-bed
within practical environment which involves participants of
various age groups, sex, and medical applications. In addi-
tion, we have a plan to expand the proposed algorithm suit-
able for multi-hop environments, the key feature of which
would be avoiding hidden node problem.
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