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A pattern reconfigurable antenna array for 5.8 GHz 
wireless body area network (WBAN) applications is 
proposed in this paper. The antenna array consists of a 
radiation component and a controller component. The 
radiation component comprises four planar F-shaped 
antennas, which are located on the four corners of the 
upper layer and are rotated 90° anticlockwise from each 
other. The controller component is located in the lower 
layer and includes a four-port controllable network. An 
omnidirectional radiation pattern tangent to the human 
body surface and a directional radiation pattern nor‐
mal to the human body surface can be obtained by con‐
trolling the PIN diodes, which are integrated in this 
controllable network. Measurements of impedance 
bandwidth, radiation pattern, and gain are performed 
when the array is mounted on the human body or fore‐
arm phantom, and the results agree with the simula‐
tion. Specific absorption rate (SAR) values for both 
radiation modes, and beam switch ability are also simu‐
lated to ensure the practicability of this array.

1 Introduction 

WBAN has drawn growing attention from a wide 
variety of applications, such as wireless communica‐
tions, medical care, health monitoring, physical train‐
ing, and military applications (Lee et al., 2017; Wong 
et al., 2017; Ramaswamy and Gandhi, 2022). As the 
most critical component of WBAN devices, the antenna 
should be compact, easy to fabricate, robust to the influ‐
ence of the human body, have a minimal SAR, and 
be low in cost (Wang MJ et al., 2018; Gökdemir et al., 
2022). Even if all these requirements are met, when 
the antenna is mounted above the dynamic human 
body, the environment becomes so complex that it is 
difficult to guarantee low power and secure wireless 
communication (Cihangir et al., 2018; Yaghoubi et al., 
2022).

For WBAN devices, when creeping waves that 
propagate around the body surface (such as on-body 
communications between wearable devices) are the 
main component of all received waves, an antenna with 
an omnidirectional or monopole-like radiation pattern is 
suitable. When waves normal to the body surface (such 
as off-body communications between the communi‐
cation node and the wearable device) are dominant, an 
antenna with a directional or patch-antenna-like radia‐
tion pattern is preferred (Alves et al., 2011; Shan and 
Yan, 2020). Antennas with pattern diversity, especially 
antennas that can switch between omnidirectional 
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and directional radiation patterns, can adapt to differ‐

ent application scenarios, and have gained a lot of in‐

terest (Kim et al., 2012; Lin et al., 2017; Wang Y et al., 

2017).

Scholars worldwide have conducted extensive 

research around WBAN antennas with radiation pat‐

tern diversity (Kim et al., 2012; Yan and Vandenbosch, 

2016a; Lin et al., 2017). In Kim et al. (2012), by chang‐

ing the state of two PIN diodes, the power divider 

provides in-phase and out-of-phase excitation to two 

branched radiators. Normal and side-direction radia‐

tion patterns are realized accordingly. A three-port-fed 

antenna with tripolarization diversity for wearable com‐

munications was proposed in Yao et al. (2012) and 

Yan and Vandenbosch (2016b). The omnidirectional 

radiation pattern is generated when an inductively 

loaded patch antenna is fed in the center, while orthog‐

onal broadside patterns are obtained when a microstrip 

annular ring antenna is excited by the other two ports 

separately. In Yan and Vandenbosch (2016a), by recon‐

figuring the dispersion curve of the inductor-loaded 

transmission line, the antenna can be switched between 

the +1 mode or the 0th-order mode, and an omnidirec‐

tional or broadside radiation pattern can be achieved, 

respectively. In Tong et al. (2018), the states of the 

PIN diodes determine whether the circular patch is 

connected to the ground, and two working modes are 

realized accordingly.

This paper describes a four-element antenna array 

with pattern-diversity performance, designed for 5.8 GHz 

industrial scientific medical (ISM) band WBAN opera‐

tions. By changing the working states of the PIN diodes 

located in the controllable network, two types of radi‐

ation patterns can be realized: omnidirectional radiation, 

which is tangent to the human body surface, and direc‐

tional radiation, which is normal to the human body 

surface. Next, the power transmission efficiency method 

for designing the directional mode is further extended 

to achieve beam switch ability performance. This paper 

covers the parameter study of the antenna element and 

the working principle of the pattern reconfigurable 

array. Simulation and measurement results and further 

development of the antenna array-like switchable pat‐

tern properties are also presented.

2 Pattern reconfigurable antenna array design 

2.1 Four-element antenna array structure

Fig. 1 shows the geometry of the proposed antenna 
array. The antenna array consists of a radiation com‐
ponent and a controller component, which are located 
in different layers of an FR4 double-layered substrate 
with relative permittivity εr=4.4, loss tangent tan δ=
0.02, and dimensions 30 mm×30 mm×3 mm (layer 1: 
2 mm; layer 2: 1 mm). The radiation component in‐
cludes four planar F-shaped antennas, which are lo‐
cated on the top of the upper layer and are rotated 
90° anticlockwise in turn. The controller component 
consists of a controllable network with four ports and 
is located on the bottom of the lower layer. The con‐
trollable network includes power dividers, PIN diodes, 
and phase shifters. The four output ports from the con‐
trollable network are connected to the antenna elements 
through four vias. As shown in Fig. 1c, seven PIN 
diodes (SMPA1320-079LF_Skyworks) integrated with 
the transmission lines are divided into two groups 
(blue: PIN A; red: PIN B). For ports 2 and 3, the feed‐
ing phase is fixed, but for ports 1 and 4, the feeding 
phase is controllable by controlling the working states 
of the diodes. The on-resistance and off-capacitance 
of the PIN diodes are 1 Ω and 0.3 pF, respectively. The 
center copper sheet acts as the common ground as 
shown in Fig. 1c, and can isolate the coupling between 
the antenna elements and the controllable network.
Hence, it is of great benefit to design and optimize this 
radiation antenna array.

2.2 Antenna element design

Near the feed point, a short stub (microstrip line 
in Fig. 1b) is set as a matching circuit. We use High 
Frequency Structure Simulator (HFSS) (Ansys Version 15) 
to optimize the parameters for the antenna element. 
The optimized parameters are as follows: a=4 mm, b=
8 mm, c=9.5 mm, d=4 mm, e=2.5 mm, and f =2 mm. 
The total length of the current path for the antenna to 
resonate at 5.8 GHz is 30 mm, which is about one 
wavelength at 5.8 GHz.

The wavelength (λ) can be determined by

λ =
c

εeff f
, (1)
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where c is the velocity of light, εeff =
εr + 1

2
, and f =

5.8 GHz.

2.3 Omnidirectional radiation array design

As shown in Fig. 2, the surface currents distributed 
on single-antenna elements contain two orthogonal 
components, and the expression of the currents can 
be assumed as

I1 = If ( x ) , (2)

I2 = jIf ( y ) , (3)

where f(x) or f(y) is the current distribution of a half-
wave antenna, I is the amplitude of the current, and j 
means that the current phase difference in the X and 
Y directions is 90°. So, the total electric field of the 
antenna element can be written as

E t (ϕ ) = KI é
ë
êêêêDx (ϕ ) + Dx( )π

2
− ϕ ù

û
úúúú . (4)

For the antenna element, the length of the surface 
currents in the X and Y directions are nearly λ/2, and 
for the half-wave antenna, we have

Dx(ϕ) =
cos ( )π

2
cos ϕ

sin ϕ
. (5)

Therefore, the total electric field of the antenna 
element can be written as

E t( )ϕ =KI
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úcos ( )π
2

cos ϕ

sin ϕ
+

cos ( )π
2

sin ϕ

cos ϕ
. (6)

According to Eq. (6), the E-field of a single ele‐
ment acts as a circle in the XY-plane (omnidirectional). 
So if the four antennas are fed with the same ampli‐
tude and phase, the synthetic total field can still achieve 
omnidirectional radiation characteristics.

Fig. 1  Geometry of the proposed array: (a) overall view; 
(b) antenna elements, top view; (c) controllable network, 
bottom and side views (References to color refer to the online 
version of this figure)

Fig. 2  Surface current distribution on the antenna array 
for omnidirectional radiation mode (References to color 
refer to the online version of this figure)
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When +1.8 V direct current (DC) voltage is applied 
to point_a and point_b through bias circuits, diodes of 
PIN A are on and diodes of PIN B are off, the amplitude 
and phase of the input power for the four ports are the 
same, the array can achieve horizontal omnidirectional 
radiation parallel to the human body (XY-plane), and 
can effectively receive creeping waves that propagate 
along the human body surface. Surface current distri‐
bution can be used to further analyze the working mech‐
anism of the array. In Fig. 2, J1 represents the total 
vector sum of the leftward and downward surface cur‐
rents that distribute on ant 1, J2 represents the total 
vector sum of the rightward and downward surface 
currents that distribute on ant 2, J3 represents the total 
vector sum of the rightward and upward surface cur‐
rents that distribute on ant 3, and J4 represents the total 
vector sum of the leftward and upward surface cur‐
rents that distribute on ant 4. The four total vector 
sum currents form a loop current. This is similar to the 
performance of a magnetic dipole, which radiates omni‐
directionally in the XY-plane.

2.4 Directional radiation array design

To realize directional radiation, we first establish 
a wireless transmission system using the power trans‐
mission efficiency method (Jiang et al., 2016). The 
system is depicted in Fig. 3; the aforementioned four-
element array is used as the transmitting antenna, and 
a dipole (resonant at 5.8 GHz) is introduced as a receiv‐
ing antenna. The dipole is placed in the far field of the 
transmitting antenna in a specified direction. In this 
case, the antenna array is designed to radiate normally 
to human body surfaces, which is suitable for receiving 
off-body communication signal waves, or waves that are 
scattered by the ground, the walls, and so on. There‐
fore, during simulation, the dipole is placed in the +Z 
direction, 300 mm away from the transmitting antenna.

The whole transmission system can be treated as 
a (4+1) -port network, and can be described by the 
scattering matrix as Eq. (7):

é
ë
êêêê ù

û
úúúúb t

br

= é
ë
êêêê ù

û
úúúús tt s tr

srt srr

é
ë
êêêê ù

û
úúúúa t

ar

. (7)

The subscripts t and r represent the transmitting 
antenna array and the receiving antenna (dipole), respec‐
tively. The normalized incident and reflected waves in 
the above formula can be expressed as

ì
í
î

ïï

ïïïï

a t = [ ]a1, a2, a3, a4

T
, ar = [ ]a5 ,

b t = [ ]b1, b2, b3, b4

T
, br = [ ]b5 .

(8)

The ratio of the power received by the receiving 
antenna to the power input to the transmitting antenna 
array is defined as the power transmission efficiency T, 
which can be expressed by

T =

1
2 ( )|| br

2 − || ar

2

1
2 ( )|| a t

2 − || b t

2
 . (9)

Because the test antenna is well matched at 
5.8 GHz, we have ar=0. When the power transmission 
efficiency T reaches the maximum, according to Jiang 
et al. (2016) and Eqs. (7) and (9), T can be obtained by

Aa t = TBa t, (10)

where A and B are two matrices defined by

ì
í
î

A = S T
tr S rt,

B = 1 − S T
tt S tt.

(11)

Because at 5.8 GHz, the dipole and the transmit‐
ting antenna array are well matched, Eq. (10) can be 
further simplified to Eq. (12):

Aa t = Ta t. (12)

Through the HFSS simulation software, the S 
parameters for the transmitting antenna array and the 
receiving antenna can be obtained, and then substituted 
into Eq. (8). By solving Eq. (8), we can obtain the 
maximum transmission efficiency, Tmax, as the largest 
eigenvalue (because there is only one test antenna, 

Fig. 3  Power transmission between the four-element transmit‐
ting antenna array and the receiving antenna (dipole)
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Eq. (12) has only one positive eigenvalue, while the rest 
are zero because the rank of A is unit). Meanwhile, 
the eigenvector a t corresponding to the largest eigen‐
value stands for the optimal excitation for each port of 
the transmitting antenna array. This method involves 
only port information, which can be obtained in the 
simulations and measurements. The complex environ‐
ment and the coupling between antennas have been 
taken into consideration, which makes the method 
for obtaining the desired pattern of a wearable anten‐
na array simple and effective.

During the simulations, when the amplitude and 
phase of the input power for the feed are set as 1 and 0°, 
respectively, to achieve a directional radiation pat‐
tern, the calculated amplitudes for the four ports are 
0.49, 0.51, 0.50, and 0.50, while the phases are 
179.3°, −2.5°, 0°, and 178.1°. For simplicity, the four 
ports are designed to be fed with the same amplitude, 
and the phases for the four ports are adjusted to 180°, 
0°, 0°, and 180°.

3 Antenna array measurements and further 

performance 

3.1 Antenna measurements

The fabricated prototype of the antenna is shown 
in Fig. 4. We use a ZNB 20 GHz two-port vector net‐
work analyzer to measure the S parameters of the array 
in free space and on an arm. When +1.8 V DC voltage 
is put on point_a (the black wire weld spot in Fig. 4b) 
and point_b (the red wire weld spot in Fig. 4b) through 
bias circuits, the omnidirectional model can be mea‐
sured, and when −1.8 V DC voltage is put on point_a 
(the black wire weld spot in Fig. 4b) and point_b (the red 
wire weld spot in Fig. 4b), diodes of PIN A are off and 
diodes of PIN B are on, and the directional mode can 
be measured. As depicted in Fig. 5, for both radiation 
modes, the measured resonance frequencies not attached 
to the human body shift slightly from the simulation 
results, which is caused mainly by the fabrication error 
and the difference among realistic dielectric material, 
PIN diodes, and the simulation models. When the array 
is mounted on the human body, for both modes, the 
resonance frequencies shift to a higher frequency. How‐
ever, for all cases, the measured bandwidth can cover 
the targeted 5.8 GHz ISM band (5.725–5.875 GHz).

Fig. 4  Fabricated prototype of the array: (a) top view; 
(b) bottom view (References to color refer to the online version 
of this figure)

Fig. 5  Simulation and measurement S parameters: 
(a) omnidirectional mode (OM); (b) directional mode (DM)
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The radiation pattern is measured when the antenna 
array is mounted on a forearm phantom (Speag model 
SHO3TO6-LFPV2). The phantom has a frequency 
range from 3 to 6 GHz. For omnidirectional mode, 
as shown in Figs. 6b‒6d, the simulation and measure‐
ment results agree well, and omnidirectional radiation 
characteristics can be observed in the XY-plane. When 
the array is mounted on the forearm phantom, the 
gain is slightly reduced mainly due to the high loss of 

human tissue. For directional mode, the radiation pat‐
terns in the XZ- and YZ-plane are plotted in Figs. 6e 
and 6f, respectively. We can see that the array radiates 
mainly to the +Z axis direction, which is normal to 
human surfaces. Non-null radiation around broadside 
is obtained. From Figs. 6g and 6h, we can see that 
compared with the directional mode, the lobe of the 
forward radiation pattern is wider in the omnidirec‐
tional mode. For omnidirectional mode, based on our 

Fig. 6  Radiation patterns for two modes of the array: (a) measurements of the antenna array on the forearm phantom; 
(b) XY-plane for omnidirectional mode; (c) XZ-plane for omnidirectional mode; (d) YZ-plane for omnidirectional mode; 
(e) XZ-plane for directional mode; (f) YZ-plane for directional mode; (g) comparison between simulated XZ-plane for two 
modes; (h) comparison between simulated YZ-plane for two modes
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design, after setting multiple receiving (test) antennas, 
the radiation pattern stretches in the four directions 
in the XY-plane.

In the 5.8 GHz ISM band, the measured gain 
with the forearm phantom varies from 1.7 to 2.1 dBi 
for the omnidirectional mode, and varies from 2.33 
to 3.45 dBi for the directional mode. For both modes, 
the antenna array has the highest gain near the reso‐
nance point of 5.8 GHz. Simulated efficiencies in free 
space are 72% and 81% for the omnidirectional and 
directional modes, respectively, whereas measured val‐
ues for the omnidirectional and directional modes re‐
duced to 63% and 70% in the presence of the phantom.

3.2 Specific absorption rate evaluation

To ensure the safety of the antenna array when it 
is mounted on the human body, the SAR level should 
be analyzed. According to the Federal Communica‐
tions Commission (FCC) guidelines, the SAR must 
be <1.6 W/kg averaged >1 g of human tissue (Lin 
et al., 2017). In this study, the SAR values of the array 
are also simulated via HFSS. Skin, fat, and muscle 
layers used in the three-layer human tissue model  
(Fig. 7) are 1, 2, and 10 mm, respectively. Their rela‐
tive permittivities and conductivities are listed in Ta‐
ble 1. The antenna array is placed 5 mm above the 
human tissue model, and the input power to the array 
is 500 mW. For the directional model, the maximum 
SAR is 0.75 W/kg for averaged >1 g of body tissue 
at 5.8 GHz in the fat layer, which is higher than the 

maximum SAR values in the skin layer (0.23 W/kg) 
and muscle layer (0.03 W/kg). For the omnidirectional 
model, the SAR values in three layers are slightly higher, 
but they can all satisfy the FCC criterion.

3.3 Beam switchable function realization

Recent studies have shown that arrays with beam 
switching capabilities are in demand for WBAN appli‐
cations. Similar to directional radiation pattern design, 
based on a power transmission efficiency method, we 
can realize the beam switchable function by replacing 
the feed network with power dividers and phase shift‐
ers. Taking the beam switching angles of ±45° as an 
example, as depicted in Fig. 8, test ant 1 is for the direc‐
tional mode, while test ant 2 and test ant 3 are for 
−45° and +45°, respectively. Together with the antenna 
array and calculate the (4+1) -port network for test 
ant 2 and test ant 3. Using Eqs. (7) – (12), we can 
obtain the amplitude and phase information of the 
4-port feed required in Table 2.

When the amplitude and phase of the input power 

for the feed are set at 1 and 0°, to achieve a +45° 

beam switching angle, the calculated amplitudes for 

the four ports are 0.48, 0.53, 0.28, and 0.65, while the 

phases are −66.8°, 47.8°, −140°, and 0°. Meanwhile, 

to obtain −45° beam switching angle, the calculated 

amplitudes for the four ports are 0.28, 0.65, 0.48, and 

0.53, while the phases are −140°, 0°, − 66.8°, and 

47.8°.

By bringing the above port amplitude and phase 

information into HFSS for simulation, we can obtain 

the beam switchable function (Fig. 9). We can see that 

the radiation pattern of the array switches to the aimed 

angle, while the front-to-back ratios are at a similar 

level. Because all the port information can be calcu‐

lated in advance, we can ensure that even without the 

Table 1  Dielectric properties of various human tissues at 
an operation frequency of 5.8 GHz

Tissue 
type

Skin

Fat

Muscle

Relative 
permittivity

35.114

4.955

48.485

Loss 
tangent

0.328

0.183

0.317

Bulk conductivity 
(S/m)

3.717

0.293

4.961

Fig. 7  Simulated 1 g averaged SAR distributions with a 
three-layer tissue model

Fig. 8  Antenna system setting for beam switchable function

1363



Yang et al. / Front Inform Technol Electron Eng   2023 24(9):1357-1365

fixed microstrip feed network, omnidirectional and 
directional patterns can still be realized. According to 
our design, when the test antenna is relocated, the beam 
can be shifted in the aimed direction. Because there are 
only four antenna elements and the antenna element 
beam is not narrow, the effective beam steering range 
is about −60° to 60°.

4 Conclusions 

A four-element antenna array with pattern diver‐
sity for 5.8 GHz wearable applications is proposed in 
this paper. By changing the working states of the PIN 
diodes, the array can switch between two radiation 
patterns: the omnidirectional radiation pattern in the 
plane tangent to the body surface, which is suitable 
for on-body communication applications, and a radia‐
tion pattern normal to the body surface, which is appro‐
priate for off-body communication applications. When 
the array is attached to the human body or arm phan‐
tom, the measurement results such as impedance 
bandwidth and radiation patterns agree with the simu‐
lation results and can satisfy the design goal. More‐
over, the simulated SAR values for both modes are 

below the FCC’s standard threshold. Also, the meth‐
ods used to design the directional mode can be simply 
extended to realize beam switchable functionality. By 
calculating the S parameters of the system composed 
of the virtual test antenna at the target position and 
replacing the feed network with feeding circuits in‐
cluding power dividers and phase shifters, the 
beam can be easily switched to the target angle.
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