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Abstract—This study presented an implementation of weighted-
polarization multiple-input–multiple-output (MIMO) antenna for
wireless body area networks at 2.45 GHz. The weight function
determined by considering the variation in the cross-polarization
power ratio (XPR) and the antenna tilt angle was realized by a
two-way power divider (PD), where tunable power ratio range of
proposed PD could not only cross the boundary of equal power
ratio (k2 = 1), but also maintain a wide tunable range at the same
time. The patch array antenna fed by the proposed PD consists
of microstrip lines, capacitors, resistors, and varactor diodes can
overcome the polarization mismatch in dynamic off-body channel
due to the variation in radio-propagation environment and human
movement by adjusting the bias voltages. The experiment of 2 × 2
MIMO channel capacity was conducted using a three-dimensional
spatial fading emulator. The measured and simulated results are in
good agreement. Under the considered condition of arm-swinging
angle and the XPR, the tunable power ratio range of proposed PD
can be realized from −1.25 dB to 20 dB; therefore, it is suitable for
radio-frequency control antenna to obtaining high data transmis-
sion in future wearable MIMO applications.

Index Terms—Body area network, channel capacity, cross-
polarization power ratio (XPR), multiple-input–multiple-output
(MIMO), off-body channel, over-the-air testing, power divider.

I. INTRODUCTION

THE increasing demand of medical-healthcare devices has
accelerated the development of wireless body area net-

works (BANs) [1], [2]. BAN systems are generally comprised
of body-worn and implantable sensor devices that operate in
the immediate vicinity or inside of the human body using
radio-frequency (RF) technologies. Based on different opera-
tional bandwidths, wireless communications systems in BAN
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radios can be classified into narrowband [3] and wideband
[4], respectively. In narrowband system, the frequency operated
at industrial, scientific and medical band, such as 400 MHz,
900 MHz, and 2.45 GHz bands. They are usually employed
for lower bit rate transmission in medical wireless system
[5]−[7], such as electroencephalogram (EEG), electrocardio-
gram (ECG), and endoscopic images. On the other hand, the use
of millimeter wave frequencies in wearable applications has also
been paid great attention [8], the bio-medical information can be
detected and delivered from these wearable devices to external
terminals and cellular base stations for health management in
general life environment.

Based on this off-body communication scenario with the
main purpose of portable medical devices, there are two main
technical subjects in BAN radios. The first issue is the dynamic
channel variation caused by human motion [9]. Especially for
watch-type or pedometer-type terminals that mounted on the
limbs or joints of human body, the polarization properties of
wearable antennas will be readily changed due to human walking
motion [10], [11]. The other important issue is the radio-wave
propagation environment in medical-healthcare use scenarios
[12]. Unlike cellular system, medical devices such as vital
sensors are generally used in hospital building and sickroom,
where the distance between local base station and wearable ter-
minals is relatively small. Thus, cross-polarization power ratio
(XPR) may vary significantly where line-of-sight (LOS) and
non-LOS (NLOS) channels are alternately generated. Moreover,
multipath radio components due to the reflections and diffrac-
tions from surrounding furniture and walls may occur, which
eventually results in fast fading phenomenon when human body
moves in a distance [13], [14]. Therefore, the development of
high-speed communication wearable antennas with the function
of overcoming polarization mismatch and multipath fading is
imperative.

An 8 × 8 weighted-polarization wearable multiple-input–
multiple-output (MIMO) antenna for BAN dynamic channel at
2 GHz has been reported in [15]. By using three-orthogonally ar-
ranged dipoles [16] or three-axis antenna with disk-loaded patch
configuration [17], the effectiveness of derived weigh function
for power ratio control of cross-polarization components has
been confirmed. However, the weight circuit in the preliminary
experiment was realized by adjusting external phase shifters and
attenuators. The structure of weight circuit part is heavy and
inconvenient, and it can only achieve a limited combination of
weight functions.

Therefore, power divider (PD) with tunable power ratio is a
potential solution for weight circuit realization. Several unequal
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Fig. 1. Concept of weighted-polarization RF control antenna for off-body
wireless communication.

PDs [18]−[21] have been introduced with tunable power ratio
k2. However, k2 = 1 is a clear boundary, where the range of k2

must be larger than 1 or smaller than 1. So far as we know, no
unequal PD has been reported to cross this boundary. Although
quasi-lumped quadrature coupler with two varactor diodes can
be used for changing power ratio, its phase difference is naturally
shifted from 0° to −55°. To sum up, no tunable PD has been
developed for weight circuit application to achieve the following
performances: first, cross the power ratio boundary of k2 = 1;
and second, controllable 90° phase difference.

In this letter, two-way PD with wide tunable power ratio range
is newly presented to achieve weight function combinations for
BAN off-body radios at 2.45 GHz. The theoretical power ratio
range of proposed PD could not only cross the boundary of
k2 = 1, but also reach to −10 dB < k2 < 20 dB, therefore,
such kind of tunable PD has not been reported in any former
works. Based on a statistical analysis of arm-swinging behavior
in a human walking motion [11], the range of −20° < α
< 50° is utilized in this study, where α is antenna tilt angle.
By adjusting the bias voltages of varactors, the tunable power
ratio range can be realized from −1.25 to 20 dB. Therefore, the
weighted-polarization antenna can overcome the polarization
mismatch in dynamic BAN channel due to the variation in
XPR and antenna tilt angle. The over-the-air (OTA) testing of 2
× 2 MIMO channel capacity confirmed the validity of proposed
PD for obtaining high and stable data transmission in future
wearable MIMO applications.

II. PRINCIPLE OF WEIGHTED-POLARIZATION AND ITS

REALIZATION

A. Weighted-Polarization RF Control

Fig. 1 shows the original concept of deriving weigh function
for dynamic off-body channels [16]. Two orthogonally arranged
antenna elements (Az and Ax) are controlled by weight function
for realization of different power ratios, which takes the XPR
and antenna tilt angle α as key parameters. The signal received
at the output port is expressed as follows:

a =
WV

′√
WV

′2 +WH
′2
sV +

WH
′√

WV
′2 +WH

′2
sHejΔφ (1)

where WV
′ = WV |cosα|+WH |sinα|, WH

′ = WV |sinα|+
WH |cosα|, sV and sH denote the received signals of Az and
Ax, respectively.

A phase term of Δφ= π/2 is added to eliminate the enhance-
ment and cancellation of vertical and horizontal polarization
components when the antenna is tilted by arm movement. The
weight functions (WV, WH) at each antenna branch can be
calculated by the allotment of the signal according to the XPR,

Fig. 2. Topology of proposed PD.

as given by

WV =
√

XPR/(1 +XPR) and WH =
√

1/(1 +XPR).
(2)

In order to obtain the optimum received signal at any antenna
inclination angle, the dominant incoming wave polarization can
be determined by using (1) and (2), where, the derivation method
of (1) has been described in [16] in details.

B. Realization of Weight Circuit by Proposed PD

Fig. 2 shows the topology of proposed PD which consists of
six similar segments. Because power ratio between ports 2 and 3
is k2:1, we have k = WV

′/WH
′. For each segment, there is one

varactor with capacitance CN and single transmission line with
characteristic impedance ZN and electrical length βl, where N
= 1, 2, 3, 4, 5, 6.

From single segment, we have[
AN BN

CN DN

]
=

[
cos (βl) jZN sin (βl)

j sin (βl)/ZN cos (βl)

] [
1 1/jHN

0 1

]

(3)
where HN = 1/ω0CN.

The upper and lower paths of proposed PD can be summarized
as follows:[

AUp BUp

CUp DUp

]
=

[
A1 B1

C1 D1

] [
A2 B2

C2 D2

] [
A3 B3

C3 D3

] [
A4 B4

C4 D4

]

(4a)[
ALow BLow

CLow DLow

]
=

[
A5 B5

C5 D5

] [
A6 B6

C6 D6

]
(4b)

Then, Z matrix of proposed PD can be calculated by (5) shown
at the bottom of the next page.

Because S-parameter can be derived from

S = (Z + E)−1 (Z − E) (6)

where E is 3 × 3 identity matrix.
In order to realize the desired weight function, the following

equations must be maintained.

S11 = 0, k2|S12|2=|S13|2 and ∠S12 − ∠S13 = ±90
◦
.
(7)

After complicated arithmetical operation, the relationship
between six characteristic impedances and six capacitances of
varactors can be finally determined. In other words, when C4

and C5 are given, other four capacitances can be calculated by
the following equations:

C1=1/H1ω0 , C2=1/H2 ω0, C3=1/H3 ω0 and C6=1/H6 ω0

(8)
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Fig. 3. Tunable power ratio range of proposed PD.

where

H6 =

√
k2Z2

6 − k2Z2
5 + Z2

6

kZ5

, H2 =
kZ2Z3Z5 (H4H6 + 1)

Z1Z4Z6

(9a)

H3=
Z4 (Z1Z3Z6 + kZ2Z4Z5H6)

kZ2Z5 (H4H6 + 1)
,H4=1/ω0C4, H5=1/ω0C5

(9b)

H1 =
Z2

2

H2

− H5Z
2
1

Z2
5

+
H6Z

2
1k

2

(1 + k2)
+

(H6 −H4)Z1Z2Z3Z5k

H2Z4Z6 (1 + k2)
. (9c)

In order to achieve a wide tunable power ratio range, a set of
values of six characteristic impedances (Z1, Z2, Z3, Z4, Z5, and
Z6) are finally selected, which are 90 Ω, 50 Ω, 50 Ω, 80 Ω, 85 Ω,
and 100 Ω respectively. Power ratio range vs. capacitances of
varactors is shown in Fig. 3. When the capacitances range of the
six varactors (SMV2019-040LF) is from Cmin (0.30 pF) to Cmax

(2.22 pF), obviously, the power ratio k2 can be achieved from
−10 to 20 dB theoretically. Comparing with the former works
[18]−[22], the tunable power ratio range of proposed work could
not only cross the boundary of k2 = 1, but also maintain a wide
tunable range at the same time. Considering the variation range
of α and XPR, the power ratio range of weight circuit should be
limited from −1.25 to 20 dB.

Based on the discussion above, a two-way tunable PD is newly
designed for weight-polarization antenna application. Fig. 4(a)
shows photograph of 2 × 2 weight-polarization MIMO antenna,
which is fabricated on a Rogers RT/5880 substrate. Each antenna
is comprised of the proposed two-way tunable PD and a rect-
angular patch element. The layout of tunable PD with a patch
antenna is shown in Fig. 4(b). All the physical sizes and substrate
information are labeled in details. In addition, Fig. 4(b) also
shows the three-dimensional (3-D) view of weight-polarization
antenna created by HFSS software. The position and circuit
model with all variable diode (C1 - C6) in the HFSS simulation
are marked.

The antenna impedance was measured by a Keysight Tech-
nologies 8753ES vector network analyzer. For the reflection
coefficient (S11, S22) of the proposed antenna, both the measured
and simulated results are lower than−28.6 dB at 2.45 GHz when
α = 0 and XPR = 20 dB. In the tunable power ratio range for

Fig. 4. 2 × 2 weight-polarization MIMO antenna. (a) Photograph. (b) Layout
and its HFSS 3-D view of a single element of proposed MIMO antenna with
details of PD part.

Fig. 5. Radiation patterns at xy-plane in different antenna tilt angle α consid-
ering a radio wave environment of XPR = 20 dB. (a) Horizontally polarized
patch antenna. (b) Weight-polarization patch antenna.

Fig. 6. 3-D spatial fading emulator for a 2 × 2 MIMO channel capacity
experiment when the XPR is set to 20 dB.

Z =
1

(ALowCUp +AUpCLow)

⎡
⎣AUpALow ALow AUp

ALow (ALowDUp +BUpCLow) 1
AUp 1 (AUpDLow +BLowCUp)

⎤
⎦ . (5)
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Fig. 7. Measurement and simulation results of 2 × 2 MIMO channel capacity
and spatial fading correlation coefficient ρe as a function of antenna tilt angles
α when XPR = 20 dB.

realizing the desired weight functions, the reflection coefficients
of proposed antenna cannot exceed −15.7 dB. Through the
experimental verification of the power divider part, the tunable
power ratio range can be realized from 17.6 dB (α = 0°) to
−11.9 dB (α= 80°). The abovementioned facts indicate that the
combined structure of the two-way PD and the patch antenna is
well designed.

III. ANTENNA EVALUATION

To validate the proposed design of PD, the performance of
fabricated weighted-polarization MIMO antenna in Fig. 4(a)
was evaluated. For comparison with the proposed antenna, a
2-element MIMO antenna comprised of similar dimension of
patch element fed by horizontal polarization wave was used.

A. Radiation Pattern

Fig. 5 shows the measured and simulated results radiation
patterns for one of the MIMO antenna elements at xy-plane. The
measured radiation performance was obtained in a microwave
anechoic chamber at Tsinghua University. Fig. 5(a) and (b) indi-
cates the results of weighted-polarization patch and horizontally
polarized patch antenna, respectively. The cases for the antenna
tilt angle α at 0°, 20°, and 50° were investigated. The XPR of 20
dB was considered for validating the proposed antenna, indicat-
ing a radio-propagation environment dominated by vertically
polarized incident waves. In Fig. 5(a), when the horizontally
polarized patch antennas were used, a strong Eφ component
is observed. This is obviously undesirable in a θ-polarized
radio-propagation environment, i.e., XPR = 20 dB. On the other
hand, when the proposed weighted-polarization antenna is used,
as shown in Fig. 5(b), a large Eθ component in each antenna
tilt angle is realized and maintained by the adjusting appropriate
weight functions using the proposed two-way PD. The measured
radiation patterns are in good agreement with the simulated
results by HFSS software, indicating that the performance of
proposed antenna is kept in good condition according to the
XPR and antenna tilt angle α.

B. 2 × 2 MIMO Channel Capacity

Fig. 6 illustrates a MIMO-OTA apparatus for channel capacity
measurement at Toyama University. The device of test (DUT)
antenna was located at the center of a 3-D spatial fading emulator
with a cylindrical configuration. The 14 × 3 scatterers probes
composed of cross-polarized spertopf dipole antennas were used

to emulate the desired XPR and angular power distribution of the
incident wave of uniform in azimuth and Gaussian in elevation.
In the experiment, both the average incident angle and angular
spread in elevation were set to 20°. The XPR and signal-to-noise
ratio (SNR) was set to 20 dB and 30 dB, respectively. The system
calibration of power loss due to the incident wave and XPR
control unit was conducted [23].

Fig. 7 shows the measured and simulated results of 2 × 2
MIMO channel capacity and spatial correlation coefficient [24]
as a function of antenna tilt angles α. The simulated results were
calculated by the Monte Carlo simulation based on a 3-D channel
model [25].

As can be seen in Fig. 7, when the proposed antenna with
appropriate weight functions is used, a high and stable channel
capacity is achieved regardless of the antenna tilt angle α. On
the other hand, when the horizontally polarized patch antenna
is used, significant degradations can be observed due to the
absence of the receiving ability for the θ-polarized components.
As the angle increases up to 50°, due to the reversal of antenna
polarization, the original horizontally polarized antenna will
become more capable of receiving θ-component of incident
wave power, resulting in a higher channel capacity compared
with the proposed antenna. The above results demonstrate that
the weight functions controlled by the two-way tunable PD work
well in different conditions of α. On the one hand, from −20°
to 40°, the maximum difference of MIMO channel capacity
compared with horizontally polarized patch is 2.9 bits/s/Hz.
Based on Shannon’s Theorem, it implies that the proposed
2× 2 MIMO antenna can achieve up to 4.4 dB of total RF power
improvement compared with that of the horizontally polarized
patch antenna, which can eventually overcome the combined
polarization mismatch caused by variation of human dynamic
motion in this angular region and the XPR. In addition, when
α = 50°, a small deviation of measured channel capacity be-
tween the proposed antenna and horizontally polarized antenna
is shown. The reason can be attributed to the fact that the
measured result of maximum Eθ component at α = 50° is
slightly degraded, as shown in Fig. 5(b). On the other hand,
in the range of antenna tilt angle considered in this study, both
the measured and simulated spatial correlation coefficient ρe
between two antenna elements show the entire low levels of
less than 0.4, which permits the MIMO channel capacity of
the proposed weighted-polarization antenna to increase in a
multipath Rayleigh fading environment.

IV. CONCLUSION

This study presented a two-way PD with a wide tunable
power ratio range for realizing weighted-polarization control of
wearable MIMO antenna in dynamic BAN radios at 2.45 GHz.
The effectiveness of proposed structure of the PD was confirm to
overcome the polarization mismatch in dynamic off-body chan-
nel due to the variation in XPR and human dynamic motion by
the MIMO channel capacity experiment in an OTA evaluation.
Future studies will focus on the realization of large-scale MIMO
antennas with optimized structure of PD in wearable medical
device, including practical experiments using realistic human
phantom.
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