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Abstract—A non-uniform circular array wrapped around the
waist is proposed for on-body communication with uniform on-
body coverage at 5 GHz. To investigate the feasibility of such
an array, we determined the path loss between such an array
and on-body nodes using simulations and measurements on a
cylindrical phantom and a real person. The number of array
elements is varied to establish that uniform on-body coverage
can be achieved. The best combination of array elements on a
real person in terms of uniform on-body coverage is found with
4 elements distributed along the array, i.e., they were not found
on one side of the body. A higher number of elements leads
to a higher potential on-body gain, but also to a decrease in
uniformity of the on-body coverage. These results are important
for emerging WBAN applications that require uniform coverage
of a large number of nodes spread over the human body.

Index Terms—Circular antenna array, distributed antenna
array, on-body communication, wireless body area network

I. INTRODUCTION

Wireless body area networks (WBANS) are collections of
on-body nodes that can monitor body-related information, e.g.,
the health of a patient, the performance of an athlete, or the
safety of workers [1], [2]. These on-body nodes collect data
and transmit these data to other nodes in the WBAN. This
occurs through so-called on-body communication, which is the
focus of this paper. These wireless transmissions happen using
on-body antennas. The on-body nodes need to be wearable
and therefore the antennas should be compact. Additionally,
the antenna design needs to be optimized for the on-body
environment, since the human body will affect the antenna
parameters [3], [4].

Single on-body antennas can suffer from high propagation
losses caused by the human body [5], [6]. To overcome this
problem, antenna arrays can be used to increase the gain.
In an array, a higher gain can be obtained by combining
multiple antenna elements. However, the wearability of the
array will place a limit on the number of elements that
can be used. In on-body communication, on-body nodes on
opposite sides of the body will be shielded from each other.
Additional propagation losses can occur due to human body
shadowing [7]. A distributed array, where the elements are
spread over the body, could provide a solution to this issue.
In theory, it is possible to design this type of array in such a
way that there is always at least one other antenna in line-of-
sight (LOS) conditions with every on-body node present in a
WBAN.

A circular antenna array wrapped around, e.g., the waist,
is an example of such a distributed array. This type of array
has not been studied extensively, despite its potential. In [8],
the path loss on the body at 5.8 GHz of a circular array is
investigated. This array is wrapped around the arm and consists
of 4 equally spaced patch antennas for which the goal was to
obtain an omnidirectional radiation pattern. When this array is
wrapped around an arm, the opposite side of the body will still
be shielded, as observed by the authors of [8]. In [9], a circular
antenna array is wrapped around the human trunk for off-body
communication at 5 GHz. Again, the goal was to achieve an
omnidirectional radiation pattern. Other examples of circular
arrays are found in [7], [10], [11]. In the previous papers,
the antenna elements were excited with uniform amplitude
and phase. Exciting the antenna elements by different phases
could increase the radiation in a desired direction, which could
improve on-body or off-body links in a WBAN. Additionally,
these prior studies have not investigated a non-uniform circular
array, where the antenna elements are not equally spaced in
the circular array.

Therefore, the goal of this paper is to optimize the per-
formance of a non-uniform circular array (NUCA) wrapped
around the waist for on-body communication in terms of
uniform on-body coverage. This is done by varying the number
of elements in the array and see how this influences the on-
body path loss and if uniform body coverage can be achieved.
Measurements and simulations are performed on a cylindrical
phantom and on a real person and the results are compared.

II. CIRCULAR ANTENNA ARRAY

The measurements and simulations were performed using
patch antennas operating at 4.56 GHz (Fig. 1a). The antenna
is fabricated with copper on FR-4. The FR-4 substrate has a
height of 1.55 mm. The measurements were performed using
a vector network analyzer (VNA, ZNB20, Rohde & Schwarz)
over a frequency band from 4.36 GHz to 4.76 GHz. The fre-
quency sweep consists of 401 equidistant steps and is repeated
50 times. The simulations were performed using the Finite-
Difference Time-Domain (FDTD) method in Sim4Life (ZMT,
Ziirich, Switzerland), where PEC material was used for the
copper and dielectric constants €, = 4.9 and o = 0.0038 S/m
(Sim4Life database) for the FR-4 substrate. The measured
reflection coefficient in free space is shown in Fig. 1b. The
patch antenna has a bandwidth of 130 MHz.
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Fig. 1. (a) Fabricated patch antenna with dimensions in mm. The height of
the substrate is 1.55 mm. (b) Measured reflection coefficient in free space.

These patch antennas will be placed in a circular array
as shown in Fig. 2. The array will be a virtual array. This
means that a single antenna element will be moved to each
array position and that the full array will be obtained in
a post-processing step. This is only valid when the mutual
coupling between two elements in the array is minimal. Our
measurements show that the mutual coupling between array
elements 1 and 2 on a cylinder (Fig. 3a) is < —40dB.

Rx: right chest
Rx,: left chest
Rxs: right back
Rx4: left back
Rxs: right foot
Rxg: left foot

(b)

Fig. 2. (a) Circular antenna array on the body. (b) Receiver (Rx) locations on
the body. The rectangles represent the antennas. The transparent rectangles
are located at the back of the body.

ITI. QUANTITIES

This section introduces the quantities that are used in this
paper for studying the performance of the array in terms of
uniform on-body coverage.

The measured Sy; between the array and a receiver (Rx)
is used as a measure for the path loss. When equal gain
transmission (EGT) is applied at the Rx locations [12], the
EGT-precoded S5 can be written as:

1 — .
So1, mer (k) = — Z So1, ki exp (=7 * arg(Sa1, k1)) (1)
=1

vm

with m the number of array elements and k the Rx location.
The normal component of the electric field at the Rx

location is used as a proxy for the path loss in the simulations,

since using So; would lead to a large number of simulations. A
higher obtained electric field at the Rx indicates a lower path
loss. The normal component of the EGT-precoded electric field
is as follows:

1 m

E k)=—n- Epexp(—j*xarg(n-E 2

n.ecr (k) T ; kiexp (—j*xarg(n-Eg)) (2)
with m the number of array elements, k the Rx location and
n the normal vector on the surface at location k.

In this paper, the uniformity of the on-body coverage is
defined by looking at the range between the 5th and 95th per-
centiles of the measured |Sa;1|% 1 or the simulated |E,|%op
between an array of m elements and the potential Rx locations.
The uniformity in dB is defined as U = —(pg5 — ps). The
uniformity is maximal when the range pgs — ps is minimal.

To determine the best combination for a certain number of
array elements m in terms of uniform on-body coverage, a
figure of merit (FOM) is defined by looking at the path loss
and the uniformity:

FOM (dB) = pso + U 3)

The best combination will have minimal path loss (high psg)
and maximal uniformity of the on-body coverage (high U).

IV. PATH L0OSS ON CYLINDRICAL PHANTOM
A. Measurements

The on-body path loss is measured on a PVC cylinder filled
with tap water. The radius of the cylinder is » = 125mm
and the thickness of the PVC material is 5 mm. The set-up is
shown in Fig. 3. The cylindrical phantom can be used to study
the uniform on-body coverage in the azimuthal direction due to
its symmetry. The So;-parameters between the array elements
and a Rx (patch antenna) are measured using a VNA. Sy is
averaged over 10 measurements to lower the noise. The Rx
antenna is moved, while the transmitter (Tx) antenna is kept at
the same location (virtual array) for each element. S5; on the
cylinder is obtained by using the symmetry of the cylinder. So;
only needs to be measured for ¢ = 0 to ¢ = w. So1 for ¢ > 7
is obtained by rotating the results in post-processing. The Rx
antenna is placed 10cm above the Tx antenna for ¢ = 0..7
with d¢ = 27 /20. In this set-up, 20 possible Tx positions are
considered (Fig. 3a). The number of elements present in the
array will be varied from 1 to 20, and all possible combinations
for a certain number of elements will be considered.

Fig. 4a shows the median value of the measured |S21|%c7
as a function of the number of antenna elements m for all
possible combinations of m array elements and Rx location on
the cylinder. The brackets indicate the 5th and 95th percentiles.
Fig. 4a shows that higher fields are found for increasing m.
The median value increases from —68 dB to —32dB for m =
1 to m = 20. The uniformity increases from —52dB to 0 dB
from m = 1 to m = 20. Therefore, the on-body coverage will
be more uniform for increasing m.

Fig. 4b shows the median value of [S21|%. over the
Rx locations for the best combination of m elements in the
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Fig. 3. Cylindrical phantom with radius r = 125 mm. (a) Top view. The
rectangles represent the antennas. (b) Measurement set-up.

array determined by (3). The brackets indicate the 5th and
95th percentiles. With 10 elements, the uniformity of the on-
body coverage is already maximal (U = —0.5dB). However,
increasing the number of elements can still lead to higher
fields, i.e., the median increases from —35dB to —32 dB from
m = 10 to m = 20. The uniform on-body coverage will
benefit from more symmetry. The best combinations for which
m is a divisor of 20, i.e., m =1, 2, 4, 5, 10, and 20, are the
combinations where the m elements are equally spaced in the
array, i.e., a uniform circular array (UCA) is formed.
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Fig. 4. (a) The median value of |S21 ‘QEGT as a function of the number of
antenna elements m for all possible combinations of m array elements and
Rx location on the cylinder. The brackets indicate the 5th and 95th percentiles.
(b) The median value of |521|125‘GT over the possible Rx locations for the
best combination of m elements in the array. The brackets indicate the 5Sth
and 95th percentiles. The labels indicate the element numbers of the best
combination in Fig. 3a. The symbol — indicates that the element is not used.

B. Simulations

The measurements were also compared with simulations.
The same PVC cylinder (¢, = 3, 0 = 0.006S/m) filled
with water is modelled in Sim4Life with thickness 5 mm and
radius 125 mm. The same Rx locations of the measurements
are considered.

Fig. 5a plots the median value of |E,|%. as a function of
the number of antenna elements m for all possible combina-
tions of m array elements and Rx location on the cylinder with
the total transmitted power normalized to 1 W. The brackets
indicate the Sth and 95th percentiles. Fig. 5a shows that the
median value increases from 11dB to 36 dB from m =1 to
m = 20. The uniformity U increases from —44dB to 0dB
for m =1 to m = 20. The simulation results agree with the
measurement results, i.e., higher fields and a better uniform on-
body coverage is found for an increasing number of elements
m in the array.

Fig. 5b plots the median value of |E,|%4, over the Rx
locations for the best combination of m elements in the array
determined by (3). The brackets indicate the S5th and 95th
percentiles. m = 10 shows a uniform on-body coverage
(U = —1.4dB), but increasing the number of elements m
will increase the fields. This was also the case with the
measurements.
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Fig. 5. (a) The median value of |E"|12E‘GT as a function of the number of
antenna elements m for all possible combinations of m array elements and
Rx location on the cylinder with the total transmitted power normalized to
1 W. The brackets indicate the Sth and 95th percentiles. (b) The median value
of |En|%qp over the Rx locations for the best combination of m elements
in the array with the total transmitted power normalized to 1 W. The brackets
indicate the 5th and 95th percentiles. The labels indicate the element numbers
of the best combination in Fig. 3a. The symbol — indicates that the element
is not used.



V. ON-BODY PATH LOSS
A. Measurements

The on-body path loss between an array element and a Rx
antenna is measured with a VNA on a male subject with height
1.91m. The number of array elements will be varied from
1 to 8 and So; is measured at 6 Rx locations. All possible
combinations of m elements in the array will be considered.
The Rx locations and the possible array element locations are
illustrated in Fig. 2. The average of 50 Sa;-values is taken to
lower the noise.

Fig. 6a shows the median value of the measured |S21|% 57
as a function of the number of antenna elements m for all
possible combinations of m array elements and Rx location
on the body. The brackets indicate the Sth and 95th percentiles.
Higher fields are found for an increasing number of elements
m. The median increases from —64dB to —48dB for m =
1 to m = 8. The uniformity U increases from —43dB to
—17dB for m = 1 to m = 8. More array elements will lead
to a more uniform on-body coverage for the set of Rx locations
shown in Fig. 2b.

Fig. 6b shows the median value of [S21|%. over the
possible Rx locations for the best combination of m elements
in the array determined by (3). The brackets indicate the 5th
and 95th percentiles. m = 1 shows the highest uniformity
(U = —12dB) compared to the other number of elements.
However, Fig. 6a also shows that fields for m = 1 are
much lower (psg = —65dB) compared to the fields for the
other values of m (psg > —55dB). When m = 1 the best
combination is found for array element 7 in Fig. 2a. This
element will lead to comparable values of So; for the Rx
locations on the back and on the front of the body, i.e., the on-
body coverage will be uniform, but these values will be low. A
higher median value can be found for other elements, but these
elements will lead to high values of S3; on the same side of
the array element and low values on the other side. Therefore,
the on-body coverage will be less uniform. Disregarding the
case m = 1, the most uniform on-body coverage is found for
m =4 (U = —12.3 dB) for the combination of array elements
2, 4, 7 and 8 with a median value of psg = —51dB. This
combination distributes the array elements along the array,
i.e., they are not found on one side of the body. The UCA
with 4 elements, i.e., elements 1, 3, 5 and 7, leads to a
comparable median value pso = —51.3dB, but the on-body
coverage decreases to U = —18 dB. Higher fields are found
for m = 8 (ps9 = —48dB), but the on-body coverage will be
less uniform (U = —17dB).

B. Simulations

The measurement results were compared with simulations.
The simulations were performed using the ViP Duke hetero-
geneous phantom [13]. The phantom consists of 305 different
tissues with dielectric parameters found in [14]. The phantom
is discretized with a grid step of 2mm in each direction.

Fig. 7a shows the median value of the simulated |E,|% o
as a function of the number of antenna elements m for all

possible combinations of m array elements and Rx location
on the body. The brackets indicate the S5th and 95th percentiles.
Increasing the number of elements m leads to higher fields.
The median value increases from 1dB to 26dB for m =1
to m = 8. More antenna elements lead to a more uniform
on-body coverage, i.e., U increases from —45dB to —18dB
form=1tom=2_8.

Fig. 7b shows the median value of |E,|%,p over the
possible Rx locations for the best combination of m elements
in the array determined by (3). The brackets indicate the 5th
and 95th percentiles. The most uniform on-body coverage is
found for m = 4 with U = —15.3dB and p5¢o = 22dB for
the combinations of array elements 2, 3, 5 and 8. Again, the
best combination is found for 4 elements distributed along the
array. The UCA consisting of 4 elements leads to a comparable
median value psg = 22.2dB, but the uniformity decreases to
U = —21dB. Higher fields are found for m = 8, but the
on-body coverage is less uniform.

The simulation results show a median value close to the
95th percentile. This is explained by the fact that 4 out of
6 Rx locations are found at the front of the body (Fig. 2b).
Therefore, the best combination will favor the array elements
at the front of the body. This can be seen by the best combi-
nation of array elements for m = 4, i.e., 2 of the elements are
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Fig. 6. (a) The median value of |S21 ‘QEGT as a function of the number of
antenna elements m for all possible combinations of m array elements and
Rx location on the body. The brackets indicate the Sth and 95th percentiles.
(b) The median value of |521|2EGT over the possible Rx locations for the
best combination of m elements in the array. The brackets indicate the Sth
and 95th percentiles. The labels indicate the element numbers of the best
combination in Fig. 2a.



found at the front of the body compared to 1 element at the
back. This was also the case with the measurements.
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Fig. 7. (a) The median value of ‘En|2EGT as a function of the number of
antenna elements m for all possible combinations of m array elements and
Rx location on the body with the total transmitted power normalized to 1 W.
The brackets indicate the 5th and 95th percentiles. (b) The median value
of |En|% . over the possible Rx locations for the best combination of m
elements in the array with the total transmitted power normalized to 1 W. The
brackets indicate the Sth and 95th percentiles. The labels indicate the element
numbers of the best combination in Fig. 2a.

VI. CONCLUSION

A non-uniform circular antenna array wrapped around the
waist is optimized for on-body communication. The goal
of this array is to achieve uniform on-body coverage. The
path loss on a cylindrical phantom filled with tap water and
on a real person is measured and simulated and the results
were compared. The best combination for a certain number
of array elements is found when the array elements are
distributed (almost) uniformly along the array. The simulation
and measurement results agree well with each other. For the
cylindrical phantom, the best configuration was obtained for
10 antennas spread over the cylinder’s circumference. This
resulted in a median on-body gain of —35 dB under EGT with
a spread on this median characterized by pgs —ps = 0.5 dB for
the measurements. The best combination of array elements in
terms of uniform on-body coverage on a real person consists
of 4 elements for both the simulations and the measurements.
These elements were distributed along the array, which was
also the case with the cylindrical phantom. The measurements
for the best combination resulted in a median on-body gain
of —51dB with a spread on this median characterized by

Pos —ps = 12.3dB. More elements in the array lead to higher
fields, but the on-body coverage becomes less uniform. The
uniform on-body coverage will benefit from a distributed array,
when the Rx locations are spread over the body. Therefore,
WBANSs for which the locations of the on-body sensors are
spread over the body or not initially known, will benefit from
this type of array.
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