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Abstract — The emerging wireless power transmission technolo-
gy creates new opportunities in numerous real-world applica-
tions such as wireless charging systems, robots, and aerospace
solutions. This paper introduces an optimized method for design-
ing transmit antenna arrays which may be used for long-distance
wireless power transmission with narrow focusing of RF power
on remote receivers. The novelty of this paper consists in using
an effective clustered subarray rings configuration with a trans-
mit circular array instead of its conventional full aperture array,
based on the configuration of individual elements. The final goal
is to obtain simpler, cheaper, and lighter arrays. Amplitude and
phase excitation weighting as well as the number of elements in
each clustered subarray are optimized jointly to maximize the
efficiency of transferring power to a target region while minimiz-
ing sidelobe powers outside the intended region. The simulation
results show that the beam collection efficiency of the proposed
system with 21 subarray rings was 98.99%, while that of the
conventional circular array with individual dense elements of
size 21x21 equaled 99.68 %o.

Keywords — beam collection efficiency, circular array, concentric
ring subarrays, wireless power transmission

1. Introduction

Wireless power transmission (WPT) is a system that in-
verts electrical power into microwave power and transmits
it through a wireless channel. Array antennas are used to
transmit microwave powers to the intended regions [1]. At
the receiving site, rectifier antennas are used to capture mi-
crowave powers and reconvert them back into electrical power
in order to feed the target receiver devices [2], [3].

Real-life applications of long-distance WPT include charg-
ing systems for electric vehicles and electronic devices such
as smartphones, smartwatches, and biomedical devices, in-
cluding those that can be implanted in the human body. The
technology may be also used in drone-based RFID systems
for monitoring living organisms and may be relied upon in
the aerospace industry for transferring power between space-
craft. Industrial robots and automated systems are common
use cases of this technology as well [4], [5].

Phased arrays are deployed in WPT to highly efficiently
concentrate RF power delivered to remote receivers while
minimizing sidelobe powers present outside the intended
receivers [6]—[10]. High efficiency, narrow focused arrays
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require numerous radiating elements, and the resulting arrays
with a highly dense arrangement are capable of achieving
excellent power transmission efficiency and range. However,
these large-scale arrays often face critical challenges such as
high cost, high power consumption, and increased hardware
complexity [11]—[15]. These drawbacks are proportional to
the number of elements in the array or the size of the entire
array. This renders the hardware impractical.

In contrast, clustered subarray designs offer significant ad-
vantages, such as cost reduction, lower power consumption,
and reduced hardware complexity, as their array elements
are grouped into specific categories [16]—[19]. Each cluster
shares a common amplitude and phase excitation weight-
ing mechanism. Therefore, its array feeding network is much
simpler, lighter, and consumes less power — with all those
design parameters being of high significance when deploy-
ing these transmit arrays in limited space systems, such as
drones [20]—[22]. Although clustered arrays provide near-
optimal solutions with a smaller number of design parameters,
it meets better hardware constraints.

The most important performance metric used to evaluate WPT
systems is beam collection efficiency (BCE) — a parameter
which may be defined as the ratio of the received power from
the rectifying antenna to the total transmitted power [23].
Small size arrays with fewer radiating elements are not capable
of achieving the required BCE values. Therefore, larger arrays
with dense element arrangements are generally used in these
applications.

One of the effective approaches to implement such large-scale
arrays relies on clustered subarray configurations [24]-[26].
Clustered subarrays are practically more efficient than fully
dense element arrangements. Thus, only a small number of
clusters is needed to meet the required BCE values. The works
described in [26], [27] presented an optimization algorithm
used to generate clustered subarrays, while in [28]-[30], clus-
tered rings were used to design rectangular planar arrays.
The design of circular planar arrays with concentric sub-
array rings is a new idea and can offer a great advantage
when it comes to modern wireless communication system
applications. The idea is to effectively approximate ampli-
tude excitation weights of the fully circular array elements
by using a set of concentric subarray rings starting from the
largest (or outer) ring at the array’s perimeter and ending at
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Fig. 1. Geometry of the circular planar array.

the center of the array — in a manner resembling the shape of
a circular, ascending ladder.

This new configuration of clustered rings is presented in this
paper for the very first time. Once the concentric subarray
rings have been created, their amplitude and phase distribu-
tions are optimized to maximize the efficiency of transferring
power to a target region while minimizing sidelobe powers
outside the intended region.

To improve the BCE of the wireless power transmission sys-
tem, a hybrid optimization algorithm is used in the clustered
rings configuration, where the genetic algorithm and the k-
means clustering approach are used.

Implementation of the proposed clustered level array instead
of its conventional element-based counterpart offers many
advantages, such as simplified feeding network, efficient taper
efficiency, lower side lobe level, and higher directivity.

2. Circular Array Based on Individual
Elements

A circular array with N individual elements is formed by
considering a regular square-grid array element with a circular
boundary at the array ends, as shown in Fig. 1.

The corner elements that are located outside the circular
boundary are turned off, while all the remaining elements that
are located inside the circular boundary are active and are
assumed to be isotropic. The element pattern and the mutual
coupling effect between the active elements are neglected,
and thus the array factor with such a configuration can be
given by:

N
AF(u,v) = anej[k(uzn+vyn)] , )
n=1
JjPhy

where w, = Amp,, e is the element excitation weight in
terms of amplitude Amp,, and phase Ph,, of the n-th element,
Tn, Yn is the element’s location along the x and y axes,
k= 2{ A is the wavelength, u = sin 6 cos p, v = sinfsin

12

are the angular coordinates, 6 and ¢ are the elevation and
azimuth angles, respectively.
The beam collection efficiency (BCE) metric is defined as
the ratio of the received power at the rectifying antenna to the
total transmitted power:

Pg fw |AF (u,v)|* dudv

BCE = -2 — ,
Pr f¢ |AF(u,v)|? dudv

(@3]

where 1 and ¢ are the fields of view for the received and
transmitted powers, respectively.

For a rectangular grid array, the range of either ) or ¢ can be
represented by:

w:{(u,v):fuoguguo,fvogvgvo,}. 3)

Thus, the denominator of Eq. (2) can be expressed as:

ug Vo
Pr = / /ejk(zmquvym)e*jk(znu+vyn)dudU' )

—up —vo

AF(u,v) can be found in terms of the element excitation
weights w¢ of the array elements and the steering vector
V (u,v), in the following manner:

AF(u,v) = w"V (u,v) , )
where:
w=[wiws.. . wy]?, n=12..N,

—j - i H
V(u,v) = [e Jk(zrutoyr) j—jk(zautoyz) o Jk(ZNu+vy1v)]

and H is the conjugate transpose. Now, substituting Eq. (3)
in Eq. (2), BCE for the circular planar array based on the
individual element configuration can be rewritten as:

'wH{fw V (u, v) VH (u,v) du dv}w

BCE = .
wH{f¢ V (u,v)VH (u,v) du dvlw

(6)

3. Circular Array Based on Concentric
Subarray Rings

The circular array based on the dense element arrangements
that was shown in the previous section is now divided into
several concentric subarray rings or clusters equal to C, as
shown in Fig. 2. The number of cluster rings is always less
than the total number of the individual elements, i.e. C' < N.
The individual elements and the clustered subarray rings of
the circular array are related by a matrix with dimension
N x C, as follows:

Mir ... Mic
M= 7 ™
My1 ... Mnc
where
My = {1 if n-th element belongs to c-th cluster
0 if n-th element does not belong to c-th cluster.

(®)
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Fig. 2. Geometry of the proposed circular array with concentric
subarray rings.
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Fig. 3. Results for concentric subarray rings for C' = 3.
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The excitation weights of the resulting cluster rings can
be presented by a vector of dimension C' x 1 as w® =
[w$ w$ ... w&]H. Then, the excitation weights of each ele-
ment in the clustered array can be written as:

Wnew = M w® . (9)

The beam-collecting efficiency of the circular array based on
concentric subarray rings can be given by:

wfew{ f¢ V(u,v)VH (u,v) du dv}wnew
wﬁlew{ f¢ V (u, v)VH (u,v) du dv}'wnew '
(10)
The fields of view of the transmitting ¢, and receiving v
arrays were of the rectangular geometry, as given by Eq. (3).

Here, the fields of view are extended to descript the circular
target region as follows:

1/):{(u,v):\/u2+v2<r0<sin6‘o}. (11)

Where r( represents the radius of the circular aperture and 6
is the main beam direction of the pattern. The denominator
of Eq. (10) can be expressed as:

BCErings =

6o 27

Pr = eIk (@m+ym) sin 0 cos ¢ ,—jk(en+yn) sin 0 sin ?d¢sin 6d6 .

12
From Egs. (4) and (12), it was shown that beam collection
efficiency is a function of the design variables of the excitation
weights at the element level, i.e. w® for the ordinary circular
array without subarray rings, or of the excitation weights
at the subarray level, i.e. w® for the circular array based
on clustered subarray rings. A circular planar array with
concentric subarray rings is considered here and each ring
represents a single cluster. The following steps are used to
find the excitation weights of the clustered subarray rings
we [31].
Starting from the central element of the array, the first

clustered weight w¢ is calculated as w¢ = ;rw" , where
1,j =1,2,...,N,% # j, w§ and wj are the element excita-

tion weights of two elements that have the smallest distance
equal to |w§ — w§|. Then, the second clustered weight w5
is computed from the largest distance between remaining
element excitation weights and the first cluster weight, i.e.,
w§ = max {d(w§, w§)}. The third clustered weight w§, is
derived from the smallest distance from w{ and w5 as:

w§ = max {min{d(wf, ), d(wf, w)}} .
The remaining clustered excitation weights are computed as
follows:
wf = max {min{d(wf, wf), d(w, ws), ..., d(wf, wE)} }
k=1,2,...,C,
13)
where C'is the total number of cluster rings.

To obtain better results, these clustered excitation weights
are considered initial values for the optimized algorithm. A
genetic algorithm with the following cost function was used

13
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to maximize beam collection efficiency:

F{wi{,ws,...,ws,Ni,N3,...,N6} = —BCE

. (14)
st.0<wp<land1 < N, <N —-C+

where N/ is the number of array elements in each clustered
subarray ring k = 1,2,...,C.

4. Simulation Results

In order to illustrate the effectiveness of the proposed circular
array with concentric subarray rings for wireless power trans-
mission, extensive simulation results are presented below:

In all considered examples, the distance between transmitter
and receiver sites is assumed to be 100 m and the target region
is limited by the angular separation of £3° on both sides of
the broadside direction, along both elevation and azimuth
planes. The transmitting power is assumed to be 1 W. The
radial spacing between any two successive subarray rings is
0.5). For genetic optimization, we used the built-in function
called fmincon with the maximum number of iterations equal
to 400.

In the first example, the circular radius of the transmitting
circular array is R; = 1.0, i.e., the number of the circular
subarray rings is C' = 3, including the central element of the
array. For this case, the normalized transmitted and received
power values are 1 and 0.8486, respectively, while the beam
collection efficiency is BCE = 84.59%. The geometrical
configuration of the resulting circular array with 3 concentric
cluster rings, its corresponding far-field radiation pattern as
well as their subarray amplitude and phase excitation weights
are shown in Fig. 3.

The normalized received power variations in both RF and
DC values, as a function of the target angular region bounded
by +3°, is shown in Fig. 4. For comparison purposes, the
results of the circular array based on individual elements are
depicted in Fig. 5.

From the figures presenting the array geometries (compare
Fig. 3a with Fig. 5a), it is clear that the array feeding network
in the proposed arrangement with circular subarray rings is
less complex. Also, from figures of radiation patterns (Fig.
3b with Fig. 5b), it becomes clear that the pattern of the
proposed circular subarray rings is almost like that of the
conventional array with dense element arrangements and
feeding RF components.

In the second example, the design of circular clustered subar-
rays with different numbers of rings was studied. The results
are shown in Figs. 6-8. It is obvious from those results that
the concentration of radiation patterns improves along with
an increase in the number of concentric subarray rings. On the
other hand, array geometries are becoming more complicated.

In the next example, the design of the array feeding structure
is considered, where the number of concentric subarray rings
equaled 6, including the central element. Figure 9 shows the
geometric layout of the designed feeding network for the
circular array with concentric subarray rings.
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Fig. 4. Variations in received power versus target region for C' = 3.

Tab. 1. Beam collection efficiencies for various subarray rings.

Normalized | Normalized | BCE
Method Pr Pr [%]
Circu.la.r array based on 1 0.996 99 63
individual elements

Circular array with 3 1 0848 34.86
subarray rings

Circular array. with 6 1 0.870 8701
subarray rings

Circular arravanh 10 | 0.945 94.54
subarray rings

Circular array 'w1th 21 1 0.989 98.99
subarray rings

The number of transmitting elements in the first cluster ring
amounted to 8, while the number of other rings equaled 16,
24,32, and 40. Since all transmitting elements that belong
to a certain ring share a common amplitude and phase, the
required number of amplitude and phase weightings (i.e., the
number of RF attenuators and phase shifters) is equal to the
number of subarray clustered rings C' = 6.

From Fig. 9, the central individual element is left without
being connected to any attenuators or phase shifters, since
its normalized amplitude weighting is one while its phase
is zero. The proposed circular subarray rings require only 5
RF attenuators and 5 phase shifters, whereas a conventional
circular array based on individual element arrangements
needs 140 RF attenuators and 140 phase shifters. This great
reduction makes the proposed circular array lighter, lowers
its power consumption, renders simpler, and cheaper.

Table 1 shows the variations of the beam collection efficiencies
versus the number of clustered subarray rings. BCE improves
as the number of subarray rings increases.

From this table, one may notice that BCE of the ordinary
circular matrix with individual elements of size 21 x 21 is
better than the results from the proposed matrix with a certain
number of sub-array rings. However, the difference between
these two values vanishes for a larger number of subarray
rings.
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Fig. 5. Results for the conventional circular array with individual
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Fig. 6. Results for concentric subarray rings for C' = 6.

5. Conclusions

A circular planar array with concentric subarray rings was
proposed as a simpler alternative to conventional fully dense
array elements in order to improve beam collection efficiency
while simultaneously significantly reducing the number of
hardware components making up the array feeding network
Thus, the designed array becomes lighter and consumes less
power, which is very important in applications that require
long-term operation with limited resources and space.

A k-means clustering approach was adopted and optimiza-
tion of the genetic algorithm was performed to optimize the
design parameters of the proposed concentric subarray rings
(i.e., amplitude and phase excitation weights of the subarray
rings, number of rings, and the total number of elements in
each separate ring), in order to maximize beam collection
efficiency.

From the results, it was shown that BCE, radiation pattern, ar-
ray structure, and feeding network complexity of the proposed
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Fig. 9. Implementation of the proposed circular array with concentric
subarray rings.

array are much better than in the case of the conventional
circular array based on individual elements. This proves the
effectiveness and practical applicability of the proposed ar-
ray. The described idea may be expanded in future research
to include multiple wireless power transmission receivers,
with each receiver being at a different location, so that the
optimizer maximizes the received powers over all of them.
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