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Abstract

Wireless power transfer has been the field of research for many decades, and

with technological advancement and increase in wireless mobile devices, the

future of wireless power transfer technology is very promising. The major

requirement of wireless power transfer is an efficient and compact antenna

array with high gain and flawless scanning performance. In this article, a 4 × 8

element array is proposed with a gain of 18 dB and scanning capability of ±45
�

in azimuth and elevation plane at 5.8 GHz. The overall size of the array is

100 mm × 200 mm. The element separation in the array is only 0.48 λ. There

was strong mutual coupling due to smaller separation, which has been mini-

mized with the application of via-fence around the antenna element. A dual

feed circularly polarized annular slot-ring antenna is proposed and analyzed

with via-fence to develop an array of 4 × 8 elements. The antenna array reflec-

tion coefficient obtained is less than 20 dB for different scan angles and the

gain of the array obtained is also within 2 dB for ±45
�
scan angles.
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1 | INTRODUCTION

Microwave wireless power transfer (MWPT) is a peren-
nial technology, initially demonstrated by Tesla in 1891
and since then there has been an extensive research in
this domain. For mobile devices like smartphones, the
best accomplishment engineered so far is inductive
charging. Wireless inductive chargers are commercially
available, where wire tethering is gone but the device is
still required to be in close bound to the charging pad for
its charging. Research on long-range wireless power
transfer1 is progressing and currently focusing on instal-
lation of multiple charging panels with a controlling base
station for charging multiple mobile/portable electronics
devices over a range of 5 to 20 m, Figure 1. Applications
of MWPT are extending to RFIDs, IoTs, and even to
power lines.2 Among the various challenges from DC-to-

RF power conversion efficiency to beam focusing and
multidevice charging, an efficient transmitter antenna
array design is a prime component for the overall MWPT
system.

In this article, we present a circularly polarized (CP),
efficient, and compact wide-angle beam-steering 4 × 8
antenna array design for long-range MWPT system.
There are different challenges in design of a beam-
steering antenna array for MWPT. First is the mutual
coupling, which affects impedance matching, reflection
coefficient, radiation pattern, gain, steering angle with
relative phase shift, and so on. The coupling between ele-
ments varies the antenna characteristics and prohibits
compactness. Various research works have been con-
ducted to study the mutual coupling effect in an array
and various techniques have been proposed to reduce the
mutual coupling.3-5 Parasitic patches and parasitic
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meander line,6,7 soft or hard surfaces, defected ground
structure,8 bandgap structure,9-11 metamaterial,12 and
electromagnetic three-dimensional (3D) wall13 are a few
techniques proposed in the literature to reduce mutual
coupling by blocking or minimizing surface current flow.
These techniques are in common practice and easier to
fabricate (if planar); however, they are complex to com-
prehend and design. In addition, they often consume
more time than antenna element design. Here we pro-
posed a via-fence structure to minimize mutual coupling
between antenna elements. The proposed via-fence is a
simple structure with multiple vias of diameter and sepa-
ration as small as possible as per fabrication limitation,
described in subsequent sections. Similar decoupling cav-
ity structures, made up of metal ring boundary shorted
with vias, were found to be simple in fabrication and
effective to reduce mutual coupling.14-17 Antennas with
via loading have been used in earlier research for gain
and bandwidth enhancement;18,19 we applied them here
for mutual coupling reduction and to improve closely
spaced antenna array performance.

Second, the critical factor of an array panel employed
for MWPT system is its beam-steering capability. The
beam-steering ability of the array is required to be a max-
imum of ±45

�
because a ±45

�
steering would be sufficient

to direct the high gain beam toward a device in any loca-
tion over the confined space as in Figure 1. A wide-angle
beam-steering antenna array can be obtained either with
wide-beam antenna or with wide-angle impedance
matching.20 Recent work on antenna array for

MWPT21-23 has steering capability of ±30
�
, ±39

�
, and

±40�, respectively. Beam-steering capability depends on
antenna element size and array element separation. A
small element size annular slot-ring antenna is opted for
the antenna array design as it has smaller size compared
to conventional rectangular patch antennas and disk
patch antenna. Moreover, due to simple construction
slot-ring microstrip antenna can be easily integrated with
RF components of the MWPT system. There is a size con-
straint of 25 mm × 25 mm (0.48 λ × 0.48 λ) for single ele-
ment due to the MPWT system in hand and the designed
slot-ring antenna adjusted well in the limited area.

Lastly, efficiency of the antenna is important for
MWPT system. Low reflection coefficient and low dielec-
tric loss are essential for radiation efficiency, whereas low
polarization mismatch and high gain can minimize path
loss and improve power transmission efficiency. Polariza-
tion mismatch can be avoided with circular polarized
antenna array. The designed annular slot-ring antenna is
CPusing dual feed offset with 90� phase shift. The annu-
lar slot-ring antenna is fed through proximity coupling.
The advantage of using proximity-coupled feed is that it
inherently blocks harmonics. The harmonic signal gener-
ated by rectifying circuit could interfere with other sig-
nals and reduce the rectenna efficiency in MWPT system.

The designed CP annular slot-ring microstrip antenna
element operates at 5.8 GHz. The gain of the 4 × 8 array
(200 mm × 100 mm) obtained is as high as 18 dB. In this
article, the annular slot-ring antenna design and perfor-
mance is described in Section 2. Mutual coupling in slot-
ring antenna and effect of coupling while forming array
is presented in Section 3. The proposed annular slot-ring
antenna with via-fence characteristics and results are
presented in Section 4. A single and double via-fence
analysis is presented in Section 5. Then the 4 × 8 array
model of annular slot-ring design with via fence using
unit cell approach is presented with fabricated array
result in Section 6.

2 | ANNULAR SLOT-RING
ANTENNA

An annular slot-ring microstrip antenna has various ben-
efits. First, a slot-ring antenna is smaller and has an easy
construction than other planar or nonplanar anten-
nas.24,25 In terms of construction, the slot-ring size is
apparently not affected by the dielectric permittivity,
which is a unique phenomenon compared with micro-
strip patch antenna, where structure fields diffuse
through both substrate and free space, and the dielectric
constant directly affect the patch dimension. The size of
the slot entirely depends on fundamental operating

FIGURE 1 Long-range multipanel wireless charging scheme
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frequency. The fundamental operating frequency of the
slot-ring is the frequency for which mean circumference
of the slot-ring is equal to wavelength (λ). It can be for-
mulated as26:

kra =1 ð1Þ

where k = 2π
λ is the wave number and ra is the average of

outer and inner radius of slot-ring. A stripline feed slot-
ring antenna is shown in Figure 2. Top layer consists of a
metallic layer with a slot-ring on it. The slot-ring is feed
through proximity coupling using a stripline feed, shown
in shades. The symmetric structure of the ring makes it
easier to get circular polarization. In Figure 2, two stri-
pline feeds are utilized to obtain a circular polarized or a
dual linear polarized antenna by mere control of phase
between two feeds. These striplines are feed through
coaxial cable from the bottom. A circular pad is utilized
at the end of the stripline to assist the transition from
coax to stripline.

The slot-ring antenna shown in Figure 2 is designed
to operate at 5.8 GHz. For 5.8 GHz, the optimized
slot-ring dimensions are as follows: a = 7.7 mm,
ws = 0.83 mm, and fle = 4.28 mm. A thin and low per-
mittivity substrate of permittivity, ϵr = 3.0 and thickness,
h = 0.76 mm is utilized. The overall length and width of
the substrate are fixed to be 25 mm and 25 mm, respec-
tively, as per the constraint. The designed annular

slot-ring antenna is simulated using commercial software
(CST MWS), and the simulated s-parameter results are
shown in Figure 3.

The simulated results in Figure 3 show that both S11
and S22 have good matching at 5.8 GHz and the S21
(or S12) is below 20 dB, indicating that two ports are iso-
lated enough to operate antenna for dual linear polariza-
tion as well as circular polarization if the phase
difference between two ports is 90

�
. The circular polar-

ized matching performance is also shown in Figure 3 by
a plot with label S11 [1, 0] + S22 [1, 90], highlighting that
signals at port 1 and port 2 are of the same amplitude
and the port 2 phase is shifted by 90

�
. The radiation pat-

tern of the designed slot-ring antenna for linear polariza-
tion (port 1 or port 2) and circular polarization is shown
in Figure 4. The gain of slot-ring is 6.9 dB.

The single-element characteristics, such as high gain,
good matching, and small size, obtained through simula-
tion are suitable for compact MPWT system. Other char-
acteristics of the antenna required to examine for MWPT
system is the beam scanning of the array developed from
the designed single antenna element. In an array devel-
opment, two important aspects are required to be consid-
ered: (a) element spacing to avoid grating lobes while
scanning and (b) mutual coupling, which would affect
the input impedance matching and radiation characteris-
tics of the overall antenna. The maximum beam scanning
possible from the designed element without grating lobes
can be estimated through beam scanning capacity equa-
tion as follows27:

dmax =
λ

1+ sinθ
ð2Þ

FIGURE 2 Annular slot-ring antenna model with top and

side views FIGURE 3 S-parameter plot of annular slot-ring
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where dmax is the maximum distance between the
antenna element, θ is the scan angle, and the λ is the
wavelength. From Equation (2), it can be calculated that
for beam scanning of ±45

�
, dmax should be less than

0.54 λ. The designed element size is 0.48 λ × 0.48 λ; there-
fore, it is suitable for beam scanning requirement of the
MWPT array panel in both elevation and azimuth plane.
The beam-steering performance of the array from single-
element characteristics could be achieved, for verifica-
tion, without actual simulation with the product of
single-element pattern by planar array factor (AF)

expression. A normalized form of planar AF for M×N ele-
ment array is given by28:

AF=
XM
m=1

e j m−1ð Þ kdxsinθcosϕ+ βxð Þ
" #

XN
n=1

e j n−1ð Þ kdysinθsinϕ+ βyð Þ
" # ð3Þ

where k is wave number, M is number of elements placed
at dx distance separation with βx progressive phase shift
between them, and N is number of elements placed at dy
distance separation with βy progressive phase shift
between them. The MWPT system for which the antenna
array is designed (Figure 1) a ± 45

�
in azimuth plane and

elevation plane would be sufficient, therefore the scan-
ning performance of 4×8 slot-ring array for ±45

�
in azi-

muth and ± 45
�
in elevation plane is calculated from

Equation (3) and shown in Figure 5. There are no grating
lobes in the scanning range and the gain of the pattern
for different scan angles is within 3 dB range. The num-
ber of element in azimuth plane is eight and in elevation
plane is four, therefore beam width of radiation pattern
in azimuth plane is narrow than elevation plane.

3 | MUTUAL COPULING IN
ANNULAR SLOT-RING ANTENNA

Analytical results obtained from Equation (3) shows a
beam-steering capability of the slot-ring antenna owing
to its size and element separation. Mutual coupling is notFIGURE 4 Radiation pattern of the slot-ring

FIGURE 5 4 × 8 array beam scanning in A, azimuth plane and B, elevation plane
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considered in this result. However, in a phased array
antenna, the electromagnetic characteristics of an
antenna element influence the other elements in its
vicinity and the antenna element itself gets influenced
due to other elements in proximity. Due to coupling the
antenna array terminal impedance changes, matching
performance get affected and the gain decreases. The
mutual coupling effect on the slot-ring antenna can be
studied by an array of two slot-ring model, as shown in
Figure 6. A comparative reflection coefficient of the
single-element and two-element array in Figure 7 shows
that the mutual coupling affects the terminal impedance
and deteriorates the matching performance at desire fre-
quency of 5.8 GHz. Moreover, a comparative radiation
pattern plot of two-element array and an analytical two-
element radiation pattern obtained from product of
single-element radiation pattern and AF is shown in
Equation (3). Figure 8 shows that there is slight reduction

in gain and the beam width became too wide with high
back lobe due to mutual coupling effect. In Figure 9, E-
field distribution spread over two elements when both
antenna elements are excited simultaneously, which
showcase the influence of the surface wave and the
extent of mutual coupling between two elements.

4 | ANNULAR SLOT-RING
ANTENNA WITH VIA-FENCE

With increase in number of elements, the mutual cou-
pling effect would be worse and it is necessary to take
measures in order to reduce the mutual coupling. Surface

FIGURE 6 Two-element array of annular slot-ring antenna

model with separation of dx

FIGURE 7 Comparison of terminal impedance matching of

one-element and two-element array of slot-ring

FIGURE 8 Comparison of radiation pattern of two-element

array with and without mutual coupling

FIGURE 9 E-field distribution on the top layer of two slot-

ring array when both antenna elements are simultaneously excited
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current is the main factor for the coupling between the
neighboring antenna elements.24 A low permittivity and
a thin substrate is preferred to alleviate surface current
but additional technique is required to control it further.

We proposed a simple and easy to fabricate annular
slot-ring structure with metal via-fence around it to sup-
press surface wave and reduce mutual coupling. The pro-
posed design is shown in Figure 10. There are metal vias
surrounding the dual feed slot-ring at regular interval of
separation, Vs, and the via diameter is Vd. A via-fence has
been utilized earlier for different applications. Substrate-
integrated waveguide 29 and substrate-integrated coaxial
line (SICL)30 are the two popular form of via fencing
application in microwave field as novel planar transmis-
sion lines. Via fencing around PCB circuits and micro-
strip lines has substantiated its effectiveness in reducing
crosstalk31,32 and its common guideline to use via-fence
around PCB circuits for better performance. The present
proposed model is motivated from such application of
via-fence and applied here around a slot-ring antenna to
be able to contain the signals and waves within the
boundary of unit element and not let it interfere with
and get affected from the other elements in proximity.

The proposed structure consist of a dual feed annular
slot-ring antenna as in Figure 2 with the same parameter,
slightly optimized to operate at 5.8 GHz, designed over
same low permittivity substrate, Taconic RF 30 (ϵr = 3,
h = 0.76 mm). The effect of via-fence around the slot-ring
is observed and verified by two-element array simulation.
Similar to Figure 6, two proposed dual feed slot-ring

antenna, separated by distance dx (= 25 mm), with via-
fence around each element is simulated with all the feed
ports excited simultaneously, Figure 11. Figure 12 shows
the E-field distribution over two-antenna element. From
Figure 12, it can be observed that high magnitude of E-
field is contained within the single antenna boundary
and very low magnitude, <50 dB is only spreading over
the two-antenna element. Comparing Figure 12 with
Figure 9, we observe that with via-fence around the slot-
ring E-field propagation from one element to another has
been reduced by 20 to 25 dB. The metal via-fence blocks
the surface current and isolates the elements in an array
environment. The effect of isolation can be reflected from
an unperturbed terminal impedance and radiation char-
acteristics of antenna array. A two slot-ring antenna
model with via-fence reflection coefficient characteristics
and radiation pattern is shown in Figure 13 and
Figure 14. Figure 13 shows that the reflection coefficient
plots of slot-ring antenna for single element with via-
fence and the reflection coefficient plot of two elements

FIGURE 10 Annular slot-ring antenna model with via-fence

FIGURE 11 Two-element array of annular slot-ring antenna

model with via-fence

FIGURE 12 E-field distribution on the top layer of two

proposed unit element arrays when both antenna elements are

simultaneously excited
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array of slot-ring antenna with via-fence are similar.
Therefore, compared with Figure 7, the mutual coupling
effect causing deterioration of antenna matching has
been diminished by use of via-fence around slot-ring
antenna. Likewise, comparing Figure 13 with Figure 8,
due to mitigated mutual coupling effect, the gain of two-
element array as well as pattern of the array is similar to
the analytically obtained two-element array result with
no mutual coupling. The improvement in mutual cou-
pling by measuring the transmission coefficient (isola-
tion) between the two elements with and without via
fence is shown in Figure 15. A comparison of isolation

improvement of the current work with other recent
works is presented in Table 1.

The advantage of the proposed structure is that the
vias are connected at the boundary of the substrate
within the limited space available after slot-ring and stri-
pline feed design. There is no additional space require-
ment to apply vias. The overall structure is simple and
can be easily fabricated. The design of via-fence is easy to
comprehend and apply. A detailed analysis of via-fence is
presented in the next section. The use of vias has not
affected the simple construction of slot-ring antenna.

5 | VIA-FENCE ANALYSIS

The results of annular slot-ring antenna with via-fence is
remarkable. This prompts for some experimentation with

FIGURE 13 Comparison of terminal impedance matching of

one-element and two-element array of slot-ring with via-fence

FIGURE 14 Comparison of analytical and simulated

radiation pattern of two-element array of slot-ring with via-fence

FIGURE 15 Isolation between two antenna elements with

and without via-fence

TABLE 1 Mutual coupling reduction comparison

Technique

Edge
separation
(λo)

Isolation
improvement
(dB)

This work Via-fence 0.15 23

13 Three-dimensional
wall

0.13 29

33 Parasitic meander
line

0.6 6–10

34 Parasitic line 0.07 26

35 EBG and SRR 0.19 41

36 Metasurface 13.3 11.18

37 Polarization
isolator

0.39 22.3
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via-fence parameters for its analysis. A via-fence is design
with two parameters Vs and Vd. In order to analyze the
via-fence, a model with via-fence at the center of a sub-
strate (Taconic RF-30, ϵr = 3, h = 0.76 mm) is designed,
as shown in Figure 16, and wave ports are applied at the
two ends of substrate. We intended to investigate the via-
fence ability to obstruct the signal transmission from port
1 to port 2, and its behavior over frequency. Figure 17
shows the parametric study of via separation variation
over frequency range of 0.1 to 40 GHz. Our frequency of
interest is 5.8 GHz. We can observe that with smaller via
separation, the transmission from port 1 to port 2, S21
decreases at 5.8 GHz. In other investigations, we observe
the via-fence transmission characteristics with variation
in Vd only by keeping the Vs constant. Figure 18 shows
S21 for Vs = 1.57 mm at various values of Vd. There is a
decrease in S21 with an increase in Vd. Examining

Figure 17 and Figure 18, it can be asserted that more
closer the vias, with smaller Vs and bigger Vd, more better
the blocking of the passing signal at 5.8 GHz.

Intuitively, more number of via-fence could have bet-
ter blocking performance. Our approach is to keep the
size of antenna element small and apply the via-fence
within the size constraint; therefore, we applied one row
of via-fence around the designed slot-ring (Figure 10);
however, apparently in our array design (Figure 11), sin-
gle via-fence around antenna leads to two via-fences
between slot-ring antenna elements. Two via-fences with
a gap of Vgap between them are also analyzed in a similar
way to single via-fence. Figure 19 shows a two-via-fence
analysis model. The parametric study of two via-fences
with variable Vs is presented in Figure 20. The S21 value
at 5.8 GHz is lower for two fences than for a single fence.
The parametric study of via diameter, Vd, keeping Vs

FIGURE 16 Single via-fence analysis model

FIGURE 17 Transmission characteristics of single fence with

variable Vs for Vd = 1 mm

FIGURE 18 Transmission characteristics of single fence with

variable Vd at Vs = 1.57 mm

FIGURE 19 Two via-fence analysis model
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fixed at 1.57 mm is shown in Figure 21. The variation of
transmission signal is similar to the single-fence analysis,
but isolation of port 1 and port 2 is better in two via-
fences. S21 values at 5.8 GHz for various Vs and Vd values
in terms of λ are tabulated in Table 2 and Table 3, respec-
tively, for better insight.

It can also be observed that signal blockage deterio-
rates with the increase in frequency. Such characteristics
can be relatable to a high-pass filter. For Vs = 11 mm and
Vs = 5.5 mm in a single fence, a clear transition of signal
from stop-band to pass-band is visible. Considering the
range from maximum S21 value to 3 dB below maximum
value as pass-band then cutoff frequency for Vs = 11 mm,

and Vs = 5.5 mm is obtained at 7.5 and 15.8 GHz. The Vs

values, 11 mm and 5.5 mm, are close to λ/2 as 7.2 and
15.8 GHz, respectively. From this analysis and the data in
the tables, a design guideline could be set for via-fences
that is for an operating frequency the via separation
should be much smaller than λ/2, anything in range of
5 to 10 times smaller than λ/2 would be sufficient. On the
other hand, for via diameter, anything above λ/30 would
be reasonable. A high-pass filter analogy of via-fence
could also explain a lower S21 value with two fences.
With high-pass filter comparison, the two-fence model is
considered as the second-order high-pass filter, whose
descending slope rate in band stop region would be twice
the slope of single fence and therefore there will be lower
S21 values.

6 | ARRAY OF SLOT-RING
ANTENNA WITH VIA-FENCE

A phased array antenna panel of proposed annular slot-
ring patch antenna with via-fence is developed and fabri-
cated. With the application of via-fence, mutual coupling
can be in control and would not affect performance in
the array development with number of elements.

FIGURE 20 Transmission characteristics of two fence with

variable Vs at Vd = 0.5 mm

FIGURE 21 Transmission characteristics of two fence with

variable Vd at Vs = 1.57 mm

TABLE 2 Variation of S21 with via separation

Vs

(mm)
Vs at 5.8
GHz (λ)a

S21(Single
fence) (dB)

S21 (Two
fence) (dB)

11 λ/3 −4.02 −6.26

5.5 λ/6 −11.96 −19.07

3.67 λ/8 −18.11 −27

2.75 λ/11 −22.2 −29.93

2.2 λ/14 −24.57 −30.45

1.83 λ/16 −25.78 −30.88

1.57 λ/19 −26.21 −30.99

aValues are approximated integers.

TABLE 3 Variation of S21 with via diameter

Vd

(mm)
Vd at
5.8GHz (λ)a

S21 (Single
fence) (dB)

S21 (Two
fence) (dB)

0.2 λ/150 −14.29 −23.4

0.4 λ/75 −14.49 −26.62

0.6 λ/50 −18.77 −28.49

0.8 λ/38 −21.98 −30.06

1 λ/30 −24.45 −31.93

1.2 λ/25 −26.2 −33.25

aValues are approximated integers.
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Via-fence, as verified in previous section, plays a great
role isolating the element in array and we observed that
gain of the array does not deteriorate much with scan-
ning; however, slot-ring parameters would be required to
optimize slightly in order to achieve good matching at
5.8 GHz over the entire scanning range in azimuth and
elevation plane. With the simple construction of annular
slot-ring antenna, there are only three parameters of the

design, that is, extended feed length (fle), inner ring
radius (a), and slot width (ws), that are required to opti-
mize and match the antenna for ±45

�
scan angles. The

analysis of full 3D phased array antenna computationally
would be very exhausting and expensive in terms of sys-
tem memory usages and time required. The computation
of active element pattern is very helpful in large phase
array antenna analysis, where only single-element pat-
tern is required to be calculated in the presence of other
elements in array with other element ports being termi-
nated.38,39 Correspondingly, in numerical computation,
such as FDTD or FEM, by assuming that the phased
array antenna is infinite in extent, the full array analysis
can be simplified to a single unit cell using Floquet
boundary condition (FBC), saving both system memory
and computation time substantially.40 In Reference 41, a
3 × 3 array with FBC has been utilized to more accu-
rately analyze infinite phased array antenna by also
accounting mutual coupling of centered array element to
surrounding elements.

dx

dx

Unit cell
boundary

FIGURE 22 Unit element of an array with unit cell boundary

and unit cell periodic expansion

-17.88

-27.37

45

30

15

0

0

15 30 45
theta (θ)

theta (θ)

-16.74

-30

45

30

15

0
0

15 30 45

ph
i (
φ

)
ph

i (
φ

)

(B)

(A)

FIGURE 23 Scan impedance at various scan angles (θ, ϕ). A,

Port 1. B, Port 2

FIGURE 24 Active element pattern over −60
�
≤ θ ≤ 60

�

and − 60
�
≤ ϕ ≤ 60

�

FIGURE 25 Gain of unit cell with scan angles
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Recently, CST (commercial software for electromag-
netic simulation) has incorporated unit-cell boundary
feature in its software to analyze full array and predict
scan performance of uniform phased array antenna.42

We used CST for the development of an array of 4 × 8
element of annular slot-ring antenna with via-fence. A
unit cell boundary applied unit-element of annular
slot-ring antenna with its periodic expansion in

Layer 1: annular slot-
ring array

Layer 2: combined dual
feed array

Layer 1: annular slot-
ring array Layer 2: combined dual

feed array

Layer 3: feeding n/w top
layer

Layer 4: feeding n/w

through via

via-fence

via-fence

Layer 3: feeding n/w top
layer

Layer 4: feeding n/w

through via

(A)

(B)

FIGURE 26 4 × 8 array model for radiation in A, broadside, B, scan angle θ = 30
�
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two-dimension is shown in Figure 22. The periodicity of
array is dx (25 mm) in both axes. This model is simulated
in CST for various scan angles. Optimization is per-
formed in CST with unit element parameter (a, ws, fle)
under unit cell boundary to have an impedance matching
over ±45

�
in azimuth and elevation plane. The optimized

unit-cell scan performance of dual feed port is shown in
Figure 23. The active input impedance of the antenna at
both feeding ports (Figure 23A,B) is below −15 dB over
±45

�
scan in azimuth (ϕ) and elevation angles (θ).

Another result is that an active element pattern of
antenna element over the scan angle of interest is
required to observe and analyze variation in gain with
scan angle. Figure 24 is a plot of active element pattern of

single element for −60
�
≤ θ ≤ 60

�
and − 60

�
≤ ϕ ≤ 60

�
. A

two-dimensional (2D) version of Figure 24 is shown in
Figure 25, and it is clear from both plots that the drop in
gain with scan angle is within 2 dB for ±45

�
scanning in

elevation and azimuth plane. Such extraordinary results
are because of low mutual coupling due to via-fence. The
performance of the large array can be predicted from the
active element pattern and active impedance characteris-
tics obtained. The active element pattern (Figure 25) mul-
tiplied by the AF in Equation (3) provides a good
prediction of far-field pattern and scanning performance
of large array.

The optimized annular slot-ring antenna is trans-
formed into a 4 × 8 array. The individual port of the

(A) (B)

FIGURE 27 4 × 8 array return loss of A, broadside array model, B, scan angle θ = 30
�
array model

(A) (B)

FIGURE 28 4 × 8 array radiation of A, broadside array model, B, scan angle θ = 30
�
array model
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antenna can be fed separately with phase shifter for
required beam scanning in MWPT. For the verification of
the performance of array formed from the proposed slot-
ring element with via-fence, we fabricated two model of
the array for radiation in broadside and for scan angle
θ = 30

�
. We combined the two feed of annular slot-ring

element with a phase shift of 90
�
using stripline and the

entire array of 4 × 8 element is feed through a stripline
corporate feeding network. Two-array model is shown in
Figure 26 with fabricated model top view in inset. This is
a multilayer model with four layers: layer 1: annular slot-
ring array, layer 2: combined dual feed array, and layers
3 and 4: stripline-feeding network. In the two-array
model, only the feeding network is different for broadside
and scan angle 30

�
radiation, rest parameters and ele-

ments are the same. The feeding network and the com-
bined dual feed lines are connected through vias. The
array model manufactured is of La = 200 mm and
Wa = 100 mm.

The fabricated array reflection coefficient and radia-
tion pattern is measured and compared with simulated
results in Figure 27 and Figure 28. There is a good match
in simulated and measured results. The reflection coeffi-
cient for the desired frequency of 5.8 GHz is less than
20 dB for broadside and θ = 30

�
scan angle. The antenna

arrays are well matched for different scan angles. The
reflection coefficient is better than the predicted S11 from
unit cell analysis, because in array we added a stripline
corporate feeding network circuit with better matching.
The gain of the fabricated antenna is 17.7 dB for broad-
side and 16.2 dB for θ = 30

�
scan angle. The gain of the

array remains within 2 dB as predicted with unit element
analysis using Floquet boundary.

7 | CONCLUSION

A concise annular slot-ring microstrip antenna is devel-
oped and improvised with the application of via-fence to
suit the requirement of planar antenna panel in terms of
size and performance for MWPT. Mutual coupling effect
in an array is analyzed and diminished using via-fence
around each element. Single- and two-row via-fence
designs and their effect in restricting surface current flow
and therefore reducing the interference among elements
in array are analyzed and presented in this article. Closer
the vias the better is the isolation between the elements is
observed through parametric study. A full array of 4 × 8
element (100 mm × 200 mm) is designed using the pro-
posed annular slot-ring antenna with via-fence. FBC is
applied to obtain the active element impedance and active
element pattern to estimate the full array input impedance
and gain with scan angles. A full array for broadside and

θ = 30
�
scan angle with an appropriate feeding network is

designed and fabricated. The measured result of the array
is similar to the simulated result with good matching at
5.8 GHz of more than 20 dB and gain of 17.7 dB and
16.2 dB at broadside and θ = 30

�
scan angle, respectively.

The annular slot-ring antenna designed is compact in size
and has ideal beam scanning characteristics for multipanel
retrodirective MPWT system at 5.8 GHz.
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