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ABSTRACT Wireless power transfer (WPT) using far-field microwave radiation beam can be used to
power unmanned aerial vehicles (UAVs) thus eliminating the need to land on the ground to charge. In a
distributed WPT system, impulse radio ultrawideband (IR-UWB) signals can provide continuous power at
the receiver end with a high rectification efficiency. Such far-field based distributed WPT systems require
high gain ultrawideband (UWB) antenna arrays with a unidirectional radiation patterns and beam steering
capability. This paper proposes a 4 × 4 phased array antenna with an ultrawideband (UWB) operating
frequency range of 7.5 − 8.5 GHz and 20.9 dBi gain. The novelty of this work lies in the design of a
single unit antenna to achieve UWB operation while maintaining high gain and unidirectional radiation
pattern. Another contribution of this work is the determination of the array element spacing based on
the theoretical modeling and simulation and measurement based validation to achieve the highest gain,
minimum coupling coefficient, and lower side lobe level (SLL). In order to achieve beam steering, each
2 × 2 subarray is considered as a single quadrant thus dividing the 4 × 4 phased array antenna into four
quadrants where all 16 single elements are individually fed. The far-field radiation beam is steered by
controlling the phase difference between each quadrant. The proposed phased array antenna achieves a
scanning range > 51◦ with 28◦ half power beam width (HPBW), gain ranging from 15.4 dBi to 20.9 dBi,
and a maximum scanning loss of 2.8 dB over the UWB operating frequency range.

INDEX TERMS Wireless power transfer, microstrip antenna, ultrawideband antenna, phased array antenna,
UWB phased array antenna, far-field beamsteering.

I. INTRODUCTION

WIRELESS power transfer (WPT) is an emerging tech-
nology that is being extensively researched in recent

times. WPT can help to maintain continuous power delivery
to electronic devices by decreasing the use of cables and
batteries which act as a constraint in the power supply as well
as hinder mobility. The technique of WPT using microwave
far-field radiation beam has been developed mainly with the
priority to be used in the aerospace field, enabling wireless
power transfer from the ground station to an unmanned
aircraft flying through the stratosphere [1], [2]. Onboard
batteries are conventionally used to power unmanned areal
vehicles (UAVs) which increases the payloads on the UAVs
and increases the power requirement thus reducing the

flight time. WPT can be an effective solution to this
problem as it reduces the need for bulky batteries and
the need to land to recharge thus providing a continuous
flight. Fig. 1 depicts a distributed WPT system for UAVs
where the UAVs can be charged from the base station
along with nearby UAVs when the onboard battery runs
low. There are two prevailing approaches of implementing
WPT: (a) non-radiative coupling in the near-field, and
(b) far-field radiation based power beaming. Near-field WPT
uses inductive and inductive/magnetic resonance coupling
between the transmitter (TX) and the receiver (RX) which
provides a short range (< 20 cm) WPT [3], [4], [5]. In near-
filed coupling based WPT, the electromagnetic fields limit
the wave propagation to a minimal amount because of the
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FIGURE 1. Far-field based WPT system.

power attenuation at the rate of 1/d3, where d represents
the distance between the TX and the RX antennas [6].
Far-field radiation is a more practical alternative for WPT

over a longer distance. Directive beamforming is a method
in far-field RF technology where the signal is transmitted
through antennas with narrow beam radiation and high
gain [7]. The major obstacle of far-field based WPT is the
free space path loss which can be reduced through directive
beamforming and achieving a pencil beam. A directive
beamforming based WPT is proposed in [8] which provides
wireless power over 1 m distance with 3.1% power transfer
efficiency (PTE) by using 5.8 GHz continuous signal and
15 dBi gain antenna. To enhance the overall efficiency of a
distributed WPT system, impulse based radio signal can be
used. Carrier based impulse radio ultrawideband (IR-UWB)
system can achieve high peak-to-average power ratio (PAPR)
and provide high controllability and selectivity by applying
phase-shifting in the input signal to control the far-field
radiation beam direction [9], [10]. The high PAPR of the IR-
UWB provides efficient rectification at the receiver compared
to the same power transmitted over continuous waves at a
certain time [11]. The impulse synchronization of IR-UWB
can provide constant power at the receiver of a distributed
system and reduces the loss due to the phase incoherence
of the received signal. However, an ultrawideband antenna
with a high gain is required in order to implement an IR-
UWB based WPT system as the energy of an IR-UWB is
spread over a wide frequency spectrum. Also, in order to
wirelessly power mobile devices such as UAVs, the far-field
beam needs to be steered instantaneously. The antennas that
are used to power the UAV can be mechanically steered
but that requires additional power and control systems to
mechanically rotate the antennas. Electrical steering can
be implemented to steer the far-field beam and with the
combination of mechanical steering a wide range can be
achieved. Fig. 1 depicts the far-field-based WPT system for
a distributed system where the UAV can receive wireless
power from the base station to power themselves along
with relaying the power wirelessly to a nearby UAV. The
receiver antenna of a UAV in such system is required to be
omnidirectional to receive the multiple wireless power beams
from different directions. The WPT transmitter antenna in
the UAV is required to be unidirectional to focus the wireless

power and the far-field beam must be steerable. This paper
focuses on the WPT transmitter antenna on a UAV. Based
on the discussion mentioned above the drone-to-drone IR-
UWB far-field WPT system for UAVs in a distributed system
with 5 m distance would require transmitter antennas with a
high gain (> 15 dBi), ultra-wide bandwidth (> 500 MHz),
unidirectional radiation pattern, and radiation beam scanning
range of > 50◦. Conventional small UAVs have fuselage
< 100×40 cm2 which restricts the antenna size [12]. Fig. 1
also depicts the far-field based WPT system for UAVs where
the far-field beam can be steered by implementing phase
shift in the signals.
Conventional antennas used for WPT are traditionally

narrowband antennas. A 5.8 GHz phased array antenna is
designed in [13] which has 21 dBi gain and a unidirectional
radiation beam where the far-field beam can be maneuvered
using microprocessor controlled phase delay in input signal
at the array elements. However, the proposed antenna in [13]
operates at a narrowband which is not suitable for IR-
UWB based WPT systems. Another 5.8 GHz omnidirectional
antenna used for WPT is proposed in [14] which has
980 MHz bandwidth and is suitable for UWB application but
it has a low gain (7 dBi). A phased array antenna with 4×4
element structure has been designed in [15] where far-field
radiation beam direction is changed by exciting different
antennas in the phased array which achieves inconsistent
gain over the scanning range. The antenna proposed in [15]
also has a narrowband (100 MHz) at the center frequency
of 5.8 GHz which is not suitable for the pulse based WPT.
A 5.8 GHz phased array system is proposed in [16] where
the far-field beam is controlled by power-variable phased
controlled magnetrons which achieved 24.9 dBi gain but the
scanning range achieved was only ±3◦.
A 4 × 4 phased array antenna has been proposed in this

work which achieves an UWB operating frequency, high
gain, and a unidirectional far-field radiation beam that can
be steered with the change in the input signal’s phases
at each 2 × 2 sub-array quadrants. The single element of
the phased array is designed to have a UWB operating
frequency with a unidirectional radiation pattern and a high
gain. A theoretical and simulation based analysis is done
to determine the optimum array element spacing to attain
the achievable gain. Each 2 × 2 subarray of the proposed
antenna has been considered a quadrant dividing the whole
antenna into four quadrants. All individual antennas in the
2 × 2 subarray quadrant are fed with the same signal. The
quadrature based feeding system is used as it reduces the
active component needed to excite the antenna by 1/4th and
is advantageous when the system is needed to be scaled up.
By providing changes in the input phase difference at each
quadrant, the far-field beam direction is maneuvered.
The novelty of this work lies in the design and modeling

of the single unit antenna, analysis to achieve optimum
array spacing to achieve high gain, and quadrature based
feeding along with phase combination analysis to achieve
constant scanning range over the operating frequency. This
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work has the following contributions which yield the novelty
of this work: (1) Design of a novel single unit antenna to
create the 4 × 4 array. The single unit antenna is designed
in four steps that implements the inclusion of strategically
placed slots to alter the current distribution in the antenna
and achieve a UWB operating frequency (7.5 − 8.5 GHz)
whilst achieving a unidirectional radiation pattern and a
high gain (7.4 dBi). The design steps are described in
detail to explain the necessity of the addition of the slots
based on the current distribution. The antenna is designed to
maintain the size restrictions to be placed in a small UAV
while achieving better performance than the conventional
wideband unit antennas. (2) Theoretical calculation and
EM simulation-based analysis to determine the optimum
array spacing value of the proposed UWB phased array
antenna with single unit antenna dimension > 0.6λ. An EM
simulation-based analysis is performed for the 2 × 2 array
for varying array spacing to determine the optimum array
spacing value at which the side lobe level (SLL) is low
(< −15 dB) and the coupling is minimum (< −28 dB)

whilst maintaining a high gain. The EM simulation-based
optimized array spacing is further validated by calculating
the array factor (AF) and the gain of the 4 × 4 array
at varying array spacing. (3) Implementation of a 2 × 2
array quadrant based far-field beam steering method. In this
method the far-field beam of the 4×4 array is controlled by
providing phase difference at each 2 × 2 array quadrant. A
simulation based analysis was done to determine the input
phase differences which is also experimentally validated. (4)

Design and fabrication of 1 × 4 power divider/combiner to
perfectly align with the antenna feed of each 2×2 sub-array
quadrant thus reducing the losses due to the cables. The
combiner is designed to have low insertion loss (< 0.65 dB)

and UWB operation while covering the bandwidth (BW)
of the antenna and provide a similar phased signal at each
element of the 2 × 2 sub-array quadrants. (5) Development
and performance analysis of the compact beam steering
antenna system with the proposed antenna, combiner, and
beam steering method. The system achieves a wide beam
scanning with a high gain. The implementation of the 2 × 2
array quadrant based feeding and beam steering reduces the
number of active elements by 1/4th. The organization of the
paper is as follows: Section II discusses the antenna design
and modeling and the 1 : 4 combiner design to feed each
quadrant; Section III discusses the simulated and measured
results, the beam steering, and WPT measurements; followed
by concluding remarks presented in Section IV.

II. DESIGN AND MODELING
The design and simulated performance of a 4×4 phased array
antenna with preliminary simulation results has been briefly
discussed in our previous work [17]. The antenna designed
in our previous work has been modified by optimizing
the spacing between the array elements and the measured
performance of the modified antenna is presented in this
paper. The 4 × 4 phased array antenna is modeled on a

FIGURE 2. Single unit antenna (a) Front (radiating patch) and (b) bottom (ground
patch) where D1 = 22, D2 = 27.5, D3 = 10, D4 = 15, D5 = 5, D6 = 1.5, D7 = 1, D8 = 11.5,
D9 = 27, D10 = 32.5, and D11 = 17 (unit: mm).

1.53 mm thick FR4 substrate with εr = 4.4, and tangent
loss, tand = 0.02. For the conductive ground and radiating
metal patch, copper (Cu) with 0.035 mm thickness has
been chosen. High Frequency Structure Simulator (HFSS)
design module by ANSYS Electronic Desktop and Advanced
Design System (ADS) by Keysight were used to model and
simulate the antenna.

A. SINGLE UNIT ANTENNA DESIGN
The proposed 4×4 phased array antenna consists of 16 single
unit patch antennas. The single unit antenna is designed to
operate in the UWB frequency band (3.1 − 10.6 GHz), pos-
sess ultrawide bandwidth (> 500 MHz), high gain (> 5 dBi),
unidirectional radiation pattern, and low side lobe level
(SLL). The dimension of the single unit antenna is restricted
to 25 mm so that when the array is created with proper
spacing, it does not surpass the dimensions of the UAVs
fuselage. To design a UWB phased array, conventionally
wideband antennas such as bow-tie, ME dipole, and U-slot
microstrip antennas are used as the unit antenna. Although
bow-tie dipole antennas achieve wide bandwidth they have
relatively lower gain, bidirectional radiation pattern, and
are larger in size [18], [19], [20]. Magnetoelectric (ME)
dipole antennas can achieve wide bandwidth, high gain,
and unidirectional radiation patterns but they are larger
in size and have complex designs [21], [22], [23] making
them unsuitable for UAV implementation. U-slot microstrip
antennas have a simpler design as they are designed by
creating a U-shaped slot in the microstrip patch which
enables it to achieve a wide bandwidth and high gain within
the UWB frequency range [24], [25], [26]. However the
U-slot antennas do not achieve a unidirectional radiation
pattern and are conventionally larger in size. A novel
modified slotted patch antenna is proposed as the single unit
antenna in this paper. The antenna is designed in steps to
achieve the desired operating frequency, bandwidth, gain,
and radiation pattern while maintaining the above-mentioned
size restriction.
The design architecture of the single element antenna

along with the design parameters are shown in Fig. 2. The
design process of the single unit antenna is divided into
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FIGURE 3. Single unit antenna design steps and current distribution at each design
step for 8.4 GHz.

FIGURE 4. (a) S-parameter and (b) Radiation Pattern change at 8.4 GHz for each
design step of single unit antenna.

four steps. The step-by-step design process of the single
unit antenna is depicted in Fig. 3 which also includes the
current distribution throughout the antenna in each design
step. Fig. 4(a) and (b) show the changes in S11 and radiation
pattern respectively of the single unit antenna at each design
step. The single unit antenna is a 27.5 × 22 mm2 antenna
where the design is based on a basic rectangular patch
antenna resonating at 3.3 GHz which is at the lower range
of the UWB frequency band. Afterward the single element
is then further modified to achieve an ultrawide bandwidth
at the upper bands of the UWB frequency range.
In the first step a rectangular patch antenna of D2 × D1

is designed where the dimensions of the D1 and D2
are determined using equations (1), (2), and (3) in order
to achieve an operating frequency of 3.3 GHz [27]. In
equations (1), (2), and (3), f0 is the desired operating
frequency (3.3 GHz), εr is the dielectric constant of the
substrate (4.4), εeff is the effective dielectric constant, and
h is the dielectric substrate’s height (1.57 mm).

D2 = c

2f0

√(
1+εr

2

) (1)

εeff = 1 + εr

2
+ εr − 1

2

1√(
1 + 12h

D2
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√
eeff

− 0.824
((
eeff + 0.3

)
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)
(D2/h+ 0.8)

)
(3)

The antenna is fed using a 50 � microstrip feed line.
A simulation based analysis was performed using Keysight
ADS to estimate the feed line connection point in the antenna
where the input impedance is approximately 50 �. The
position in the antenna where the feed line is connected and
where the impedance is around 50 � is located 3.5 mm to
the right from the center point of the antenna As shown
in Fig. 2. After step 1 the antenna achieves a resonance at
3.25 GHz which can be observed from Fig. 4(a). It also
shows that the antenna achieves a higher order resonance at
4.75 GHz, 7.5 GHz, 8.4 GHz, and 9.8 GHz within the UWB
frequency band. The antenna achieves a gain of 5.3 dBi and
an omnidirectional radiation pattern with multiple side lobes
which can be observed in Fig. 4(b). The rectangular patch
antenna designed in step 1 has two higher order resonant
frequencies at 7.5 GHz and 8.4 GHz which are within close
range and the subsequent design steps are taken to create
UWB operating frequency covering these frequencies.
In step 2, two square ring shaped slots are added in the

middle which creates two parasitic patches in the radiating
patch. The side of the square ring slots are calculated using
the equation (4) [27], [28], [29].

S = c

2fs

√( 2

1 + εr

)
(4)

where S is the length of the side of the square ring slot and
fs is the resonance frequency. 7.7 GHz and 8.6 were chosen
as the resonance frequencies for the single unit antenna
square ring slots because these frequencies are adjacent to
the higher order resonant frequencies achieved after step 1.
The higher order resonance is used because at lower resonant
frequencies the side of the square slots to achieve UWB
results in a larger slot size which results in a larger back
lobe [30]. The addition of the square ring slots reduces
the side lobes and creates additional resonant frequencies
[31], [32]. At the end of step 2 the single unit antenna
achieves wideband resonances at 8.4 GHz and 9 GHz along
with multiband resonances at 5.2 GHz, 5.7 GHz, 7.7 GHz,
and 9.8 GHz as can be seen in Fig. 4(a). The SLL is
also significantly reduced which can be observed from the
radiation pattern in Fig. 4(b).

In step 3, two square ring slots are added on the top
left and bottom right corners along with two L-shaped slots
which are added at the top right and bottom left corners.
The ring slot dimensions are similar to that of the 8.6 GHz
ring slot resonator mentioned in step 2. The L-shaped slots
added in the proposed antenna longer on one side so that the
L-shape can cover a larger area in the rectangular radiating
patch thus resulting in a higher current density in the center
when coupled with the ring slots in the middle. The edges
of slots added in the corner result in more current density
compared to the antenna edges as can be seen in Fig. 3. The
higher current density in the center of the antenna due to
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the corner slots reduces the SLL and assists in creating a
unidirectional radiation pattern [33]. The added corner slots
also create a nonuniform current distribution direction within
the antenna radiating patch which accommodates the increase
in bandwidth [34], [35], [36]. A significant improvement in
the S11 and radiation pattern can be observed after step 3. The
single unit antenna achieves a UWB operating frequency of
7.7 − 8.7 GHz along with multiband operations at 3.8 GHz,
5.2 GHz, 5.8 GHz, 6.3 GHz, and 9 GHz as depicted in
Fig. 4(a). The radiation pattern also improves as the side
lobes are reduced and a unidirectional radiation pattern can
be observed after step 3 in Fig. 4(b). Although, the addition
of the slots in step 3 increases the current density in the
center of the antenna, the density value is higher near the feed
compared to the top of the antenna as can be seen in Fig. 3.
With the addition slots around the corners of the antenna
and that the antenna feed is located slightly right from the
center of the antenna, a higher current distribution can be
observed on the left side of the antenna compared to the right
side which can also be observed from Fig. 3. The higher
current density near the feed coupled with the feed location
being slightly towards the right compared to the center of the
antenna results in a slightly tilted (by 12◦) main lobe in the
far-field radiation beam which can be observed in Fig. 4(b).
In step 4 two rectangular slots are created in the ground
plane placed at the top and at the bottom between the square
and L-shaped corner slots. The addition of these slots creates
an almost similar valued current distribution along the top
and bottom of the radiating plane of the antenna. Another
square slot is added in the ground plane at the center of the
antenna which increases the current distribution at the center
of the antenna. The slots added in the ground plane also
increase the current density around the slots in the radiating
patch as shown in Fig. 3. This reduces the SLL of the
antenna and creates a more unidirectional radiation pattern.
Although the current distribution after step 4 is improved and
more symmetrical throughout the antenna, the antenna feed
location still contributes to the tilting of the main radiating
beam. The resultant far-field beam after step 4 is tilted by 6◦
which can be seen in Fig. 4(b). After the final design step
as per simulation, the single unit antenna achieves a UWB
operating frequency of 7.6−8.8 GHz, a gain of 7.4 dBi, and
a unidirectional radiation pattern as shown in Fig. 4(b). The
performance comparison of the single unit antenna proposed
in this paper with the state-of-the-art wideband antennas is
provided in Table 1. Compared to the relevant wideband
unit antennas, the proposed single unit antenna achieves an
ultrawide bandwidth,high gain, and unidirectional radiation
pattern. From Table 1 it can be observed that the ME
dipole antenna presented in [22] achieves similar bandwidth
performance within the UWB band. Although the electrical
dimensions are similar, the physical dimension of the antenna
is larger than the proposed single unit antenna where the λ

is calculated for the center frequency. The proposed antenna
also achieves 0.4 dB more gain than the antenna mentioned
in [22] which results in 48% more gain when the 4 × 4

TABLE 1. Performance comparison of the single unit antenna.

array is created. The proposed single unit antenna has a
relatively simple structure and achieves such performance
while maintaining the size restrictions for UAV placement.

B. ANTENNA ARRAY DESIGN
The proposed 4×4 phased array antenna is designed using 16
single unit antennas detailed in the previous section placed
with uniform spacing. In conventional narrowband phased
array antennas, the array spacing is determined based on
the single unit antennas’ lower resonant frequency. In these
cases, the single unit antennas are usually < 0.5λ in size
and are placed 0.5λ apart from center-to-center [37], [38].
The spacing between the single array element is kept ≤
λ to reduce the grating side lobes and achieve a lower
SLL [39]. This approach is not suitable for UWB single
unit antenna designed in this paper as the antenna size is
> 0.5λ for the antenna’s UWB operating frequency and a
higher array spacing results in a higher SLL. To overcome
the aforementioned challenge, the array elements need to be
increased which results in a larger antenna [40].
In order to achieve the optimum performance using the

designed single unit antenna, this paper proposes an analysis
to determine the array spacing based on the calculated gain
of the 4 × 4 array which is further validated based on the
gain, mutual coupling, and SLL of the 2×2 array. Based on
the simulation based performance of the single unit antenna,
the best UWB performance is achieved at a higher resonant
band between 7.6 − 8.8 GHz, where the antenna achieves
a high gain and unidirectional radiation pattern. For this
reason, to design the phased array antenna, 8 GHz is chosen
as the center frequency of the UWB operating band. For
8 GHz operating frequency, the width and length of the
single unit antenna can be represented as 0.74λ and 0.6λ,
respectively. At first, the 4 × 4 phased array antenna gain,
GPAA is calculated using equations (5) and (6) [41], [42]:

GPAA = |A.F.|2 × Gs (5)

A.F. = sin
(N

2 (kdesinθcosφ + βx)
)

sin
(

1
2 (kdesinθcosφ + βx)

) (6)

where Gs is the gain of the single unit antenna and A.F.

is the array factor of the phased array antenna and it is
dependent on the spacing between the single unit elements in
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FIGURE 5. (a) Change in calculated gain of the 4 × 4 phased array with respect to
spacing and (b) Simulated change in gain, coupling and side lobe level with respect to
array spacing for a 2 × 2 quadrant.

FIGURE 6. Proposed 4 × 4 phased array antenna.

the antenna. The array factor, A.F. is calculated using equa-
tion (6), where N is the number of single unit elements which
is 16 in this design, k is the free space propagation constant,
θ is the broadside beam direction along the elevation plane of
the single element antenna, φ is the broadside beam direction
along the azimuth plane of the single element antenna, βx
is the input phase difference between the single elements,
and de is the distance between the single unit elements
in a phased array. The calculated gain from equation (5)
and (6) is shown in Fig. 5(a) for different spacing between
the array elements when all the element has input phase
difference equal to 0◦. The calculation was done for 0.8λ −
1.6λ array spacing because with a lower array spacing,
the designed single unit antennas will overlap. From 5(a)
it is determined that at de = 1.24λ spacing between the
elements, the maximum gain is achieved. The calculated
value was further verified using simulations. To validate the
array element spacing, a 2 × 2 array quadrant of the 4 × 4
array is constructed and the gain, mutual coupling between
the array elements and the SLL is observed by varying the
array spacing between the elements. The spacing between
the array elements is determined where the antenna achieves
the maximum gain, low mutual coupling, and low SLL at
the center frequency. The variance in gain, mutual coupling
between array elements, and the SLL with respect to array

FIGURE 7. Circuit diagram and fabricated combiner for 2 × 2 array quadrant of the
phased array antenna.

element spacing are shown in Fig. 5(b). From Fig. 5(b) it
can be observed that the 2 × 2 array achieves higher gain and
low SLL for 0.97λ − 1.35λ and 0.94λ − 1.25λ respectively.
Thus, for the 1.24λ array spacing the 2 × 2 array element
achieves a high gain (14.49 dBi) with a low SLL (< −15 dB)

and the mutual coupling is −28.23 dB, which is suitable for
antenna array operation. Based on the analysis, the proposed
4×4 phased array antenna is created where the unit antennas
are placed 1.24λ from center to center which results in
0.47λ spacing from edge to edge. The overall 4 × 4 array
antenna is depicted in Fig. 6 where the total dimension of
the antenna is 4.5λ × 3.8λ. The resultant dimension of the
proposed 4 × 4 antenna is 17 × 14.3 cm2 which falls within
the size restrictions confined by small UAV’s fuselage (<

100 × 40 cm2). The small size makes the proposed antenna
suitable to be implemented in conventional small UAV.

C. COMBINER DESIGN
The 4 × 4 phased array antenna consists of 16 single unit
antennas which have individual feeds. In order to provide
signal feeding and achieve beam steering to the antennas in
the 4 × 4 phased array, it is divided into four 2 × 2 array
quadrants. Each 2 × 2 array is considered as a quadrant
because if needed to be scaled up to provide wireless power
to a larger UAV and/or provide wireless power at a longer
distance, the scaling factor can be 2n (where n = 1, 2, 3,. . . ).
This not only reduces the required number of active elements
but also reduces the complexity for designing power dividers
for feeding the antenna when being scaled up as the power
dividers are also designed at 2n rate. A 1 : 4 power divider
is designed to feed the four antennas in each 2 × 2 array
quadrant. The combiner is designed to provide equal power
with no phase difference at each point and the dimensions
of the microstrip lines were designed in a manner that the 4
ports of the combiner align perfectly with the 4 antennas in
each 2×2 array quadrant. It consists of two Wilkinson power
dividers which are connected by a 1 : 2 power divider. The
circuit diagram and fabricated combiner circuit for the 2×2
phased array antenna along with the port numbers is depicted
in Fig. 7. The combiner circuit is designed on FR4 substrate
with 2 mm thickness and copper with 0.035 mm thickness
is used as the radiating patch and the ground patch. The
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FIGURE 8. Fabricated 4 × 4 phased array antenna.

combiner circuit was designed on a thicker board because the
transmission lines of the combiner are wider in 2 mm thick
FR4 board which reduces the insertion loss of the combiner.
All of the ports of the combiner is 50 � matched. The 1 : 4
combiner is custom designed to operate within the operating
frequency of the proposed phased array antenna in order to
reduce the loss due to the impedance mismatch between the
combiner and the antenna that occurs while connecting the
antenna with the combiners. At first, a Wilkinson 1 : 2 power
divider was designed where the microstrip lines’ widths were
calculated considering 8 GHz as the center frequency. The
1 : 2 power divider worked at the center frequency and had
a bandwidth of 1.7 GHz. The length of the output ports
of the Wilkinson power divider was designed so that they
align perfectly with the top and bottom antennas of the
2 × 2 sub-array as shown in Fig. 7. Afterwards the two
designed Wilkinson power dividers were taken and fed with
100 � microstrip lines which are connected through quarter
wavelength transformers to match with the 50 � input port
of the combiner. The length of the 100 � microstrip lines
were designed in such a way that all of the four output ports
of the Wilkinson power divider align perfectly with the 2×2
quadrants. The 100 � lines are connected through a 50 �

input port.

III. SIMULATION AND EXPERIMENTAL VALIDATIONS
The 4 × 4 phased array antenna proposed in this paper
along with the combiners are fabricated according to the
design parameters mentioned in Section II and the fabricated
version of the antenna is depicted in Fig. 8. The design
purpose of the antenna is to transmit wireless power over
the UWB operating frequency range along with the electrical
beam steering capability. The performance of the antenna is
determined based on the return loss, gain, radiation pattern,
and beam steering capabilities. The four quadrants of 2 × 2
array are named Q1, Q2, Q3, and Q4, respectively as
depicted in Fig. 6. Each element within the quadrant is
fed with the same input signal with the same phase. For
the simulation in Ansys HFSS, the individual elements in
the array were fed using lumped ports matched to 50 �.
For the measurement, SMA connectors were used as the
interface to feed the individual elements in the array. The
SMA connectors which were used for the measurement was
matched to 50 � as well.

FIGURE 9. S-Parameters of the proposed 4 × 4 phased array antenna: (a) S11 of a
single port and (b) mutual coupling between array elements.

FIGURE 10. Measured S-Parameters of the 1 : 4 combiner: (a) S11 of each port,
(b) S21 magnitude and phase between the input port and the output ports.

A. S-PARAMETERS
The proposed antenna has 16 feeding ports for the 16 single
elements of the 4 × 4 phased array. The return loss was
measured for each port to determine the operating frequency
of the antenna which remained almost constant for all the
ports. The S-parameter measurements were performed using
the ZVB40 4- port VNA from Rohde and Schwarz. The
simulated and measured S-parameters of the proposed 4 × 4
phased array antenna are shown in Fig. 9. For the S11
analysis the frequency range < −10 dB has been considered
as good matching because it yields to low return loss.
Fig. 9(a) depicts the S11 of a single element antenna in
the proposed phased array antenna and from there it can
be observed that the proposed antenna achieves < −10 dB
return loss over the UWB frequency range of 7.5−8.5 GHz,
which determines that the antenna achieves 1 GHz bandwidth
with fractional bandwidth (FBW) of 12.5% within the UWB
frequency band. Besides the UWB operating frequency, the
antenna also achieves multiple resonating frequencies at
5.1 GHz (FBW = 2.4%) and 9.1 GHz (FBW = 6.6%). The
S3,2 and S3,8, which represent the mutual coupling between
the single elements of the proposed 4 × 4 phased array
antenna, are shown in Fig. 9(b). It can be observed that the
proposed phased array antenna achieves a measured port-
to-port isolation > 28.4 dB over the operating frequency
band. The high port isolation reduces the mutual coupling
coefficient between the adjacent single unit antennas in the
phased array antenna.
The measured S-parameter performance of the combiner

is depicted in Fig. 10. From Fig. 10(a) it can be observed
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that the input port (Port 1) is perfectly matched and achieves
< −10 dB return loss from 7.14 − 8.8 GHz. The output
ports connecting to the antenna have < −10 dB return loss
over an UWB frequency range (6 − 8.8 GHz). Fig. 10(b)
depicts the S-parameter magnitude and phase between the
input port and output ports and the insertion loss of the
combiner can be calculated from this figure as well. From
Fig. 10(b) it can be observed that the combiner has insertion
loss ranging from 0.33−0.65 dB over the operating frequency
of the proposed antenna. Fig. 10(b) shows that the output
port of the combiner provides the same phased signal over
the operating frequency.

B. GAIN AND RADIATION PATTERN
In order to measure the gain and the radiation pattern of
the proposed antenna, all 16 ports are needed to be excited
simultaneously. The designed combiner is used to feed all
of the ports of the proposed 4 × 4 phased array antenna.
Each of the four 2 × 2 array quadrants is connected with
a combiner. At first, all of the single unit antennas in each
quadrant are fed with the same input signal without any
phase difference. The radiation pattern and gain for the
proposed phased array antenna are measured for 0◦ phase
difference in the input signals for all of the 16 ports of the
proposed 4 × 4 phased array antenna. For this reason, the
4 combiners providing feed to 4 quadrants of the proposed
phased array antenna are fed using another 1 : 4 combiner.
As a result, the input power from the source was divided into
16 equal portions, thus exciting the 16 feeds of the proposed
phased array antenna with no input phase difference at
each port. The radiation pattern and the gain are measured
inside the anechoic chamber (RF Enclosures 18-5/5-0) by
ETS Lindgren with microwave absorbers that enable the
measurement of the radiation pattern from D.C. − 40 GHz.
The gains and radiation patterns are measured using the
DAMS 6050 automated antenna measurement system by
Diamond Engineering which also calculates the radiation
efficiency of the antenna. DAMS 6050 uses a standard
antenna as the receiver while the antenna under test (AUT)
rotates. In order to calculate the gain of the AUT, the gain
values of the standard antenna needs to be uploaded into
the controller software of DAMS 6050 as a dataset. The
software calibrates the measurement based on the dataset to
take into account the gain of the standard antenna similar to
that of a two standard antenna approach for gain calculation.
The proposed antenna is placed on the antenna measurement
system and a standard horn antenna from RF Spin (Model:
QRH40) is placed 1.3 m distance apart to measure the
received signal. The proposed antenna has a calculated far-
filed at > 1.1 m distance and the QRH40 horn antenna has
a calculated far-field of > 0.1 m. Based on the far-fields
of both antennas 1.3 m was chosen to accurately measure
the radiation pattern and gain of the antennas. The DAMS
antenna measurement system rotates the AUT instead of the
reference antenna, making it hard to do the measurements of
antennas with complex active circuits. As a result, the active

FIGURE 11. Radiation pattern measurement setup for the beam steering of the
proposed 4 × 4 phased array antenna

FIGURE 12. (a) Gain, (b) Radiation pattern along elevation plane at 8 GHz when the
phase differences in all the ports are 0◦ , (c) Radiation efficiency, and (d) Axial ratio of
the proposed 4 × 4 phased array antenna.

circuits can not be covered by the absorbers and it results in
a radiation pattern that is not smooth. The gain and radiation
pattern measurement setup is shown in Fig. 11.
The simulated and measured gain of the proposed 4 × 4

phased array antenna over UWB operating frequency is
depicted in Fig. 12(a). It can be observed that when the
input signal phase has 0◦ degree phase difference between
them, the highest gain of 21.6 dBi is achieved at 8.1 GHz
frequency. From Fig. 12(a) it can also be observed that the
gain of the proposed antenna ranged from 15.4 − 21.6 dBi
over the operating frequency band. The radiation pattern
of the antenna at 8 GHz is depicted in Fig. 12(b), from
which it can be determined that the antenna achieves a
unidirectional radiation pattern with a half-power beamwidth
(HPBW) of 28◦ and the broadside beam direction along
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TABLE 2. Electrical beam steering achieved by the proposed antenna along θ-axis.

the 12◦ in the elevation plane. The radiation efficiency is
shown in Fig. 12(c). The measured radiation efficiency was
derived from the simulated directivity and the measured
gain. From Fig. 12(c) it can be observed that the radiation
efficiency of the antenna varies from 52.4% − 77.5% over
the operating frequency. The highest radiation efficiency is
achieved at 8.3 GHz. Fig. 12(d) depicts the simulated axial
ratio of the proposed 4 × 4 phased array antenna. From the
axial ratio, it can be concluded that the antenna is circularly
polarized at 7.95 − 8.45 GHz. As the feed of the single unit
is located slightly right from the center of the antenna, it
creates the nonuniform current distribution as shown in step
4 of Fig. 3. The location of the feed and the nonuniform
current distribution results in left-hand circular polarization
(LHCP) in the antenna. Fig. 12(b) also depicts the simulated
LHCP and right-hand circular polarized (RHCP) radiation
pattern of the antenna at 8 GHz, from which it can be
observed that there is polarization isolation between LHCP
and RHCP. The LHCP has higher gain and the radiation
pattern is unidirectional. From this it can be presumed that
the proposed antenna is left-hand circular polarized.

C. BEAM STEERING
One of the main objectives of this work is to design an
antenna with an electrical beam steering capability. The
radiation beam of the proposed antenna can be electrically
steered by providing phase difference at the input of each
quadrant. An initial simulation based analysis was performed
to realize the input phase difference combinations of the
quadrants for which the antenna achieves almost similar
beam scanning range along the elevation plane over the
operating frequency band, which is experimentally validated
afterward. Subsequently, another simulation based analysis
is performed to determine the required phase difference
combinations between the quadrants to steer the beam along
the azimuth plane. Five phase difference value combinations
between the four quadrants have been reported in this paper
for azimuth and elevation steering to depict the total scanning
range along with the scanning loss. In order to measure the
beam steering characteristics of the proposed antenna, phase
shifters are introduced to create phase differences between
each quadrant input. To measure the beam steering of the
antenna, four phase shifters are added at the input of each
quadrant’s combiner which is also shown in Fig. 11. The

FIGURE 13. Simulated and Measured radiation beam steering of the proposed 4 × 4
phased array antenna along elevation plane (θ-axis) at (a) 7.6 GHz, (b) 8 GHz, and
(c) 8.4 GHz.

phase shifter used is MAPS-010146-001SMB from MACOM
Technology Solutions and it is a 6 − bit phase shifter with
4.8 dB insertion loss and the capability of changing the phase
of the input signal with 5.6◦ resolution. With the use of
phase shifters, different phase combinations are provided at
the four quadrants of the antenna, and the radiation pattern
is measured along the azimuth and the elevation planes.
The electrical beam steering of the proposed antenna

along the elevation plane at three different frequencies over
the UWB frequency band (7.6, 8, and 8.4 GHz) and
for different input phases at each quadrant is presented
in Table 2. The simulated and measured beam steering
along the elevation plane (θ − axis) for the aforementioned
frequencies is shown in Fig: 13. From Fig. 13 and Table 2
it can be observed that at the center frequency (8 GHz)
the antenna has 20.9 dBi gain and a scanning range of 60◦
along the elevation plane. At 8 GHz the proposed antenna
has a scanning loss of 2.4 dB and half power beam width
(HPBW) ranging from 24◦ −28◦. From Fig. 13 and Table 2
it can also be seen that at the lower (7.4 GHz) and higher
(8.6 GHz) frequencies of the of the UWB operating band,



363 IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION, VOL. 5, NO. 2, APRIL 2024

TABLE 3. Simulated beam steering along φ-axis for 8 GHz.

the gain is decreased by 28.1% and 44.7%, respectively
despite the scanning range remains above 54◦ along elevation
plane. The scanning loss remains almost similar which is
2.3 dB and 2.8 dB at 7.4 GHz and 8.6 GHz, respectively
and it can be concluded that the scanning loss of the
proposed antenna increases with the frequency. The proposed
antenna also achieves an SLL ranging from −9.7 dB to
−19.7 dB over the operating frequency and the scanning
range. The highest SLL is achieved at 7.6 GHz towards
the 33◦ beam direction. Although the antenna achieved
large SLL at 7.6 GHz, the scanning loss of the antenna
is low which is more pivotal for far-field power beaming
applications. From the above mentioned discussion, it can
be concluded that the proposed planar 4 × 4 phased array
antenna’s radiation beam can be steered along the elevation
plane over the UWB frequency (7.4 − 8.5 GHz) for the
same quadrant input phase combinations. The proposed
antenna achieves a scanning range from −24◦ to 36◦ along
the elevation plane at the center frequency (8 GHz). The
scanning range of the proposed antenna varies a little at
the lower and upper frequencies within the band of the
UWB operating frequency. Overall the proposed antenna
achieves a consistent electrical scanning of −18◦ to 33◦
along the elevation plane throughout the frequency range
of 7.6 − 8.4 GHz band. The measurements were taken for
five different phase combinations and these combinations
were determined based on the simulation based analysis as
mentioned before. For all these combinations, the proposed
antenna covered the scanning range throughout the operating
frequency.
To observe the beam steering along the azimuth plane

(φ-axis) a simulation-based analysis is performed to deter-
mine the phase combinations at each quadrant. The required
phase difference and far-field beam steering performance at
8 GHz of the proposed 4 × 4 phased array antenna is shown
in Table 3 and Fig. 14. In the initial stage where there is no
phase difference between the quadrants, the far-field beam
is tilted along −75◦ along the azimuth plane. Based on the
simulation-based analysis, with the phase combinations at
each quadrant mentioned in Table 3 and Fig. 14, the antenna
achieves an azimuth scanning range from −75◦ to 20◦. The
antenna achieves a wide HPBW (> 34◦) along the azimuth
plane. When steered along the φ-axis, the antenna achieves
a 2.1 dB scanning loss.

The group delay and phase delay of the proposed antenna
is also characterized in this work. When implemented in an

FIGURE 14. Simulated radiation beam steering of the proposed 4 × 4 phased array
antenna along azimuth plane (φ-axis) at 8 GHz.

TABLE 4. Phase delay of the proposed antenna for the scan angles.

IR-UWB system, each quadrant of the antenna needs to be
fed with a carrier-based impulse signal with the same time
delay. A phase change is provided in the carrier signal to
accommodate the beam steering. All of the quadrants of the
antenna receive impulse signals at the same time with the
same delay, same pulse width, and different carrier phases
for different scanning angles. Due to the difference in the
input carrier signal phase for different scanning angles, the
resultant output signal from the antenna also has varying
output signal phase, referred to as the phase delay. A transient
simulation-based analysis has been conducted to calculate
the group delay of the resultant transmitted signal of the
proposed antenna for the different azimuth and elevation
scanning angles. Table 4 represents the group delay or the
output phase of the resultant transmitted signal for the
different scanning range. The group delay of the proposed
antenna is also calculated from the obtained phase delay
values using the following equation (7) [43].

GroupDelay,Tg = 1

360◦ × dθ

df
(7)

where, dθ is the phase delay or the phase change in degrees
and df is the delay in the frequency component in Hertz (Hz).
The group delay for the proposed antenna at different scan-
ning angle is listed in Table 5. Based on the simulated active
S-parameter of the individual elements another analysis is
performed to ascertain the effect on the input matching due
to different input phase differences provided for the beam
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TABLE 5. Group delay of the proposed antenna for the scan angles.

FIGURE 15. Simulated active S-parameter of (a) Port 1 and (b) Port 8 of the
proposed 4 × 4 phased array antenna for different scan angles.

steering. The simulated active S-parameter of the proposed
phased array antenna’s port 1 and port 8 for different phase
combinations is depicted in Fig. 15. Port 1 in the antenna
represents the antenna array element located at the edge and
port 8 in the antenna represents the antenna array element
located in the center of the antenna surrounded by array
elements with different input phases. From Fig. 15 it can
be observed that the S11 for both ports remain within the
performance range of the simulated S11 presented in Fig. 9(a)
for the different phase combinations provided in order to
induce beam steering.

D. WPT EXPERIMENT AND PATH LOSS MODELLING
Using the proposed 4 × 4 phased array antenna and a horn
antenna a WPT system is developed. The ideal horn antenna
used in this experiment is chosen to represent the receiving
antenna of the UAV. The WPT system setup is similar
to the radiation pattern measurement setup and the WPT
measurements were performed for 1.3 m of distance as
shown in Fig. 11 where the 4 × 4 phased array antenna and
the QRH40 horn antenna have been used as the transmitter
and receiver antennas respectively. The WPT system is
measured for 0◦ phase difference at the input ports of the
antenna. The WPT system’s path loss is delineated based on
the calculated and measured results for the UWB operating
frequency band (7.5−8.5 GHz) and is based on the path loss

TABLE 6. Path loss characterization using proposed phased array antenna and
QRG40 horn antenna.

modeling in our previous work [49]. The WPT system losses
include both path loss and combiner/splitter insertion loss.
For this measurement, five combiners are required and all of
their insertion losses combined were taken into account while
performing path loss characterization. The phase shifters
were removed for the WPT measurements as the beam
steering was not required for this measurement. The path
loss measurements are analyzed for the WPT system inside
the anechoic chamber. Table 6 contains calculated WPT path
loss with the combiner/splitter and measured path loss. The
losses are measured for four different frequencies within the
operating frequency band along with their calculated values.
The free space path loss (FSPL) is calculated using the
following equation:

FSPL = 20 log(d) + 20 log(f ) + 20 log(4π/c) + Gt + Gr
(8)

where d is the distance between the antennas, f is the
operating frequency, c is the speed of light and Gt, and
Gr are the TX and RX antenna gains, respectively. The
TX antenna gain is depicted in Fig. 12(a) and the RX gain
values are taken from the datasheet of the QRH40 horn
antenna by RF Spin. For the path loss characterization,
a commercial horn antenna was used as the RX antenna
which has a lower gain (< 8.5 dBi). The calculated and
measured WPT system loss are almost similar and it can be
observed in Table 6. The system loss and path loss of the
WPT system vary from 22.2 − 28.8 dB over 7.6 − 8.2 GHz.
Using the proposed antenna in a WPT system power transfer
efficiency (PTE) of 0.13% − 0.63% can be achieved for
the UWB operating range. The PTE is based on the path
loss characterization with the assumption that 0 dBm power
is being transmitted. The received power will increase if
transmitted power is increased. When implemented in a
distributed system with multiple transmitters power beaming
a single receiver using IR-UWB signals, the PTE can be
further improved by synchronizing the pulse and phases
of the incident IR-UWB signals. In this paper commercial
phase shifters are used to characterize the proposed antenna.
The MAPS-010146-001SMB phase shifters are used for
beam steering where each phase shifter has an insertion
loss of 4.8 dB and it would add a total of 10.8 dB of
loss in the system. So when the phase shifters are used,
they will reduce the PTE by 12%. These phase shifters
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TABLE 7. Comparison with state-of-the-art work.

can be replaced by integrated IR-UWB transmitters with
delay block-based phase shifters with low insertion loss
and phase reconfigurability and high gain power amplifiers
(PAs). An application specific on chip integrated transmitter
along with the PA can reduce the insertion loss, provide
precise phase for the beam steering, and make the system
more compact thus increasing the efficiency of the overall
system.

E. COMPARISON
The comparison of the proposed 4 × 4 phased array antenna
with other state-of-the-art works implementing different
method of beam steering is represented in Table 7. The
proposed antenna achieves an UWB operating frequency
with FBW = 12.5%, which is > 29% higher than the UWB
antennas proposed in [42] and [46]. The proposed antenna
achieves a high gain of 20.9 dBi. Compared to the other
state of the art works proposed in [42] and [45] the proposed
phased array antenna achieves a higher gain (> 1.5%) with
< 27% smaller size. The proposed antenna also achieves
up to 77.5% radiation efficiency which is higher than
the mentioned state-of-the-art works. The proposed 4 × 4
phased array antenna also achieves a maximum 60◦ scanning
range at 8 GHz and > 51◦ scanning range over the UWB
operating frequency with beamwidth ranging from 22◦ − 32◦
which is higher than the beam scanning array antennas
reported in [44], [46], and [48]. The proposed antenna also
achieves low SLL (−19.7 dB) at the center frequency
with 0◦ phase difference between the elements which is
higher than the other state-of-the-art works mentioned in
Table 7.

IV. CONCLUSION
This paper proposes a 4 × 4 phased array antenna designed
for far-field based impulse radio ultrawideband wireless
power transfer applications. A step-by-step design analysis
is provided for the single unit antenna where it is designed
in such a way that it achieves a UWB operating frequency,
unidirectional radiation beam, high gain, and a low SLL. As
the single unit antenna dimension exceeds 0.5λ value for
the center frequency of the UWB operation, an analysis is
presented to figure out the optimized array spacing between
the elements. The array spacing analysis is performed to
achieve the highest gain and is based on calculation and
validation from simulated results. The resultant antenna
achieves an operating frequency of 7.5−8.5 GHz with 12.5%
FBW and a gain of 20.9 dBi at the center frequency. The
antenna has been also designed to be used in the WPT
application and the radiation beam of the proposed antenna
can be steered. Each 2 × 2 subarray in the phased array
is considered as a single quadrant. Four of these quadrants
make up the whole 4 × 4 phased array. In order to steer
the radiation beam in a certain direction, phase difference
is created between the input signals at each quadrant. By
controlling the input signal phase difference, the beam
steering is also controlled to achieve a certain beam direction.
A simulation based analysis was done to figure out the input
phase combinations at each quadrant which would provide
constant beam scanning over the operating frequency. The
proposed phased array antenna has a beam scanning range of
> 51◦ along the elevation plane with an average beamwidth
of 28◦ over the UWB operating frequency. The antenna also
achieves −75 ◦ to 20◦ scanning range throughout the azimuth
plane at 8 GHz. The antenna has a radiation efficiency
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ranging from 52.4% − 77.5% over the operating BW. With
a smaller size, UWB operating frequency, higher gain, and
constant beam scanning along the UWB operating frequency,
the proposed phased array antenna is suitable for WPT
applications. The antenna is designed with scalability in
mind. Using the quadrant based feeding, the antenna can
be further scaled up if required. The quadrant based beam
steering reduces the active element requirements by 1/4th.
A 0.63% WPT PTE has been achieved using the antenna
and a commercial antenna. By implementing it at a larger
scale the gain can be improved which will result in a higher
PTE and the antenna can be implemented on larger UAVs.
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