This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to
final publication. Citation information: DOI10.1109/TAP.2022.3164885, IEEE Transactions on Antennas and Propagation

Light-Weight Low-Cost Tightly Coupled Dipole
Array Antenna for Wireless Power Transfer

Lehu Wen, Benito Sanz-lzquierdo, Wei Hu, Senior Member, IEEE,
Cong Lin, and Chao Wang

Abstract—A light-weight low-cost tightly coupled dipole array
(TCDA) antenna is presented for wireless power transfer. A
simple low-cost H-plane scanning booster (HSB) layer is first
introduced to improve the scanning ability in H-plane. Therefore,
a consistent E- and H-plane scanning performance is achieved for
the designed unit cell. In addition, a new 1to4 differential feed
network using power dividers and exponentially tapered baluns is
designed and utilized to excite the unit cell. Finally, a 5x13 finite
array antenna prototype was designed, fabricated, and measured
for wide beam scanning performance verification. Both the
measured and simulated results confirm that the fabricated array
antenna can have a wide and consistent scanning range of +50° in
both E-plane and H-plane over 4.3:1 impedance bandwidth. In
addition, low cross-polarization levels of less than -30.5 dB are
achieved for the fabricated low top-to-ground profile (0.42;)
TCDA antenna.

Index Terms—Array antenna, differential feed, light weight,
low profile, tight coupling, ultrawideband.

I. INTRODUCTION

WIRELESS power transfer (WPT) is a transformative
technology that can significantly change our lives. It can
not only be used in the ordinary consumer electronics and
new-energy vehicles, but also used in the national defense and
space systems [1]. To realize a swift tracking for the remote
mobile receivers with high efficiency, far-field remote WPT is
utilized and the antennas are required with beam scanning
performance for dynamic tracking [2]-[3]. In addition to the
wireless power transmission, the related communications
between the transmitter and receivers are also needed to be
established to ensure the stable link [4]. Therefore, to achieve
high WPT efficiency and bandwidth, broadband antennas such
as the ultrawideband tightly coupled dipole array (TCDA)
antennas are especially a good option for WPT applications.
Normally, by forming Wheeler’s current sheet antenna array
[5]-[6], classic TCDA antennas can be realized with wide
impedance bandwidth and scanning ranges. Various TCDA
antennas have been developed with excellent performances
[7]-[13]. In these designs, a wide beam scanning range of up to
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+60° in E-plane can be achieved. However, in terms of H-plane
scanning range, it is either narrower than E-plane or has a
deteriorated VSWR, which is undesirable for TCDA antennas.
To keep a consistent scanning performance in both E-plane and
H-plane, an easy way is adding a thick dielectric superstrate
[14]-[17], which works as a wide-angle impedance matching
layer to improve the beam scanning performance. However,
this will incur a high profile and heavy weight of the antenna.
Additionally, FSS-based superstrates [18]-[19], metamaterials
[20]-[22], and polarization selective absorbers [23] are utilized
for beam scanning improvement. However, these FSS-based
superstrates or metamaterials require a certain distance or
length to take effect, and it is also normally around a quarter of
the wavelength at the highest working frequency.

In this letter, a light-weight, low-cost, and low top-to-ground
profile TCDA antenna is proposed for WPT applications. It can
not only realize a consistent wide beam scanning performance
in E-plane and H-plane, but also has the advantage of avoiding
the traditional high-mass dielectric or high-profile FSS-based
superstrates for scanning performance improvement. First in
this work, an H-plane scanning booster (HSB) layer is proposed
to improve the impedance bandwidth when scanning to the
large angles. In addition, a new 1to4 differential feed network is
designed to excite the unit cell, and its 5x13 finite array antenna
was then developed, fabricated, and measured with UWB
(4.3:1), consistent scanning ranges of £50° in both E-plane and
H-plane, and low cross-polarization levels (<-30.5 dB).

Il. UNIT CELL DESIGN

A. Unit Cell Configuration

Fig. 1 shows the detailed configuration of the proposed
TCDA unit cell. As shown in Fig. 1 (a), the unit cell is
composed of the top radiator, center ground plane, and bottom
feed network (power dividers and balun). The periodical length
of the square unit cell is 20 mm, which is 0.534;,, where 4,, is
the freespace wavelength at the highest working frequency of 8
GHz. Fig. 1 (b) shows the top view (xy-plane) of the unit cell.
As can be seen, above from the center tightly coupled dipole
arms, an HSB layer with the strip length of 13 mm and width of
0.5 mm is symmetrically arranged beside the center dipole,
which is used to improve the H-plane scanning capability.

Fig. 1 (c) shows the side view of the proposed unit cell. Itisa
dual-set configuration for the ease of impedance transforming
[15]. There are two dipoles in the unit cell, and the center arm is
shared by two dipoles. This shared-arm concept is originated
from our previous design in [24], which brings a new form of
TCDA structure and aims to reduce the coupling complexity in
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the unit cell. Each dipole is differentially fed by two 50Q
microstrip lines to realize unidirectional radiation. The distance
between the top dipole arm and ground plane is 15mm, which is
0.44;. Note that there is a column of vias for changing the
dipole arm layer for tight coupling. Both the dipole and HSB
layer are printed on the substrate of Rogers 4003C with the
relative permittivity of 3.55 and thickness of 0.305 mm.
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Fig. 1. The proposed differentially fed dual-set TCDA unit cell. (a) 3D view, (b)
top view, and (c) Side view.

Fig. 2 shows the detailed configuration of the newly
designed feed network below the ground plane. It is composed
of the top two back-to-back Wilkinson power dividers and the
bottom exponential-tapered baluns. Fig. 2 (a) shows the 3D
view of the power dividers. The top four ends are connected to
the four ends of the radiator through the ground plane, and the
bottom two ends are connected to the tapered baluns for
differential feed. Note that two substrates of Roger 4003C with
the thickness of 0.305 mm are stacked in the PCB stack, and
three copper layers are used in the design of the power dividers.
The top layer is shown in pink, and the bottom layer is shown in
blue. Two same Wilkinson power dividers are designed on the
top and bottom layers, and the center layer is the ground plane.
Fig. 2 (b) shows the top view of the power dividers. As can be
seen, the power dividers split the input signal into two-way
equal magnitude and co-phase signals. The bottom power
divider is sheltered by the ground plane, which conducts the
signal to the top layer by using two plated through vias.

Fig. 2 (c) shows the top view of the exponentially tapered
balun. It splits the input signal into two-way equal-magnitude
but out-of-phase signals. The output ports are connected to the

top two Wilkinson power dividers, and the input port is
connected to an SMA connector for excitation of the unit cell.
This balun is composed of two conducting layers, the top layer
is shown in pink, and the bottom layer is shown in blue. The
substrate of Rogers 4003C with the thickness of 0.305 mm is
used in the balun design. The differential output pair is realized
by flipping one tapered transmission line upside down. The
signal is transmitted to the bottom power divider by a jumper.
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Fig. 2. Configuration of the 1to4 feed network. (a) 3D view. (b) Top view. (c)
Exploded view of the tapered differential balun.

B. HSB Layer

In this work, the HSB layer is first proposed to improve the
scanning performance in H-plane. TCDA always have an
inferior scanning performance in H-plane compared to that in
E-plane. Although it is found that the parasitic strips were used
in [12], the full potential of working as the HSB layer is firstly
investigated and discussed in this work. To show the
advantages of using HSB layer, the VSWR of the unit cell when
scanning to different angles is shown in Fig. 3 (a), and
performance without the HSB layer is added in Fig. 3 (b) for a
good comparison. It can be seen that the presented unit cell can
have an impedance bandwidth of 1.97-8.05 GHz for VSWR<2
when scanning to the broadside. When scanning to 50° in both
E-plane and H-plane, the simulated VSWRs are well below 3
within the bandwidth of 1.89-8.06 GHz. As a good contrast,
when the unit cell removes the HSB layer, it has a very similar
impedance bandwidth when scanning to the broadside or 50° in
E-plane. However, when the unit cell scans to 50° in H-plane,
the simulated VSWR is higher than 3, and worst value is around
5.6 at 6.7 GHz. Therefore, the introduction of HSB layer is very
efficient to improve the scanning range in H-plane.

The total antenna efficiency of the unit cell with different
scanning angles is also investigated and shown in Fig. 4 for a
good comparison. As can be seen, the improvement on the total
efficiency of the unit cell is also effective and obvious. Without
the HSB layer, the total efficiency reduces seriously below 60%
when the frequency is higher than 5 GHz. After the introduction
of the HSB layer into the unit cell, the total efficiency of the
unit cell is improved when the beam scans to the broadside
direction, and the majority of values are higher than 80%. Most
importantly, the total efficiency for the unit cell scanning to 50°
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in H-plane is greatly improved. All the values are higher than
60% within the impedance bandwidth.
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Fig. 3. Simulated VSWR of the unit cell when scanning to different angles (a)
with and (b) without HSB layer.
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Fig. 4. Simulated total radiation efficiency of the unit cell when scanning to
different angles.

C. Differential Feed

The proposed unit cell uses the differential feed method to
achieve wide impedance bandwidth and low cross-polarization
levels. Fig. 5 shows the simulated VSWRs and normalized
radiation patterns of the proposed unit cell with the different
feed methods. Two different feed methods using four-port
differential excitation and Marchand balun are shown on the
top of Fig. 5 (a) for structural comparison. For the unit cell
excited directly by the differential ports, two pairs of
differential port-pair are set at the ends of the microstrip lines to
drive the top radiator. For the unit cell fed by the Marchand
balun, a classic Marchand balun [9] is designed to excite the top
radiator with the same dual-set configuration.

First, as shown in Fig. 5 (a), the VSWR of the unit cell using
the proposed feed network shown in Fig. 1 has a very similar
impedance bandwidth, as is directly excited by the differential
port-pairs. When the practical feed network is introduced, more
VSWR ripples are observed within the bandwidth. However,
the VSWR<2 bandwidths of two unit cells are almost the same.
In contrast, when the Marchand balun is utilized to drive the top
radiator, the value of the VSWR is increased and deteriorated.
In addition, the lower bandwidth is narrowed as shown in the

figure. This shows the limitation of the Marchand balun in
impedance transformation for ultra-wide bandwidth.

Fig. 5 (b) shows the difference in the normalized radiation
patterns using different feed methods. It can be seen that for the
co-polarized radiation patterns in E-plane, they have a good
accordance, and are the same as each other. However, for the
cross-polarized radiation patterns, the unit cell fed by two direct
differential port pairs has the lowest cross-polarization level
because of the symmetrical and balanced feed method. The unit
cell using Marchand balun has the worst cross-polarization
performance due to the slight unbalanced current distributed on
the feed lines. The simulated value is higher than -26 dB in the
broadside direction. Almost as good as the unit cell fed by ideal
differential port-pair, the unit cell fed by the proposed feed
network has a very low cross-polarization level. Its value is
lower than -42 dB in the broadside direction. Overall, the unit
cell using the proposed feed network can have an ultra-wide
bandwidth, and keep a low cross-polarization level.
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Fig. 5. (@) VSWRs and (b) normalized radiation patterns in E-plane of the
proposed unit cell with different feed methods.

I1l. 5x13 FINITE ARRAY

A 5x13 finite array was designed, fabricated, and measured
for both impedance and radiation patterns verification based on
the designed unit cell. Fig. 6 (a) shows the configuration of the
finite array using the proposed unit cell. The total size of the top
finite array radiator is 260 mm x 100 mm x 15 mm. Fig. 6 (b)
shows a photograph of the fabricated prototype.

A. Impedance Performance

The measured active VSWRs of the center element in the
fabricated finite array are shown in Fig. 7. The measurement of
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the active VSWR follows the general method presented in [7].
As shown in the figure, when the beam is in the broadside
direction, the bandwidth is 1.88-8.12 GHz with the active
VSWR less than 2.2. As the beam scans to 50° in E-plane, the
bandwidth is 1.88-8.36 GHz with the active VSWR less than
3.6. Most importantly, as the beam scans to 50° in H-plane, the
bandwidth is 1.84-8.76 GHz with the active VSWR less than
3.6. The simulated active VSWRs are added for comparison,
and a good agreement can be seen between the simulated and
measured results. The slight tendency difference and multiple
ripples are mainly due to the fabrication errors and connected
coaxial cables for S-parameters' measurement.

()
Fig. 6. (a) Configuration and (b) photograph of the fabricated finite array.
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Fig. 7. Measured active VSWRs of the center element in the fabricated finite
array under different scan angles.

B. Radiation Performance

The measured broadside peak realized gain and total antenna
efficiency of the 5x13 array antenna are shown in Fig. 8. It can
be seen that the measured peak realized gain changes nearly
linearly from 10 dBi to 21.5 dBi as the increase of frequency.
The measured total efficiency varies from 60% to 80%. Overall,
the measured peak realized gain and the total efficiency are
slightly lower than the simulated results, this minor difference
may be due to the introduction of the external feed networks
and cables for radiation patterns measurement.

The beam scanning performances of the fabricated 5x13
array antenna are evaluated by the general method based on the
unit excitation active element patterns [10]. The measured
beam scanning radiation patterns are synthesized through the
measured radiation patterns of all the elements. Fig. 9 shows
the measured scanning radiation patterns at different

frequencies in both E-plane and H-plane. As can be seen, the
measured radiation patterns agree well with the simulated
radiation patterns at these different frequencies and in different
scanning planes. The beam can scan to the desired angles just as
the simulated radiation patterns. Owing to the differential feed
method, the measured cross-polarization levels keep -30.5 dB
lower than the co-polarization levels. The discrepancies
between the measured and simulated radiation patterns are
mainly due to the fabrication errors, position errors, and the
influences of the fixtures and connected cables.
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Fig. 8. Measured and simulated peak realized gains and total efficiencies when
the beam is in broadside direction.
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Fig. 9. Measured and simulated radiation patterns with the different scan angles
at (a) 2 GHz, (b) 5 GHz, and (c) 8 GHz in E- and H-planes.

IV. CONCLUSION

This paper proposes a new method to improve the H-plane
scanning performance with a newly developed TCDA antenna
for WPT applications. The developed TCDA antenna features a
consistent and wide scanning performance of +50° in both
E-plane and H-plane with the advantages of low profile, low
cost, and light weight. The measured results prove that a wide
scanning range of +50° in both E-plane and H-plane is achieved,
which covers the bandwidth of 1.88-8.12 GHz (4.3:1) with a
low top-to-ground profile of 0.4A,. In addition, owing to the
differential feed method, low-cross polarization levels of less
than -30.5 dB are achieved. Therefore, the designed TCDA
antenna can be a good candidate for WPT applications.
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