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ABSTRACT A high gain stacked antenna based on a planar magneto-electric dipole structure is proposed.
The main radiator is configured by a probe-fed patch with a symmetrically arranged pair of dipole radiation
elements. Further, an additional air-gapped radiator with multiple patch elements is integrated for gain
enhancement. Since both the main and stacked radiators are planar structures, the overall volume can
remain low-profile regardless of the airgap. To verify the performance of the proposed structure, a single
magneto-electric dipole antenna and three different types of stacked radiators were implemented at 5.8 GHz.
The magneto-electric dipole antenna showed measured 10-dB impedance bandwidth and gain of 5.2% and
8.0 dBi, respectively with the overall size of 0.96 1y x 0.96 X including a ground plane. With the additional
stacked radiator having the airgap of 0.1 A¢, the maximum measured gain was increased to 9.6 dBi. Further,
to verify the beamforming performances, three types of 1 x 8 phased array stacked structures were fabricated
with a volume of 0.96 A9 x 6.38 A9 x 0.14 A at 5.8 GHz. The measurements showed a maximum peak gain
of 18.1 dBi and a half-power-beamwidth scan angle of 49° with a side-lobe level less than —8 dB.

INDEX TERMS Antenna gain enhancement, beamforming antenna, low-profile stacked antenna,

magneto-electric dipole, phased array antenna.

I. INTRODUCTION

With the increased use of portable devices and wireless
sensors, the need for highly efficient battery performance
or battery-less devices has been rapidly accelerated. Since
the proximity charging based on inductive wireless power
transfer (WPT) method has shown a successful adoption in a
mobile market, wireless power charging (WPC) for long dis-
tance has also gained even more attention than ever. To realize
the long-distance wireless charging, microwave power trans-
mission (MPT) has been considered as a promising solution.
Among many different building blocks in MPT technology,
the challenges in antenna are considered as a bottleneck since
the overall system efficiency and physical size depend on
antenna. To avoid high loss in microwave-to-DC conversion,
electromagnetic (EM) wave propagation path loss should
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be also minimized. That is, high directivity is required to
improve propagation efficiency and thus the beamforming
by array antennas is considered as a key technique in MPT.
Although the antenna directivity can be improved by increas-
ing the array size, the physical system size, the number of RF
parts connected to the array elements and required power con-
sumption will eventually increase as well. Therefore, a high
directivity antenna element must be adopted to MPT appli-
cation to optimize both physical size and efficiency. Further,
the beamforming architecture should be adopted to enhance
the MPT coverage and operation flexibility. Then, several
antenna structures previously reported for gain enhancement
might be considered as possible candidates in MPT beam-
forming applications.

To achieve high gain, cavity or slot-loaded structures have
been studied [1]-[3], but insufficient gain with respect to
high profile cavity or impractical geometry at high frequency
make them unsuitable. Other structures based on periodic
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or Yagi-like structures have been also reported [4]-[6], but
they require large physical dimension and high profile with
respect to ground plane. Further, stacked structures based on
planar patch radiators have been proposed [7], [8], but the
gain enhancement ratio with respect to the overall volume
including the stack height and ground plane size seems to
be less effective. Also, many magneto-electric dipole antenna
structures with gain and bandwidth enhancement have been
studied [9]-[17]. However, these structures require either
air-gapped feed line, high profile, metallic sidewalls, large
ground plane size, or high volume dielectric resonant mate-
rials. Further, since most of these structures are non-planar,
the implementation difficulty in a large array makes them
impractical. Lastly, a planar type magnetic dipole antenna
with high gain has been reported [18]. However, since the
structure requires precise via placement, the fabrication and
electrical tuning are inevitably difficult. Further, the required
antenna dimension is asymmetric, where one side is very
long and thus potentially causes an impractical implemen-
tation for array configuration. More importantly, the afore-
mentioned antenna structures have not been investigated as
array configurations. Especially, there have been few previ-
ous reports for magneto-electric dipole antenna array with
beam steering characteristics to verify the practical adoption
of magneto-electric dipole antennas in future phased array
applications. Therefore, in this article, a high gain stacked
antenna based on a planar magneto-electric dipole structure
with relatively low profile, ease of fabrication and suitability
at high frequency is proposed. Further, the proposed antenna
is extended to 1 x 8 array configuration to verify the feasibility
of the proposed structure for phased array applications.

Il. ANALYSIS AND DESIGN OF THE PROPOSED
MAGNETO-ELECTRIC DIPOLE

STACKED ANTENNA

Fig. 1 shows the proposed antenna structure consisting of
a main antenna on lower substrate and three possible types
of patch stacks on upper substrate. The main antenna is
configured by a rectangular patch with a signal excitation
port and a dual planar electric dipole arranged concentri-
cally. The dual electric dipole consists of four conductors
with shorting pins at each corner near the rectangular patch
to additionally induce a pair of magnetic dipole excitation.
Then, the total operation follows the complementary antenna
consisting of the electic dipole and the magnetic dipole placed
orthogonally. Thus, the simultaneous excitation of the dipole
pairs provides the electro-magnetic dipole radiation with a
gain enhancement. Further to increase the antenna directivity,
the air-gapped stack with symmetrically distributed patch
elements is adopted as shown in Fig. 1. Here, the lower and
upper elements are separated by four plastic spacers. To view
the fundamental design approaches, an equivalent circuit
model as shown in Fig. 2 can be referred. The main patch
antenna has a fundamental resonant mode represented by a
parallel-RLC circuit whereas the additional conductors as an
electric dipole can be represented by a series-RLC circuit.
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FIGURE 2. Equivalent circuit model of a simple magneto-electric dipole
antenna with simplified RLC elements.

Having a shorting-via through each additional conductor,
magnetic resonance can be further adjusted in addition to
the main patch antenna. According to Fig. 2, Lgeeq repre-
sents the reactance by feed line and thus can be omitted
for the magneto-electric operation principles. For the ease of
analysis, if Ry, L1 and C; are assumed to include the mag-
netic dipole loading effect, the approximate input admittance
excluding L4 can be expressed as follows.

Vi~ 1 1 . 1 L 1 c 1 !
o= (e R—< g)-(amg)]

Here, if CoL, = C1L is satisfied, the imaginary part of the
equation (1) can be cancelled. That is, if the patch radiator
and electric dipole have the same resonant frequency, the
complementary operation of magneto-electric dipole antenna

VOLUME 8, 2020



H.-J. Dong et al.: High Gain and Low-Profile Stacked Magneto-Electric Dipole Antenna for Phased Array Beamforming

IEEE Access

—=— Structure1 \
—e— Structure2|
—a— Structure3| |

o
o
1

[
=z
=
[—
QL
©Q
[ i
£ 20
o
(@]
: i
2
g
E -30 4
Structure1t
Structure3
Structure2
-40 T T T
45 50 55 60 6.5

Frequency (GHz)
(a)

0 .....

=10
3
= —— L =0.05}%
g ] f TU
§ ——— Lf=0.07/.u
S 204 . 0130 ;
E “— L,=0.30%, I
g 4T L=031%, ‘. I “'_"‘ I
é a0 —— Ld=0.54/u“ “l ‘Il
o —— L0.55%, | ' ‘ '

|{—+—Final Value (L,=0.067,,, |

= y - 2 |
45 Lp'0‘32"'u< L0535 | Proposed structure

s
45 50 55 6.0 6.5
Frequency (GHz)

(b)

FIGURE 3. Simulated results for (a) structural behaviors and (b) fine
tuning of the proposed magneto-electric dipole antenna.

at a desired frequency can be achieved. Thus, the proposed
antenna design can be started with designing a simple patch
antenna operating near the target frequency. Then, additional
concentric conductors with shorting-vias as dipole radiators
can be placed near the patch to adjust the resonance fre-
quency. This design process can be quickly conducted by the
simulation as shown in Fig. 3 (a), where Taconic substrate
with a dielectric constant of 2.5 and a loss tangent of 0.0019 is
used. A single rectangular patch is designed at a frequency
slightly lower than a target frequency of 5.8 GHz. Having the
ground plane size set to 0.96 Ao x 0.96 Ap, additional four
shorted conductors are closely placed around the rectangular
patch to shift the operation frequency slightly higher. Here,
the initial physical size of the shorted conductors is chosen
to be intentionally large to increase the achievable gain.
Then, cutting the edges of the four shorted conductors shifts
the center frequency further and increases the bandwidth as
well. The variation in reflection coefficient according to the
changes in geometric parameters defined in Fig. 1 are shown
in Fig. 3 (b). Once the single magneto-electric dipole antenna
is optimized, the effect of planar air-gapped stack patch is
further investigated as shown in Fig. 4.
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FIGURE 4. Simulated results for (a) reflection coefficient and efficiency

based on the stack pattern, and (b) reflection coefficient and directivity
based on the spacing between the lower and upper substrates.

Firstly, a single patch stack is added above the magneto-
electric dipole antenna with an arbitrary space of 0.1Ag. Then,
L,, value for the main stack patch is optimized to have both
enhanced gain and bandwidth. Further, the additional minor
patches with the dimension defined by L are concentrically
placed around the main stack patch and optimized as well,
as shown in Fig. 4 (a). To implement electrically thick con-
ductors, the identical stack patches are printed on both the
top and bottom sides of the upper substrate and connected
through vias. When the stack with the minor patches are
used, the bandwidth is extended to about 11.1% while the
bandwidth for the stack without the minor patches are 8.5 %.
Also, the simulated total efficiency with the L,, of 0.2 Ag
and Ls of 0.1 X¢ is found to be 90% at 5.8 GHz. Secondly,
the spacing between the lower magneto-electric dipole and
the upper stack patches is optimized as shown in Fig. 4 (b).
Although the maximum directivity of 9.2 dBi is observed
at S of 0.15 Ag, the bandwidth is slightly smaller than the
case having S of 0.1 A9 where the directivity is 9.1 dBi.
Thus, the spacing of 0.1 Xq is selected instead of 0.15 Ag
regarding both the physical volume and electrical characteris-
tics including the bandwidth. Based on the simulated results,
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TABLE 1. Geometric parameters of the proposed antenna.

Parameters Value (mm) Parameters Value (mm)
L 50.0 Ly 3.0
Ly 27.2 L 12.0
Wy 34.8 Ly 5.0
w, 52 S 5.0
L, 16.7 - -

the optimized parameters’ physical values are summarized in
Table 1.

Having the optimized parameters, different stack types are
also simulated. Referring to Fig. 1, the type-A, type-B and
type-C stacks correspond to the number of minor patches
with four, eight and twelve, respectively. With the increased
number of minor patches around the major stack patch, the
directivity also increases while the total efficiency decreases
slightly. Since type-B and type-C have more minor patches
compared with the type-A, the capacitive loading effect
results the quality factor to slightly decreased and thus the
total efficiency gets also slightly decreased. The simulated
results for different antennas with the same ground plane size
are summarized in Table 2.

TABLE 2. Comparison of the simulated results at 5.8 GHz.

Impedance Peak Total
Antenna type bandwidth directivity efficiency

(%) (dBi) (%)

Conventional Patch 4.0 7.6 81.6
Magneto-electric 6.2 83 87.1
Stack type-A 10.9 9.1 90.1
Stack type-B 10.9 9.2 89.5
Stack type-C 10.7 9.4 85.2

Comparing the single magneto-electric dipole antenna
with the conventional patch, the impedance bandwidth, direc-
tivity and efficiency are all improved. By adopting the
air-gapped stack type-A, all of the electrical characteristics
are further enhanced. Also, stack type-B and type-C shows
slight increase in directivity in turn of slight decrease in
efficiency. Further to confirm the electromagnetic perfor-
mances of the proposed antennas, 3-D EM simulations are
also conducted by CST Microwave Studio for the single
magneto-electric dipole and three types of the air-gapped
stacked antennas. According to Fig. 5 (a), the main patch
drives the electric dipole with highly concentrated surface
currents along the patch at t of 0. Further, the magnetic dipole
across the shorted conductors are driven as shown at t of T/4.
Fig. 5 (b) shows the coupled electric field from the lower
antenna to the upper stack, resulting in the enhanced field
directivity. Fig. 5 (c) shows the induced surface currents for
different stack types as well.

To further investigate the beamforming performance of
the proposed structures, the 1 x 8 magneto- electric dipole
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FIGURE 5. 3D-EM simulated results for (a) surface currents of the
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arrays with type-A, type-B and type-C stacked configura-
tions are simulated by the same software, CST as shown
in Fig. 6. The simulated array dimension including the ground
plane is 0.96 1o x 6.38 1y with the element center-to-center
spacing of 0.77 Ao and the airgap of 0.1 Ag. The simulated
results show the maximum peak gains of 18.2 dBi, 18.3 dBi
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FIGURE 7. The simulated 1 x 8 array beam patterns for the (a) type-A,
(b) type-B and (c) type-C stacked configuration at 5.8 GHz.

and 18.4 dBi for type-A, type-B and type-C, respectively
as shown in Fig. 7. The main beam steering angle while
maintaining the side-lobe level (SLL) less than —10 dB is
about 36° for all types.

Within the main beam steering range, the peak gain vari-
ation is less than 0.9 dB for all types. Further, having a
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half power beamwidth (HPBW) as a criterion to determine
the maximum beam steering angle, all types show 46° scan
angles while keeping the SLL less than —10 dB.

Ill. FABRICATION AND MEASUREMENT FOR THE
PROPOSED ANTENNA ARRAY

The proposed antennas were fabricated with a Taconic TLX-9
substrate having a dielectric constant of 2.5 and a loss tangent
of 0.0019 as shown in Fig. 8 (a). The substrate thicknesses
for the lower antenna and the upper stack were 1.57 mm
and 0.79 mm, respectively. Having the ground plane of 50 x
50 mm? and the air-gapped spacing of 5 mm, the overall
volume of the proposed stacked antenna at 5.8 GHz was about
0.96 Ag x 0.96 19 x 0.14 Ag. Fig. 8 (b) shows the simulated
and measured reflection coefficients of the single magneto-
electric dipole, stack type-A, type-B and type-C antennas.
The measured 10-dB impedance bandwidth of the type-A,
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FIGURE 9. Simulated reflection coefficients of the (a) type-A, (b) type-B
and (c) type-C for error analysis with Lp and Lf parameter offsets.

type-B, and type-C were 8.1%, 7.9%, and 7.2%, respec-
tively. The measurement showed a reduction in bandwidth
compared with the simulated results due to the fabrication
error. Thus, the simulation analysis was also conducted to ver-
ify the deviation in design parameters. By trial and error, both
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(e)

FIGURE 10. Implementation of the 1 x 8 (a) magneto-electric dipole,
(b) type-A, (c) type-B, (d) type-C stacked arrays and (e) beamforming
module configured by 1 x 8 Wilkinson divider, attenuators and phase
shifters.

L, and Ly were found to be approximately 0.2 mm-smaller
than the desired values as shown in Fig. 9. The simulated
results with 0.2 mm offsets for both L, and Ly values showed a
reasonable agreement with the measured results for all types.
Although the measured bandwidths were slightly narrower
than the simulated bandwidths, all types showed improved
bandwidths with respect to the conventional patch. Further,
1 x 8 array antennas with the beamforming module con-
figured by a 1 x 8 Wilkinson divider, eight attenuators and
eight phase shifters to drive each radiation element were
implemented as shown in Fig. 10. Each stacked array antenna
dimension was 0.96 Ay x 6.38 Ao x 0.14 Ao at 5.8 GHz.
Regarding the beamforming module, the measured insertion
loss of the divider was about 1 dB and the loss variation
among each port was less than 0.1 dB at 5.8 GHz. The
reflection coefficients for all ports were always better than
15 dB from 5.4 to 6.2 GHz. Further, commercially available
6-bit RF digital phase shifters (MAPS-011008) and digital
attenuators (MAAD-000523) were used to control the mag-
nitude and phase for each antenna element. To validate the
operation band and coupling among each antenna element
within the 1 x 8 stacked array, the simulated and measured
reflection coefficients and isolation for selected antenna ele-
ments were compared as shown in Fig. 11. The measured
minimum 10-dB impedance bandwidths for type-A, type-B
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FIGURE 12. Measured radiation patterns of the proposed antennas in xz-plane and yz-plane at 5.8 GHz: (a)
type-A, (c) stack type-B and (d) stack type-C antennas.
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and type-C stacked array antennas were 8.8%, 8.1%, and for type-A, type-B and type-C stacked array were about
7.9%, respectively. The measured minimum isolations among 26.6 dB, 25.9 dB and 25.8 dB, respectively. Thus, the mea-
each antenna element within the 10-dB impedance bandwidth sured S-parameters for all types showed a good agreement
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FIGURE 13. Measured radiation patterns of the proposed array in xz-plane and yz-plane at 5.8 GHz: (a) fabricated beamforming antenna module,
(b) type-A, (c) type-B and (d) type-C stacked array.
TABLE 3. Performance comparison of the proposed antenna.
Ref Antenna Total volume including Realized peak Center Impedance Realized gain /
ef.
geometry ground plane (A°) gain [dBi(c)] frequency (GHz)  bandwidth (%) volume [dBi(c)/A¢’]
[9] Non-planar 1.64% x 1.64% x 0.23%¢ 8.0 4.1 85 12.9
[10] Non-planar 115K x 1.152 x 0.21%¢ 7.0 35 11.4 252
[11] Non-planar 1.09% x 1.09% x 0.45X¢ 8.2 32 65 153
[12] Non-planar 1.00% x 1.002 x 0.15X¢ 11.0 1.6 48 733
[13] Non-planar 0.80%0 x 0.802 x 0.18%¢ 8.2 2.4 333 71.1
[14] Non-planar 1.01% x 1.012 x 0.16X¢ 9.7 2.3 41 58.2
[15] Non-planar 1.85h0 x 1.85X x 0.26)¢ 9.4 3.9 37 10.6
[16] Non-planar 1.10% x 1.10%0 x 0.22%¢ 7.8 22 554 29.3
[17] planar 0.75h0 x 0.7509 x 0.11%¢ 8.2 3.8 27.6 132.5
[18]* planar 0.66h0 x 2.13% x 0.03%¢ 10.2 10.3 9.1 241.8
This work: without** 0.961 x 0.96) x 0.03)%
planar 8.0/9.6 5.8 52/72 289.4/74.4

/ with stack type-C /0.96)0 x 0.961 x 0.14Ao

*magnetic dipole; **non-stacked magneto-electric dipole

with the simulated results. Then, the radiation patterns in both
xz and yz planes of the proposed single antennas were firstly
measured at 5.8 GHz as shown in Fig. 12. The measured
peak gains were 8.0 dBi and 7.9 dBi, respectively in xz and
yz planes for the unstacked single magneto-electric dipole
antenna as shown in Fig. 12 (a). The measured HPBWs were
77.0° and 78.0° in xz and yz planes, respectively. Fig. 12 (b)
shows the measured peak gains of 8.8 dBiand 9.5 dBi, respec-
tively in xz and yz planes for the stacked type-A antenna.
The measured HPBWs were 99.0° and 64.0° in xz and yz

180302

planes, respectively. Fig. 12 (c) shows the measured peak
gains of 9.0 dBi and 9.5 dBi, respectively in xz and yz
planes for the stacked type-B antenna. The measured HPBWs
were 96.0° and 64.0° in xz and yz planes, respectively. Also,
Fig. 12 (d) shows the measured peak gains of 9.0 dBi and
9.6 dBi, respectively in xz and yz planes for the stacked
type-C antenna. The measured HPBWs were 96.0° and 62.0°
in xz and yz planes, respectively.

Further, the proposed 1 x 8 beamforming antenna module
was integrated as shown in Fig. 13 (a). The radiation patterns
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FIGURE 14. Measured beamforming performances of the fabricated 1 x 8
(a) type-A, (b) type-B and (c) type-C stacked arrays in xz-plane.

for main beams at the center were first measured in both xz
and yz planes at 5.8 GHz. Then, after the beamforming circuit
loss was compensated, the measured results were compared
with the simulated results as shown in Fig. 13 (b)-(d). The
measured array peak gains with the circuit loss compensation
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for type-A, type-B and type-C configurations were 17.9 dBi,
18.0 dBi, and 18.1 dBi, respectively. The HPBW in xz planes
for all types was 8°. Also, The HPBWs in yz planes for type-
A, type-B and type-C configurations were 63°, 62° and 61°,
respectively. To compare the proposed antenna performance
with the other state-of-the-art magneto-electric dipole anten-
nas, the realized gain-to-volume ratio is summarized with the
other electrical characteristics in Table 3. Here, the proposed
single planar non-stacked magneto-electric dipole antenna
showed the highest realized gain-to-volume ratio including
the magnetic dipole antenna. Although the type-C stacked
antenna showed a reduction in the gain-to-volume ratio,
it showed an excellent ratio among the magneto-electric
dipole antennas. Finally, the beam steering performances of
the proposed structures were measured as shown in Fig. 14.
The measured beam steering angles with respect to the
main beam positions for type-A, type-B and type-C stacked
arrays were 39°, 39° and 38°, respectively with the SLL
kept less than —8.0 dB. Here, the peak gain variations dur-
ing the beam steering for all types were less than 0.8 dB.
Further, the measured HPBW scan angles maintaining SLL
less than —8.0 dB for type-A, type-B and type-C stacked
arrays were 49°, 49° and 48°, respectively. Therefore, the
measured beamforming performances showed a good agree-
ment with the simulated results and demonstrated the pro-
posed architectures as a good candidate for beamforming
applications.

IV. CONCLUSION

In this paper, a high gain stacked antenna based on a planar
magneto-electric dipole structure was proposed and veri-
fied at 5.8 GHz. The total volume of the proposed sin-
gle stacked antenna including the air-gap was 0.96 1y x
0.96 A9 x 0.14 Ag. The proposed single antenna showed
the enhanced bandwidth, peak gain and efficiency with the
maximum peak gain was about 9.6 dBi with a 7.2% opera-
tion bandwidth. Further, three types of 1 x 8 stacked array
structures with the identical volume of 0.96 Ao x 6.38 Ag X
0.14 1o were fabricated and integrated with the phased array
beamformer. The measured beamforming performances of
the proposed antenna module showed the maximum peak
gain of 18.1 dBi with a 7.9% operation bandwidth. Also,
the maximum beam steering angles regarding the main beam
position and HPBW with the SLL kept less than —8.0 dB
were 39° and 49°, respectively.
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