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ABSTRACT In this paper, a novel capacitive coupled patch antenna array capable of providing high gain
and 360◦ coverage in the elevation plane is proposed. The proposed antenna element is studied in detail
using the theory of characteristic modes to enhance the bandwidth. It exhibits a uniform radiation pattern
with a stable gain when integrated with the mobile phone chassis. These elements are positioned in the
mobile phone chassis as a set of four sub-arrays each with 12 antenna elements to provide high realized gain
around 16.5 dBi with each sub-array providing 90◦ coverage. The antenna array is fabricated, and the beam
steering performance of the array is evaluated using a beam-steering test bed. The results show that it covers
the frequency range of 24–28 GHz, which is a promising band for future 5G-based smartphone services as
predicted and could be a strong candidate for 5G applications.

INDEX TERMS 5G antenna, beam steering, capacitive coupling, mm-wave, patch antenna, phased array,
smartphone.

I. INTRODUCTION
In recent years, there has been a shortage of frequency spec-
trum below 6 GHz bands and the demand for higher data
rate is rising. Recent research is focused on developing mm-
Wave antenna arrays around 28 GHz for 5G mobile phone
applications [1], [2]. In [3], researchers at Samsung America
developed a mesh type patch antenna with dual feeds to
achieve dual polarization around 28 GHz. But the bandwidth
achieved was narrow. The antenna was placed in the plane
normal to the PCB as opposed to the conventional PCB plane
placement. In [4], notch antennas based onmicrostrip feeding
and aperture coupled slot antennas were employed to design
1 × 4 arrays. The antenna was compact, but the bandwidth
achieved was narrow. In [5], antenna design utilizing multi-
layer PCB and metal cap was demonstrated with a 2 GHz
bandwidth around 28 GHz. The design thickness was 6.5 mm
and was too high for implementation in modern mobile
phones. In [6], off-center dipole elements were used to obtain
a 2 GHz bandwidth around 28 GHz. But the feeding mech-
anism was complicated and the design had multiple layers.

In [7], a 1 × 4 array using curved dipole antenna elements
was designed to achieve a high bandwidth. But the achieved
gain was around 8 dBi which is not sufficient for practical
applications. A wide beam antenna design was implemented
in [8] with a bandwidth of 3.9 GHz using substrate inte-
grated waveguide (SIW) technology, but achieved a low gain.
A 1 × 4 vertical monopole array was used in [9] to obtain
a wide beam coverage, but with a low gain and a narrow
bandwidth around 28 GHz. Two different dielectrics were
used in this design. In [10], an SIW based slot antenna was
integrated with SIW power dividers and phase shifters to
generate fixed beams based on Butler matrix principle. The
system covered the frequency band 26-30 GHz achieving a
bandwidth of 4 GHz. But the overall size of the system was
72 mm × 27.4 mm × 0.54 mm which almost occupied a
quarter of the mobile phone’s area and is too large for prac-
tical implementation. In [11], a 3D array configuration was
proposed with a probe-fed patch antenna as an antenna ele-
ment. The array was capable of covering 270◦ in the azimuth
plane. But the bandwidth of the patch antennawas too narrow.
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In [12], a loop-slot antenna was proposed and integrated as a
10-element array. The antenna was compact but had strong
back radiation and a narrow bandwidth. In [13], Stanley et al.
proposed a wide bandwidth PIFA antenna with a defected
ground structure. However, the design had back radiation
due to the defected ground structure. An antenna design to
achieve a large bandwidth, high gain, small size and wide
beamwidth simultaneously is a challenging task. Considering
these requirements, Stanley et al. proposed a capacitive fed
patch antenna element in [14] and used this antenna ele-
ment for a new array configuration for wide coverage. Based
on this initial reported work, a comprehensive study of the
capacitive fed patch antenna and the array configuration, its
practical implementation and testing is reported in this paper.
This work includes the bandwidth enhancement, extracting
current modes using the Theory of Characteristic Modes
and the antenna design parameter study. The antenna array
has been fabricated and its beam steering performance is
evaluated using a beam steering setup inside the anechoic
chamber.

In Section II, the proposed antenna element design and its
operation principle are explained using an equivalent circuit
model and the Theory of Characteristic Modes. The effect of
critical design parameters on antenna element performance
is also discussed in this section. The antenna array architec-
ture, design and performance are described in Section III.
The measurement setup to evaluate the beam steering per-
formance of a 1 × 4 array is also discussed in section III.
A modified design to widen the bandwidth is presented in
Section IV. The antenna array is compared with the state-of-
the-art antenna array designs in Section V. Conclusions are
drawn in Section VI highlighting the achievements of this
research and future work directions.

II. ANTENNA DESIGN AND PERFORMANCE
A. ANTENNA DESIGN
The proposed antenna is a pair of compact capacitive coupled
symmetric patches as shown in Fig. 1. The overall size of the
proposed design is 3.7 mm × 3.25 mm. Rogers RT5880 of
a relative dielectric constant 2.2 and loss tangent 0.0009 at
the frequency band of 24-28 GHz is used as the substrate for
printed circuit board (PCB). The patches are printed at the
top layer of the substrate. The bottom layer of the substrate
consists of the ground plane. The inner conductor of the
coaxial probe feed extends from the ground plane through the
PCB substrate to reach the top layer feed which capacitively
couples the patches.

The antenna element covers 24-28GHzwhich is a prospec-
tive frequency band for future 5G smartphone applications.
The capacitive feed helps to reduce the effective patch size.
The width of the patch is ∼0.42λeff at 26 GHz where λeff is
the effective wavelength in themedium. This reduction in size
is due to the capacitive feeding. The parasitic patch improves
the impedance bandwidth for 10 dB return loss compared to
a single patch antenna.

FIGURE 1. Proposed antenna element design (All dimensions are in mm).

B. PRINCIPLE OF OPERATION
Two reference designs are used to demonstrate the working
principle of the design. In the first reference design, the feed
is done by capacitive coupling, but only one of the patches
is used. The resonance occurs around 26 GHz indicating a
reduction in resonant frequency from the directly fed patch
antenna case which is the second reference design. The res-
onance occurs around 30 GHz as seen in Fig. 2. The band-
width for both cases is smaller than the required bandwidth
of 4 GHz. In the proposed design, a parasitic patch is added
which improves the bandwidth. The direct fed patch antenna
has VSWR < 2 over 28.5-30.5 GHz at which 28.5-29.5 GHz
is capacitive and 29.5-30.5 GHz is inductive in nature as seen
in the Smith chart in Fig 2. The direct fed patch antenna
changes from inductive to capacitive at 26 GHz and from
capacitive to inductive at 29.5 GHz. In the case of single patch
antenna with coupled feed, VSWR < 2 over 25.5-28 GHz
at which 25.5-26.75 GHz is inductive and 26.75-28 GHz is
capacitive in nature. The proposed design has VSWR < 2
over 24-28 GHz at which 24-26 GHz is inductive and
26-28 GHz is capacitive. The antenna bandwidth is related
to the Quality factor or Q factor. The lower the Q factor,
the higher the antenna bandwidth is. The Q factor of an
antenna is related to the radius of the smallest sphere that
encloses the physical structure [15]. The Q factor approaches
a lower value when the smallest sphere that can enclose the
antenna has a larger radius. For the proposed design, the
antenna area increases when an additional patch has been
added. This would increase the radius of the smallest sphere
that could enclose the antenna structure and reduce the Q fac-
tor and hence broaden the antenna bandwidth. This improves
the impedance matching over a broader bandwidth when an
additional patch is added. The proposed design has resonance
behavior similar to the single patch case with a coupled feed,
but has a wider bandwidth.

C. EQUIVALENT CIRCUIT MODEL
The equivalent circuit of each of the reference designs along
with the proposed design is studied. As seen in Fig. 3(a),
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FIGURE 2. Simulated reflection coefficients and impedance loci for
reference antennas.

the direct fed patch antenna can be modelled as a parallel
resonant circuit in series with the probe inductance [16].
As the probe feed is shifted from the edge of the patch towards
the center, the inductance of the patch, LPatch1, is increased
and the real part reduces as a function of cos2πxL where
x is the distance of the feed from the edge of the patch and
L is the effective patch length. The probe inductance becomes
significant for thick substrates (h > 0.02λ0). This series
inductance is cancelled by using capacitive feeding in REF 1
and this can be modelled as additional series capacitance
as shown in Fig 3(b). This capacitance can be increased
by reducing the length and width of the feed section. The
detailed equivalent circuit of the proposed design is shown
in Fig. 3(c). Each patch can be represented by the parallel

FIGURE 3. Equivalent circuit (a) Single patch direct fed REF2; (b) Single
patch coupled fed REF1; (c) Proposed design.

RLC circuit and the parameters are the same for both patches
as the dimensions are the same and the patch equivalent
circuit is parallel to each other. The feed can be modelled
as the same feed circuit as in Fig. 3(b) with probe induc-
tance in series with the feed capacitance which decreases as
the feed length/width is reduced. There also exist coupling
capacitances Cfeed−Patch1 and Cfeed−Patch2 between the feed
and the left patch and right patch. As the feed is shifted from
the center towards the right patch, the gap between the feed
and the right patch is reduced and soCfeed−Patch2 is increased.
Consequently, Cfeed−Patch1 gets reduced. There also exist a
capacitance between the two patches which is represented
by CPatch1−Patch2 which depends on the gap between the
two patches. As the gap increases, the series capacitance
decreases around lower frequencies as seen in later section.

D. CHARACTERISTIC MODE ANALYSIS
Recently, the Theory of Characteristic Modes (TCM)
[17], [18] has drawn an increased interest in mobile handset
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FIGURE 4. Eigen value of characteristic modes of proposed design
structure.

antenna design. TCM brings clearer insights into the physical
behavior of an antenna, by providing a framework for analyz-
ing the antenna structure independent of the feeding arrange-
ment by identifying the natural Eigen modes (characteristic
modes) of a scatterer.

The generalized Eigen value equation is given by,

X (Jn) = λnR(Jn) (1)

where X and R are the imaginary and real parts of an
impedance matrix Z which is obtained from the electric field
integral equation (EFIE), as derived in [17]. Jn denotes the
characteristic mode current of n-th mode on the structure, and
λn is the corresponding Eigen value. A mode n is resonant at
the frequency at which λn equals zero. The total current on
a conductive surface excited by the feed can be expressed as
a linear superposition of the normalized characteristic mode
currents as

J =
∑

αnJn (2)

where αn is the modal weighting coefficient of the
n-th mode and represents the contribution of the correspond-
ing mode to the total antenna surface current.

The Eigen value of characteristic modes of proposed
design without excitation is shown in Fig 4 which indicates
that two characteristic modes are present within the frequency
range of 22-32 GHz. The corresponding characteristic mode
currents of each mode at its resonant frequency is shown
in Fig 5. In mode 1, strong vertical currents can be seen in
both of the patches in the same direction as the feed patch
current direction at 24 GHz. At 28 GHz, the currents in
the patches are in the opposite direction as the feed patch
section. This phase reversal at 28 GHz is due to the parasitic
capacitances between the feed section and the patches which
become dominant at higher frequencies. Strong currents exist
in the middle patch section from 24-28 GHz for mode 1.
The vertical currents are the strongest when the length of
the longer side of the patch becomes comparable to 0.4λeff .

FIGURE 5. Characteristic mode currents of proposed design structure.

The currents on the ground plane are in the opposite direction
as on the top patches because of the coupling between the
patch and the ground plane. It is recommended that the length
of the shorter side of the patch be less than 0.4λeff to avoid
exciting horizontal mode so as to minimize the distortion of
the radiation pattern. In this design, the length of the shorter
edge is kept less than 0.2λeff to suppress the horizontal mode
within the frequency band of 24-28 GHz. In mode 2, strong
anti-parallel vertical currents can be seen on the patches
at 29GHz. This mode resonates at a higher frequency because
there is no capacitances between the feed and the patches
as the fields are cancelled due to the anti-parallel currents.
There is no current on the middle patch section. The radiation
pattern of each mode at its resonant frequency is shown
in Fig.6. Mode 1 has a broadside pattern as the currents on the
patches are in phase and the fields add together constructively.
In mode 2, the currents on the patches are opposite to each
other and hence cancel out the radiation in the broadside
direction in mode 2. Combining both modes can improve
the coverage, but at additional complexity. Fig. 6 shows the
radiation pattern for the patch modes without considering the
effect of the ground plane. The mobile phone ground plane
size is electrically large compared with the patch structure
modes and hence the ground plane modes do not affect the
patchmodes.When the ground plane is added to the structure,
it acts as a reflector and the back radiation will be signifi-
cantly minimized.

FIGURE 6. Radiation pattern of Eigen modes at resonant frequency.

For our operation, broadside radiation pattern is desired
and hence mode 1 is desired and mode 2 is to be elimi-
nated. Mode 1 can be selected by exciting the structure at
maximum mode 1 Eigen current location and mode 2 can
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be suppressed by placing the feed at weak mode 2 Eigen
current location. In this structure, the middle patch section
acts as a suitable feed location to excite mode 1 and suppress
mode 2. There is a slight shift in the resonant frequency from
28 GHz as predicted using TCM to 26 GHz upon excitation.
The total current distribution is simulated in CST Microwave
Studio with the excitation in the middle of the patches. The
total current distribution on the structure at 24 GHz and
28 GHz with excitation is due to mode 1 currents as seen
in Fig. 7(a) and Fig. 7(b).

FIGURE 7. Comparison of current distribution after excitation with modal
currents at (a) 24 GHz; (b) 28 GHz.

E. ANTENNA ELEMENT PERFORMANCE
The proposed antenna design has 10 dB return loss over the
frequency band of 24-28 GHz which means a bandwidth
of 4 GHz. The antenna has a total efficiency greater than
90% throughout 24-28 GHz. The antenna element has been
fabricated on a Rogers RT5880 board and tested. The antenna
is fed using a 50 � SMPM male connector which has low
loss up to 40 GHz. An SMPM female to a K male cable is
used to connect the antenna feed to a vector network analyzer.
It can be seen in Fig. 8 that the measured reflection coefficient
agrees well with the simulated results. The antenna has a sta-
ble gain and uniform broadside radiation pattern throughout
the band of interest with a gain greater than 6.26 dBi as shown
in Fig 9.

For radiation pattern measurement of the single antenna
element, the transmit antenna (a standard horn) and the
antenna under test (AUT) are connected to the two ports of
the VNA as shown in Fig. 10(a) and the AUT is rotated
in steps. The measured and simulated radiation patterns of
the antenna element are shown in Fig. 10(b) and show close
agreement. A strong radiation can be seen at the boresight
as expected. The measured gain is close to the simulated
gain as seen in Fig. 11 and is better than 7.4 dBi from

FIGURE 8. Measured & simulated reflection coefficient of the antenna
element.

FIGURE 9. Simulated 3D radiation pattern of antenna element in mobile
phone chassis (a) 24 GHz; (b) 28 GHz.

26.5-28 GHz at boresight. The slight difference between the
simulated and measured realized gains at 26 GHz is possibly
due to the SMPM connector. The simulated realized gain for
direct fed patch antenna sharply decreases from its resonance
frequency at 30 GHz. The coupled feed single patch antenna
exhibits a lower realized gain compared with the proposed
antenna element because of the reduced effective antenna
aperture. For the gainmeasurement, first, the S21REF between
a transmit antenna and a reference antenna with known gain
is measured. Then S21AUT between the transmit antenna and
the AUT is measured. After these steps, post-processing is
done to calculate the realized gain of the AUT. The transmit
antenna works only from 26.5-40 GHz. Hence the gain mea-
surement was done only from 26.5 GHz using the equation
below to obtain the gain of the AUT.

GainAUT (dBi) = GainREF antenna (dBi) + [S21AUT − S21REF]

(3)

Two identical standard gain mm-wave horn antennas were
used as the transmit antenna and the reference antenna.

F. DESIGN PARAMETER STUDY
It is necessary to understand how the design parameters affect
antenna performance. To optimize the antenna performance,
some important design parameters and their effects are
studied.
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FIGURE 10. (a) Measurement setup for radiation pattern of the antenna
element; (b) Measured and simulated radiation pattern of the antenna
element at 26 GHz.

FIGURE 11. Comparison of measured and simulated realized gain of the
proposed antenna element with simulated reference antenna realized
gain.

The most important parameter of the antenna design is the
width of the patch. The patch width controls the resonance
around 28 GHz. As the patch width increases, the resonant

frequency decreases. This can be seen in Fig 12. The variation
of resonant frequency with patch width also proves that the
antenna is indeed capacitive coupled patch and not a capaci-
tive coupled dipole antenna.

FIGURE 12. Variation of reflection coefficient with patch width.

The patch length can be used as an additional parameter for
impedance matching. There is no significant shift in resonant
frequency with change in overall patch length, but a minor
variation at higher frequencies around 28 GHz. However,
if the length of the short side of one of the patches is increased
such that the length becomes comparable to 0.4λ0, horizontal
mode of the patch will be excited. Although exciting this
mode can generate a wider bandwidth, it will adversely affect
the orientation of the radiation pattern and the polarization.

The patch gap folds the impedance loci around 24 GHz
as seen in Fig 13. There is no significant variation around
upper-frequency range. This parameter can also be used for
impedance matching.

FIGURE 13. Variation of reflection coefficient with patch gap.

The feed length controls the series capacitance as seen
in Fig 14. As the feed length decreases, series capaci-
tance of the antenna decreases. The corresponding change in
reflection coefficient plot is drastic. Hence this is a critical
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FIGURE 14. Variation of reflection coefficient with feed length.

parameter that needs attention during fabrication. This trend
is the same throughout the frequency range.

III. ARRAY DESIGN AND PERFORMANCE
A. ARRAY ARCHITECTURE
The antenna array architecture is described in this section.
Fig. 15 describes the methodology to integrate the mm-Wave
5G antennamodule inside themobile phone [19]. The feeding
mechanism integrates the antenna elements as a part of the
main PCBwhere the RFIC uses an RF phase shifter to provide
progressive phase shifts to each antenna element to imple-
ment array scanning [20]. By integrating the antenna element
as part of the PCB, cost of production and the height profile
can be significantly reduced. The feed line from the RFIC
to the antenna element has been modelled as a discrete port
in CST MWS simulation. A block diagram of one sub-array
is shown in Fig. 16. One sub-array consists of 12 antenna
elements each of which is connected to the RFIC. Each of
the RFIC is powered using the DC lines from the digital
IC [21].

B. ARRAY DESIGN
The mobile phone chassis is modified to accommodate the
antenna arrays [11], [14]. In this work, the mobile phone
PCB is reshaped from a flat PCB to a 3D shaped PCB. This
is a futuristic approach and does not conform to the norms of
the existing mobile phone PCB. The 3D-shaped PCB utilizes
the thickness of the whole mobile phone which is typically
7-9 mm and can also provide mechanical support for the
mobile phone (like a casing). By evolving the shape from
flat to 3D, more space for placing the components in the
PCB can be obtained, especially for the additional 5G antenna
elements along with its corresponding RFIC. The three-
dimensional antenna array configurations with the capac-
itively coupled patch antenna integrated with the mobile
phone chassis is shown in Fig. 17.

The proposed arrangement consists of four sub-arrays with
three sub-arrays of proposed antenna elements on different

FIGURE 15. Antenna element feeding scheme [19].

FIGURE 16. Block diagram of one sub-array [21].

FIGURE 17. Proposed antenna design and array configuration
(a) Perspective view of mobile phone PCB; (b) Flipped image
of PCB; (c) Side view of PCB.

sides of the bottom edge region in PCB and one sub-array
at the sides of the top edge region in PCB. The antenna
elements are spaced at a distance of 6.3 mm which is close
to λ/2 at 24 GHz to ensure adequate isolation. Each sub-
array has 12 antenna elements and 48 antenna elements are
used altogether. Each sub-array provides 90◦ coverage in the
theta plane. Hence the four sub-arrays altogether cover the
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FIGURE 18. Radiation pattern of sub-arrays providing 360◦ coverage.

entire 360◦ in the theta plane as shown in Fig. 18. In the
phi plane, the 3 dB beam-width is very narrow and not
sufficient to cover the remaining phi plane. Beam steering can
be utilized in that case using array scanning to steer the beams
from −60◦ to 60◦ in the phi plane.

C. ARRAY PERFORMANCE
The antenna array covers the frequency range of 24-28 GHz
as shown in Fig. 19. Here A1, B1, C1, and D1 represent the
first element of sub-array A, sub-array B, sub-array C and
sub-array D respectively. A2 represents the second element
of sub-array A. The worst-case isolation is around 16 dB
between two adjacent antenna elements within sub-array A.
This can be improved by increasing the spacing between
the antenna elements. The worst case isolation performance

FIGURE 19. Simulated reflection coefficient of the antenna array.

satisfies industrial requirement without need for additional
decoupling structures. However, the isolation can be further
improved by reducing the magnetic coupling using wave
trapping structures [22]. Although, these techniques, improve
the isolation by storing some magnetic energy in the wave
trapping structure, isolation is improved at the expense of
overall realized gain. The worst-case isolation between two
elements in the adjacent arrays is around 21 dB for sub-array
B and sub-array C. The antenna has a total efficiency greater
than 85% throughout 24-28 GHz.

The peak realized array gain at boresight is around 16.5 dBi
for each sub-array and the pattern beamwidth is around 8.8◦

in the phi plane and 90◦ in the theta plane. The antenna array
scanning was simulated using CSTMWS. The signal was fed
to a 12-way power divider for each sub-array. It was then
fed to an individual phase shifter for each antenna element
of each sub-array where various phase progression was made
to enable beam steering. The phase shifter output was finally
connected to the antenna array. Various phase progressions
of 0◦, 100◦ and 200◦ are provided to generate the steered
radiation pattern at 0◦, 30◦ and 60◦. The pattern can be steered
in the phi plane from −60◦ to 60◦ using suitable phase shift
to each element as shown in Fig.20.

FIGURE 20. Array pattern of 4 sub arrays at different steering angles.

The 3D-shaped PCB can be made possible by separately
fabricating the folded section and then finally fusing them
together by soldering or aerolite glue. In the future, as the
3D printing technology becomes more matured and supports
different substrates, this 3D structure could be fabricated as a
single piece. The fabricated prototype is shown in Fig. 21.

The fabricated antenna array has been tested for beam-
steering performance. Due to the limited available power
divider and phase shifters, only a 1 × 4 antenna array in the
sub array D has been tested. The beam steering setup for
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FIGURE 21. Fabricated antenna array (a) Top portion (b) Bottom portion.

a 1 × 4 antenna array is shown in Fig. 22 (a). The signal
from the VNA is fed to the 1× 4 power divider module from
Microot which operates from 6 to 40 GHz. The outputs of
the power divider are connected to the phase shifter modules
through 2.92 mm male to 2.92 mm male cables. Different
phase states of the digital phase shifter could be varied by
programming the digital pins of the phase shifter module
using a microcontroller. The phase shifter offers a resolution
of 11.25◦. The outputs from the phase shifters are fed to the
antenna elements of the antenna array using 2.92 mm male
cable to SMPM female cables. A SMPM male connector is
soldered to the antenna element at the antenna side to make
the connection. 4 antenna elements of sub-array D have been
tested in this case for beam steering at 15◦ and 30◦ from
the boresight by supplying a progressive phase shifts of 50◦

and 100◦ to the phase shifters respectively. The normalized
radiation pattern for different beam-steering angles is shown
in Fig. 22 (b). Measured and simulated beamforming results
show very good agreements.

As depicted in Fig. 23(b), the simulated realized gain have
been studied for the 1 × 12 antenna array in the presence
of battery, speaker, microphone, USB connector and LCD
screen as shown in Fig. 23(a). A polycarbonate material of
dielectric constant of 2.8 has been used as the plastic casing
for the mobile phone. As seen from the study, there is a slight
reduction in the realized gain which is mostly due to the
dielectric losses in the plastic casing. The components are
shielded by the ground plane beneath the antenna element
for all the sub arrays, thereby, reducing the back radiation to

FIGURE 22. (a) Beam steering setup (b) Measured steered radiation
pattern of 1 × 4 antenna array for sub array D at Phi = 90.

the mobile phone components. The cellular 4G antenna could
be positioned along one of the longer edge as a metal strip
antenna as proposed in [23]. The GPS and Wi-Fi antennas
could also be integrated into the side frame and positioned
along the other longer edge as used in [24] without hav-
ing any conflict with the proposed 5G antenna arrays. The
4G antenna, GPS andWi-Fi antennas do not affect the perfor-
mance of the 5G antennas as the electrical separation between
them would be greater than 0.5λ at 24 GHz.

IV. BANDWIDTH ENHANCEMENT
The proposed antenna element has been modified to improve
the bandwidth. This improved bandwidth comes at the
expense of a larger patch. However, this additional bandwidth
can be used to counteract the fabrication errors and provide
additional flexibility to the design. The modified antenna is
a pair of compact capacitive coupled asymmetric patches as
shown in Fig. 24. The overall size of the proposed design is
4.8 mm × 3.25 mm. Rogers RT5880 of a relative dielectric
constant 2.2 and loss tangent 0.0009 is used as the substrate
for printed circuit board of height 0.8 mm.

The modified antenna design has 10 dB return loss over
the frequency band of 23.2-30.5 GHz, thereby, having a
bandwidth of 7.3 GHz as shown in Fig.25. The antenna has a
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FIGURE 23. (a) Placement of mobile phone components (b) Comparison
of simulated realized gain of 12 element antenna array with and without
mobile phone components at boresight (sub array D).

FIGURE 24. Bandwidth enhanced capacitive coupled asymmetric patch
antenna.

total efficiency greater than 90% throughout 23.2-30.5 GHz
and above 95% from 24-28 GHz. The modified antenna has
a higher gain than the proposed symmetric patch because of
the larger effective area.

FIGURE 25. Reflection coefficient of asymmetric vs symmetric capacitive
coupled patch antenna.

FIGURE 26. Eigen value of characteristics modes of capacitive coupled
asymmetric patch structure.

TCM simulations have been performed in CADFEKO and
the Eigen values of three characteristic modes of the modified
design without excitation are shown in Fig 26. In mode 1,
strong vertical currents can be seen on the smaller patch and
weak diagonal currents on the larger patch at 27 GHz as seen
in Fig. 27 and the currents on the ground plane are in the
opposite direction as in the top patch because of coupling.
The currents on the patches are in the same direction as the
strong middle patch current direction. The vertical currents
are strongest when the length of the longer side of the patch
becomes comparable to 0.4λeff . The radiation of this mode is
mainly due to the vertical mode of the patch. Mode 2 exists
from 27-32 GHz. In mode 2, strong anti-parallel vertical
currents can be seen on the smaller patch and the larger patch
edges at 29 GHz. There is no current in the middle patch
section.

Mode 3 exists over 28-30.5 GHz as seen in the Eigen value
curve. In mode 3, weak vertical currents can be seen on the
smaller patch and strong diagonal currents on the larger patch
in a direction opposite to that of the middle patch section with

VOLUME 6, 2018 41951



M. Stanley et al.: Capacitive Coupled Patch Antenna Array With High Gain and Wide Coverage for 5G Smartphone Applications

FIGURE 27. Characteristic mode currents of capacitive coupled
asymmetric patch structure.

FIGURE 28. Radiation pattern of Eigen modes at resonant frequency.

strong currents in the edges at 30 GHz. The diagonal currents
are the strongest when the length of the shorter side of the
larger patch becomes comparable to 0.4λeff . The radiation of
this mode is mainly due to the horizontal mode of the patch.

The radiation pattern of each mode at its resonant fre-
quency is shown in Fig. 28. Mode 1 has a broadside pattern
with a slight tilt from the broadside direction as the currents
in the patches are in phase and the fields add together con-
structively. The small tilt is due to the weak diagonal currents
on the larger patch. In mode 2, the currents on the patches
are opposite to each other and hence cancel each other. But
since both patches are not symmetric, all the vertical currents
are not cancelled out and there is a tilt in the pattern from
the antenna axis. Hence there is no radiation in the broadside
direction inmode 2.Mode 3 has strong diagonal currents with
strong currents in the middle patch section and so the radia-
tion pattern is tilted diagonally from the broadside direction.

For our operation, mode 1 and mode 3 are desired and
mode 2 is to be eliminated. Mode 1 and mode 3 can be
selected by exciting the structure at maximum mode 1 and
mode 3 Eigen current location and mode 2 can be suppressed
by placing the feed at weak mode 2 Eigen current location.
In this structure, the middle patch section acts as a suitable
feed location by exciting mode 1 and mode 3 and suppress-
ing mode 2. There is shift in resonant frequencies from the
predicted TCM values upon excitation.

The total current distribution is simulated in CST MWS
with the excitation in the small feed patch. The total current
distribution of the proposed antenna at 27 GHz with excita-
tion could be deduced as due to mode 1 currents alone as
seen in Fig. 29(a). At 30 GHz as seen in Fig. 29(b), the total
current distribution with excitation is due to mode 3. Thus
the bandwidth gained by the modified structure comes at the
expense of the increased size and tilted radiation pattern at
higher frequencies around 30 GHz.

FIGURE 29. Comparison of current distribution after excitation with
modal currents at (a) 27 GHz; (b) 30 GHz.

V. STATE OF THE ART COMPARISON
In order to evaluate the achievements of the proposed antenna
array with respect to existing designs, the proposed antenna
array is compared with recently published designs as shown
in Table 1. The key parameters are bandwidth percentage,
antenna size, array gain, coverage in the theta plane and the
simplicity of antenna structure.

The proposed antenna array provides 360◦ coverage in
the elevation plane. The array provides a minimum gain
of 16.5 dBi as the effective antenna aperture and the number
of antenna elements are larger. The physical antenna length
is relatively small compared with existing designs thereby,
consuming less space and hence more antenna elements can
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TABLE 1. Comparison of proposed antenna performance with recent antenna designs.

be arranged along the width of the mobile phone ground
plane. The bandwidth of the antenna element is sufficient for
5G smartphone applications and can be further widened by
modifying the antenna structure as discussed in Section V.
The proposed antenna array is certainly a strong candidate
for future 5G mobile phone applications.

VI. CONCLUSION
A novel and compact capacitive coupled symmetric patch
antenna has been proposed at mm-Wave frequencies for
future 5G smartphone applications. The operating principle
of the proposed design has been studied using the equiva-
lent circuit model and Theory of Characteristic Modes. The
antenna element covers the frequency range of 24-28 GHz
which is a prospective 5G frequency band. Four sub-arrays of
12 antenna elements each providing 90◦ in the elevation plane
have been integrated into the mobile phone chassis for pro-
viding 360◦ coverage. The antenna array achieved a high gain
of 16.5 dBi in the boresight and can be steered from −60◦ to
60◦ in the phi plane. The proposed antenna exhibited a stable
gain and uniform radiation pattern throughout the intended
frequency band. The antenna element feeding scheme and the
antenna array architecture have been discussed. The antenna
array has been fabricated and beam steering performance
has been verified for a 1 × 4 array. Also a modified design
to widen the antenna bandwidth has also been studied and
presented using the Theory of Characteristic Modes.
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