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Abstract — This article presents the design and
experimental validation of two single-element flexible
antennas, as well as the arrays operating near 28 GHz.
The first design is a patch antenna with dual-polarized
capability that is 202 um thick. It is a capacitive
coupled patch antenna with parasitic elements to
improve scan range. This antenna covers 26.5 GHz to
28.3 GHz and has a 4.9 dBi peak gain with the
measured cross polarization of more than 25 dB in the
direction of the main beam. The second proposed
antenna is a cavity slot antenna that is 202 um thick. A
measurement on the cavity slot antenna shows 1.55
GHz bandwidth between 27.6 GHz and 29.15 GHz and
4.6 dBi gain. The measured cross-polarization isolation
at the broadside is around 35 dB. The two proposed
antennas feature a low-profile, lightweight, and cost-
efficient design, all of which are desirable characteris-
tics for fifth-generation commercial applications.

1. Introduction

The fifth generation (5G) of mobile communica-
tion technology is considered a very attractive solution
for exponentially expanding wireless data traffic in the
future [1, 2] due to its ability to use significantly larger
bandwidths at millimeter-wave frequencies. Moving to
the millimeter-wave frequencies would bring new
challenges partially related to the high frequency of
operation and partially related to the design of small
low-cost phased arrays to operate at those frequencies
[3]. When operating at high frequencies, path loss could
also become an issue. To overcome this obstacle, a
small and flexible antenna array with high gain and the
ability to generate dynamically directional beams is
desirable. The ability of flex circuits to accommodate
tightly bending radii and to eliminate the need for
cables and connectors gives designers greater flexibility
compared with traditional printed circuit board. It
enables products and applications that would not
otherwise be possible [4, 5]. Previous works demon-
strates the use of a flexible antenna at low frequencies
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[6-9]. In this work, the potential of flexible substrates
for high-frequency antennas for 5G applications is
investigated. The second challenge in using a flexible
material is associated with its thickness that normally
provides very narrowband designs. Although some
antenna concepts have been proposed for 5G wireless
applications [10—13], to the best of the authors’
knowledge, only a few antennas using a thin substrate
with wideband and high gain, have been reported [14—
16]. In this work, to address those two challenges, two
types of compact and flexible antennas in single and
linear array configurations operating at 28 GHz are
presented.

2. Material Characterization and Accurate
Electromagnetic Simulations for On-Wafer
Measurement Setup

Although many substrates are treated as isotropic
materials for design simplicity, in high-frequency
applications they need to be more accurately character-
ized in case they exhibit some anisotropic properties
[17-19]. This part of the article aims to accurately
calculate the resonance frequency of the proposed
antenna on the anisotropic flexible substrate. In this
article, two thicknesses are investigated. The first one is
120 pm (quasi-Yagi—Uda antenna [20]), and the second
one is 202 pum (cavity slot and patch antenna). The
substrate used in this work is called Pyralux TA
laminate, and based on the data sheet, the relative
permittivity and loss tangent are 3.2 and 0.004 at 10
GHz, respectively.

To estimate the substrate effective dielectric
constant, the resonance frequency of the quasi-Yagi—
Uda antenna is recorded first. The real part of the
dielectric material permittivity is extracted. To achieve
this, the exact layout of two fabricated antennas is
simulated by CST Studio Suite, version 2022, and S-
parameter results are compared with measurement. The
simulated and measured reflection coefficients (S1;) of
the quasi-Yagi—Uda antenna are presented in Figure 2.
After the analysis, a noticeable shift in the resonance
frequency of the antenna is observed. This work allows
variation in both ¢, (relative permittivity along the
optical axis) and &, = ¢, (relative permittivity along the
two axes perpendicular to the optical axis) to investigate
the substrate’s anisotropy effects. After a few rounds of
simulation, appropriate values for both ¢, and ¢, are
extracted, and the S parameter is shown in Figure 2. The
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Figure 1.

Far-field probe station setup.

effect of permittivity variation along the optical axis is
more pronounced when the substrate is thinner. A
similar approach is applied for the substrate with a
thickness of 202 um, and the best matched values are
reported in Table 1.

Even though measurement and simulation
matched very well by choosing the values in Table 1,
there is still a shift in the value of S;; (Figure 2,
simulation_method_1, red curve). The possible reason
for the frequency shift can be the modeling of the
ground—signal—ground (GSG) probe at millimeter-wave
frequencies. An optimized version of the excitation
setup, named simulation_method_2, is shown in Figure
3. Perfect electric conductor sheets are used to connect
the lumped port to the ground planes. This simple setup
can be used to replace the complex simulation model of
the GSG probe with its cable. Method 2 results are
perfectly matched with measurements (Figure 2,
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Figure 2. (a) The simulated S;; parameter of quasi-Yagi—Uda
antenna for different scenarios. (b) Structure of the proposed antenna
and (c) fabricated antenna in [20].
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Table 1. Relative permittivity for different thicknesses

Dielectric constant

Thickness &y &y &,
120 um 3.2 3.2 2.55
202 pm 3.2 32 2.75

simulation method 2, green curve). The performance
of the quasi-Yagi—Uda antenna is presented in our
previous work [20].

3. Proposed 5G Antennas and Results

The detailed design of each antenna is presented.
These antennas are patch and cavity slot antennas. A
picture of the measurement setup used to measure the
radiation pattern is shown in Figure 1. More details of
the measurement setup are discussed in [21].

3.1 Patch Antenna Design

The geometry for the patch antenna is introduced
that is suitable for a thin substrate. The patch antenna is
printed on a substrate that is 202 pum thick and is
designed to resonate at 28 GHz. The geometry of the
proposed antenna is depicted in Figure 4. To meet the
requirement of the 5G millimeter-wave band and
increase the bandwidth on such a thin substrate, a
capacitive feeding method and parasitic rectangular
elements around the main patch are implemented. The
capacitive feeding method counteracts the inductance of
the via that is connected to the embedded microstrip
line under the main patch. To improve the bandwidth
and gain of the antenna, four parasitic rectangular
elements are added in the same layer [22, 23]. These
parasitic elements can add a new resonance near the
primary patch resonance and, as a result, increase the
bandwidth. The overall size of the proposed patch
antenna, including parasitic elements, is 6.3 mm X 6.3
mm. The optimized value of each parameter in Figure 4
is shown in Table 2.

A feed network comprised of microstrip lines and
a T junction is used to integrate the patch in a 1 X 4
linear array. The size of the linear array is 6.3 mm X 27
mm, and element spacing is set to be 7 mm. The
simulated and measured S parameter and gain results, as
well as radiation pattern, are presented in Figures 5 and
6. The performance of both topologies is summarized in
Table 4. The cross-polarization level is around 25 dB,

Lump port between bottom
ground and signal line

PEC Bridge between
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Figure 3. (a) Simulation setup for excitation of the Grounded
Coplanar Waveguide (GCPW) line (method_I) and (b) simulation
setup for excitation of the GCPW line (method_2).
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Figure 4.

(a) The geometry and distribution of the current surface at
the resonance frequency of the proposed antenna, (b) side view, and
(c) and (d) fabricated single and array antennas.

and the maximum realized gain is 10.8 dBi for the array
element.

3.2 Cavity Slot Antenna Design

An original millimeter-wave cavity slot antenna
design is presented, as shown in Figure 7. The cavity
slot antenna is also a good candidate for this frequency
band due to its compact size, shielding, easy fabrication,
and low profile. In addition, the cavity slot antenna is
more compact and has better cross polarization
compared with the proposed patch antenna. The cavity
slot antenna is also etched on a substrate of 202 pm
thickness. The circular ring slot is etched on the ground
plane on the backside of the substrate. Ground vias are
placed around the ring to connect the bottom ground
layer to the top ground layer to create a cavity. The
cavity is excited by a stripline feed. The feed line is
extended and tapered beyond the slot to form a tuning
stub. The initial design is a narrow gap ring slot that
offers a high impedance and narrow bandwidth.
However, because the substrate is very thin, it is very
challenging to have a wideband antenna at this
frequency. To overcome this issue, four stepped stub
arms are etched with 90° separation to increase the
bandwidth and create a symmetric structure to provide a
big copolarization to cross-polarization ratio. These
arms are shown in Figure 7a as ARC2 and ARC3.

A general expression for the resonance frequency
of the stepped slot antenna can be given as

c

/= =1,

(1)

where ¢ is the speed of the light and L, is the active
length of the slot. The first and second resonance of the

Table 2. Parameters of the patch antenna

Patch Width

ANT_L ANT_W  Patch Length Patch Space

3.25 mm 1.5 mm 3 mm 1.3 mm 0.45 mm
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Figure 5. S parameter and realized gain of the proposed patch
antenna versus frequency.

slot can be written as follows [24]:

(Wsa — Ws,)

Ly =Lst +2XLgp +2X Lg3 +2X 2

Lox (Ws, ; Ws2)
(2)

(Wsy = Ws1)  (Ws3 — Wsz))
2 2

Lp=2X <LS2 + Ls3 +

(3)
where LSl = AI\;TD X ARC], LSZ = % X M,
and Lgz = Algﬁ X %. The first and second resonance
frequencies are set to be around 27 GHz and 28 GHz.
By tuning the width and length (the portion is extended
outward from the ring slot loop) of the stubs in the ring
slot and stub of the feeding line, good impedance
matching can be achieved by merging two resonance
frequencies. This configuration gives a low level of
cross polarization around 35 dB that is due to the
symmetry of the electrical field across the aperture of
radiation. The parameter values of the designed antenna
are shown in Table 3. In addition, the cavity slot
antenna is used in a four-element linear array. These
antennas are spaced 6.5 mm from each other, and they
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Figure 6. Simulated and measured radiation pattern of the proposed
patch antenna at 28 GHz (a) E plane (single), (b) H plane (single), (c)
E plane (array), and (d) H plane (array).



Table 3. Parameters of the cavity slot antenna

ARC1

ANT.D Wy W, W ARC2 ARC3

3.5mm 0.09 mm 0.35mm 0508 mm 14° 76° 48°

Table 4. Specifications of the proposed antennas

Band
Width  Thickness Maximum Efficiency
Antenna Type (GHz) (mm) gain (dBi) (%)
Patch Single 1.8 0.202 4.9 70
Array 23 0.202 10.8 67
Cavity slot  Single 1.55 0.202 4.6 65
Array 1.7 0.202 10.3 62

Table 5. Comparison proposed antennas with reported designs
Band
Width  Thickness Gain Radiation Efficiency
Reference (GHz) (mm)  (dBi) pattern (%)
[10] 27.2-28.7  0.508 7.4  Boresight N/A?
[11] 34-358 0.254 10-12 Boresight 60
[12] 20-36 0.6 10.24 Omnidirectional 67
[13] 21.7-33 0.2 9.7 Boresight 42
? Efficiency of the antenna is not reported in [10].
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Figure 7. (a) The geometry and distribution of the current surface at
the resonance frequency of the proposed antenna, (b) transparent top
view, and (c) and (d) fabricated single and array antennas.
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Figure 8. S parameter and realized gain of the proposed cavity slot
antenna.
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Figure 9. Simulated and measured radiation patterns of the proposed
cavity slot antenna at 28 GHz (a) E plane (single), (b) H plane (single),
(c) E plane (array), and (d) H plane (array).

are all simultaneously fed by on T-junction power
divider.

The simulated and measured radiation pattern of
the single and the array element are illustrated in Figure
9. According to the plots, the half-power beamwidth of
a single element is 46° and 89° for the H plane and E
plane, respectively, and 23° and 73° for the H plane and
E plane, respectively, for the array element. Measured
and simulated realized gain for the two types of antenna
are plotted in Figure 8. The specifications of the
performance of the antenna are presented in in Table 4.

4. Comparison and Conclusion

The main advantages of the proposed designs are
1) adequate bandwidth, 2) stable radiation patterns, 3)
acceptable realized gain over the designated band, and
4) use of flexible material substrates. Therefore,
valuable antenna designs are presented for the next
generation of communications. A performance compar-
ison of the proposed antennas with different recent
published works for the frequencies of interest is shown
in Table 5. The comparison proves that the proposed
antennas excel in performance due to flexibility,
bandwidth, a stable radiation pattern, and realized gain.
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