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Abstract—1In this study, we present a ultra-thinned
metasurface-cased antenna-in-package (MCAIiP) for a millimeter-
wave (mm-wave) 5G smartphone that operates in the n257 and
n258 bands of FR2 (26.5-29.5, 24.25-27.5 GHz). The proposed
MCAIP consists of 1 x 4 array patch antennas, inductively
loaded metasurface (ILM), a smartphone cover case made on
Gorilla Glass 6 (a commonly used material), and four-channel
beamforming IC; it has a thin profile of 1.63 mm, making it
suitable for insertion into an actual smartphone. To validate the
effectiveness of commercializing the proposed MCAIP, all the
structures were fabricated using a 12-layer PCB stack-up process,
and beam tilting measurement was performed using four-channel
beamforming IC. The proposed AiP accomplishes a 10-dB return-
loss bandwidth of 23.5-32.2 GHz and a maximum gain of
13.62 dBi. In addition, we combined the four-channel beam-
forming IC with a metasurface-cased antenna and conducted
beam tilting measurements using the all-in-one device. The peak
effective isotropic radiated power (EIRP) [dBm]/tilting degree
[°] of the proposed MCAIP with an IC are 6.59/0, 5.87/12, and
3.37/27. Conversely, the beam tilting results of a nonmetasurface
AiP with an IC are 2.01/0, 1.6/12, and —0.95/30. These results
demonstrate that the metasurface enhances the beam coverage
of the antenna.

Index Terms— 5G, antenna-in-package (AiP), beam-forming
IC, low-profile, metasurface, millimeter-wave (mm-wave) array
antenna.

I. INTRODUCTION

ACKAGING chip and antenna, managing multiplex
antenna, and degradation of the antenna performance
owing to other smartphone components, such as smartphone
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cover case, are examples of reported problems. Among them,
the cover case effect, which deteriorates antenna performance,
such as 3-D beam coverage, is surmountable. However, only
a few 5G smartphone antennas in the literature deal with
smartphone cover cases coupled almost directly with the
antenna [1], [2], [3], [4], [5], [6], [7], [8]. Most of the
reported 5G antennas in the literature have been designed
while ignoring this, assuming that the design freedom in
tuning geometrical antenna parameters is sufficiently high
for cover packaging. To the best of our knowledge, design
methodologies, topologies, and results of metasurface-cased
antenna-in-package (MCAIP) incorporating the smartphone
case effects have not been reported yet, while it is known that
the smartphone cover case commonly degrades antenna radia-
tion patterns. This study suggests that the proposed approach
can significantly achieve beam coverage enhancement with
beam steering over a broad bandwidth.

However, this considerably suppresses achievable antenna
performance, such as beam coverage and peak gain (P.G).
Therefore, we applied a commercial smartphone cover case,
Gorilla Glass 6, on the 5G antennas. Similar to the proposed
smartphone antenna, the antennas in [5] and [6] are cases
where the cover case is covered near the antenna radiating
part, and the antenna shown in [7] is the case where the patch
antenna is designed with high-transparency ITO on the glass
cover case. Finally, the antennas in [1], [2], [3], [4], and [8] are
designed to radiate endfire when a metal cover case is applied.
The proposed antennas have been designed, optimized, and
fabricated using Gorilla Glass 6. In addition, a metasurface has
been applied to improve the beam coverage of 5G smartphone
antennas. The unit cell length of metasurface structures is
smaller than half lambda of 28 GHz. Although research on
metasurfaces has been actively conducted, it is insufficient
to apply a metasurface on the AiP of a thin smartphone.
Most metasurfaces applied to antennas operate as a lens
that is distant from the antenna; thus, it is impossible to
insert the metasurface in a smartphone. Moreover, when the
distance between them is small, an air gap exists between
the antennas and the metasurface, which significantly reduces
the applicability of the metasurface as a real smartphone
antenna component. Therefore, we developed an ultra-thinned
metasurface and placed it directly on the antenna.

0018-926X © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Seoul National University. Downloaded on October 08,2023 at 08:18:38 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0009-0003-6218-6525
https://orcid.org/0000-0002-2335-5440
https://orcid.org/0000-0001-7564-014X
https://orcid.org/0000-0002-3675-1565
https://orcid.org/0000-0002-2156-4927

JUNG et al.: ULTRA-THINNED METASURFACE-EMBEDDED SMARTPHONE AiP

Wide
beam coverage

Smartphone
Cover Case

Narrow ~
beam coverage (\\/ )
«f?/ Antenna
%—I Beamforming IC
Smartphone
N Display
N

Fig. 1. Tllustration of the MCAIP concept for a smartphone.

Fig. 1 shows the conceptual view of MCAIP. An IC is
attached below the antenna, and the metasurface is located
on the antenna; a cover case is stacked up on the metasurface.
The total thickness of the combined antenna and metasurface is
1.63 mm, which fits well into an actual smartphone. As shown
in Fig. 1, the ultra-thinned metasurface can be applied to either
the back or side of the smartphone if the cover case covers
the antenna. If the metasurface is inserted as wide as possible
within the limits of the physical mounting space, the beam
coverage can be maximized. The superiority of MCAIP is
presented in Fig. 1. As shown in Fig. 1, the beam coverage
of MCAIP is extremely wide even after being affected by the
cover case. Under commercial conditions of the cover case
(i.e., thickness, permittivity, and loss tangent), the metasurface
and antenna are optimized to achieve the best performance
of beam coverage, which is called co-design in this study.
By comparing beam tilting performance or effective isotropic
radiated power (EIRP) cumulative distribution function (cdf)
of ultra-thinned MCAIiP with those of ultra-thin dielectric
spacer-cased AiP (DSCAIP), the contribution of the metasur-
face to beam coverage could be proved.

Based on the simulation results, Section II describes the
effects of the cover case on the performance of the antenna,
the modeling of a metasurface unit, and the contribution of
the co-design of the cased antenna and metasurface to beam
coverage. Section III shows the overall structure of a 1 x
4 array inductively loaded MCA (ILMCA) and the simulation
results, which demonstrate that the beam coverage of the
ILMCA is superior to that of the DSCAIP. In Section IV, the
overall structure and beam tilting simulation results of a 1 x
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Fig. 2. Comparison of antenna performance without and with cover case
(tempered glass). (a) Antenna structures. (b) Radiation patterns.
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4 array CAiP combined with a 28-GHz operating four-channel
beamforming IC are introduced. Section V discusses the fab-
rication and measured results of CAiP. Finally, the conclusion
of this study is presented in Section VI.

II. COVER EFFECTS AND THINNED METASURFACE
DESIGN

In Section II-A, we analyze the effect of the cover case
on the antenna coverage beam performance. Subsequently,
in Section II-B, we discuss how to design a metasurface that
improves THE antenna performance in combination with a
cover case. The cover case applied at this time is tempered
glass with a permittivity of 6.69 (Gorilla Glass 6), which is
commonly used in commercial smartphones.

A. Effects of Smartphone Cover Case On Antenna

The structures of a single direct antenna without a cover
case and a single antenna with a cover case are illustrated
in Fig. 2(a). For simplicity, the two antennas are represented
in this article as “w/o glass” and “w/ glass,” respectively,
and both antennas resonate at 28 GHz. Here, we focus on
the effect of the cover case on the radiation pattern. The
antenna’s radiation pattern tends to be significantly different
depending on the presence or absence of a cover case, which
can be observed from the radiation pattern in Fig. 2(b) and
Table I. The P.G, three-quarter gain (T.Q.G), and median gain
(M.G) are the largest, three-quarters, and half values of the
gain in the hemisphere in the main radiation direction of
the antenna, respectively. That is, when the gain in the 3-D
hemisphere is expressed as a cdf, it is a value corresponding
to cdf = 1, 0.75, and 0.5. The P.G, T.Q.G, and M.G without
glass are 7.1, 6.2, and 3.7 dBi, respectively, whereas those
with the glass are 5.3, 4.1, and 1.8 dBi, respectively. This
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TABLE 1

GAINS OF THE ANTENNAS SHOWN IN FIG. 2(A) AT 28 GHz
Types of Peak gain Three quarters gain Median gain Total
antennas [P.G] (dBi) [T.Q.G] (dBi) [M.G] (dBi) Eff.
w/o glass 7.1 6.2 3.7 0.97
w/ glass 53 4.1 1.8 0.91
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Al
N U
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Fig. 3. Concept map of MCA. (a) Overall view. (b) Side view.

means that the beam coverage of the antenna is deteriorated
by the glass. We believe that the transmittance of Gorilla Glass
at 28 GHz is significantly poorer than that of air. Increasing the
transmittance by changing the thickness or physical properties
of the cover case would make performance degradation less
likely; however, it is difficult to change the thickness and
physical properties of the commercial smartphone cover case.
Therefore, in Section II-B, we discuss a method to improve
the transmittance by inserting a thin metasurface under the
cover case without changing the cover case.

B. Gain Enhancement Principle and Metasurface Design

Fig. 3 shows a concept map illustrating the principle of
improving antenna radiation performance by bonding a meta-
surface below the cover case, which is the proposed MCA.
The cover case is the main factor that deteriorates antenna
performance, but when combined with the metasurface, it can
operate with an aperture larger than the patch size, leading to
improved radiation performance of the antenna. To improve
the radiation performance of the antenna, the metasurface
combined with the cover case must have better transmittance
in the target frequency than the cover case. In Fig. 2, the
reason why the radiation performance of the antenna covered
by the cover case is not good is because the transmittance
of the cover case is worse than that of air. The concept
of MCA presented in Fig. 3 is to reduce the radiation per-
formance degradation by combining the cover case, which
reduces radiation performance, with a metasurface to have
a transmittance similar to that of air. In this study, since
the metasurface was designed using a general PCB process,
a PCB dielectric is inevitably placed as a spacer on the antenna
aperture, as shown in Fig. 3(b). Since it is difficult to control
the distance between the aperture and the metasurface in actual
measurement, attaching this spacer on the top of the aperture
can physically keep the distance between the aperture and the
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Fig. 4. Tllustrations of floquet two-port simulation of unit cell model applying
far-field region conditions. (a) Thin air model (reference). (b) DS with the thin
cover-cased model. (c) ILM with thin cover-cased model. (d) Thick air model
(reference). (e) DS with the thick cover-cased model. (f) CLM with thick
cover-cased model.

TABLE I

DESIGN PARAMETERS AND THEIR VALUES OF STRUCTURES IN FIG. 4
(ALL PHYSICAL DIMENSIONS ARE IN mm)

dy 2 et 1.9 s 12
22 1.9 Wi 1.8 Wye 1.2
t 0.7 t, 1.5

metasurface constant. Then, on the top of this spacer, a cover
case or a metasurface, such as ILM or Capacitively loaded
metasurface (CLM), is attached.

Fig. 4 shows the structure of the floquet two-port simulation
to which the cover case and metasurface are applied. The
impedance of both ports is set to 377 €2, the characteristic
impedance of air. In this study, in order to make the trans-
mittance of the cover case combined with the metasurface as
close as possible to air, the metasurface was designed to have
response characteristics similar to air under two conditions.
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Fig. 5. Spacer attached antenna near-field impedance derivation conceptual
diagram. (a) Over all. (b) Side view. (c) Impedance graph.

First, through the floquet simulation in Fig. 4, the response
characteristics of the metasurface can be similar to that of air
in the far-field region. This is one of the commonly applied
methods of designing a transmit array. In Fig. 4(a) and (d),
the thickness of the air was made the same as the thickness
of the cover case applied. The name of the unit cell was
determined based on the material that is combined under the
cover case in the antenna. In the case of Fig. 4(b) and (e), the
dielectric spacer is combined right below this cover case, so it
was named as “DS.” Also, since both port impedances are
set to the characteristic impedance of air, the transmittance
in Fig. 4(a) and (d) becomes 0 dB. The first starting point
for metasurface design is to bring the transmittance of the
structure combining metasurface and cover case as close as
possible to this reference through floquet two-port simulation.
The second metasurface design condition is to have a value
similar to air when the S-parameter obtained by applying the
far-field condition in Fig. 4 is terminated with the antenna
near-field impedance. If both the far-field and near-field show
the same transmittance response results as air, the ideal design
conditions are satisfied. In this study, the metasurface was
designed by setting these two conditions as references.

The antenna in Fig. 5(a) shows the structure of the antenna
“S” with a spacer attached. Antenna “S” is a conventional
patch antenna designed to resonate at 28 GHz and radiate
x-polarized signals. The spacer used is a Taconic TLY, and
the thickness is 0.762 mm, and the area is 9.5 mm wide
(y-axis) and 8 mm long (x-axis), and it is an area that can
be placed as many as five units horizontally and four units
vertically. In order for the floquet simulation result of Fig. 4
to be effective, it was designed to occupy a larger area by
half a wavelength horizontally and vertically than the antenna
aperture. Next, the meaning of the distance from the center of
the aperture of antenna “S” is shown in Fig. 5(b). Antenna “S”
can be thought of as having air unit cells with a thickness of
0.7 or 1.5 mm placed in the point marked with a black circle.
The red dotted line box filled with white is the endpoint of the
DS unit cell in Fig. 4(b), which consists of only a thin cover
case without a metasurface. Also, the red box is the endpoint
of the ILM unit cell in Fig. 4(c), where the ILM and thin cover
case are combined. Next, the result of obtaining the antenna
impedance according to the distance from the center of the
aperture of antenna “S” is shown in Fig. 5(c). Antenna “S” is
an antenna that operates with X-polarization, so the dominant
electrical field component is E,. Therefore, the impedance at

(Air,DS) Z, (ry) = 33870
(CLM) Z, () =339.10

unit cell end point

7, () = 17820 {AirDS) 7, (ry) = 289100 7, () = 17820
unit cell starting point

unit cell starting point

unit cell end point

() (b)

Fig. 6. Simulation diagram applying near-field impedance and far-field S-pa-
rameters. (a) Thin cover case application. (b) Thick cover case application.

a point away from the aperture by a distance “r” in the vertical
direction is as follows:

Z,(r) = Ex(r)/Hy(r). )

The impedance at the point in Fig. 5(b) is shown in Fig. 5(c),
and it can be seen whether the second design condition is
satisfied from the transmittance obtained by setting these
impedances to both terminations. If the response character-
istics of the unit cell where the cover case and metasurface
are combined are ideally equal to air, the two-port S-parameter
result of the far-field area shown in Fig. 4 will be the same
as that of the air unit cell. Furthermore, even if both sides of
this S-parameter are terminated with the impedance of the
starting point shown in Fig. 5(c), and the endpoint that is
the same distance away from this starting point, the result
will be the same as air. The key to this study is to design
a metasurface that shows the response characteristics similar
to air in both the far-field and near-field regions according
to this ideal condition. If the designed metasurface has the
response characteristics similar to air even under the far-field
and near-field conditions, it will appear as air when applied
to an actual antenna. Accordingly, reflection due to the cover
case can be reduced, and thus, the beam coverage in the main
radiation direction will be improved. A conceptual diagram of
the second design condition is shown in Fig. 6. The starting
point of all unit cells shown in Fig. 4 is a black circle, and
its impedance is 178.2 Q2. Therefore, in all cases, set the port
impedance on one side to this 178.2 €. When applying a thin
cover case, the thickness of the air and cover case in Fig. 4(a)
is 0.7 mm. Therefore, the impedance at 1.482 mm away from
the starting point by 0.7 mm was designated as the remaining
port impedance of air and DS. However, since the thickness
of the ILM unit cell in Fig. 4(c) combined with the cover
case is 0.718 mm, the impedance at 1.5 mm is set as the port
impedance. Also, when a thick cover case was applied, the port
impedance should be set according to the thickness. Figs. 7 and
8 show the simulation results of the response characteristics
of the metasurface designed according to the two conditions
mentioned above. Fig. 7 shows the simulation result when both
port impedances are set to 377 €2, the characteristic impedance
of air, according to the conditions of the far-field area, and
Fig. 8 shows the simulation result applying the impedance in
the near-field area. The black dotted lines in Figs. 7 and 8 are
the results when the air unit cells presented in Fig. 4(a) and
(d) are applied, and serve as a design reference.

The simulation results of the DS indicated by the blue lines
in Figs. 7 and 8 are the unit cell simulation results with only
the cover case and no metasurface applied, and the unit cell
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Fig. 8. Simulation results of two-port network applying near-field impedance
and far-field S-parameters.

structure corresponds to Fig. 4(b) and (d). The simulation
result indicated by the red line corresponds to the case, where
the ILM is attached under the thin cover case and is shown in
Fig. 4(c). As can be seen from Figs. 7(a) and 8, when this ILM
is attached under the cover case, the transmittance difference
with the reference (air unit cell) becomes smaller than DS.
Therefore, it can be concluded that the structure combining
this ILM under the cover case operates more similar to air
than the case where there is only a cover case. Similarly,
in the case of CLM with a thick cover case, the difference

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 71, NO. 10, OCTOBER 2023

TABLE III
DIFFERENCE IN TRANSMITTANCE FROM REFERENCE IN FIGS. 7 AND 8
Frequency : 27 GHz Frequency : 28 GHz
Types of
it cell (Far-field) (Near-field) (Far-field) (Near-field)
model Difference of | Difference of | Difference of | Difference of
S21 (dB) S21 (dB) S21 (dB) S21 (dB)
ILM (thin) 1.20 0.0216 1.36 0.0169
DS (thin) 2.81 0.426 2.90 0.441
CLM (thick) 118 0304 0.85 0375
DS (thick) 2.63 0.447 2.40 0.384

5 x 4 unit cell
Antenna ‘I’ : ‘S”+ ILM + thin cover case
Antenna ‘OI : Optimized ‘I’ (co-design)

Antenna ‘N’ : ‘S’ + thin cover case
Antenna ‘ON’ : Optimized ‘N’ (co-design)

5 x 4 unit cell
Antenna ‘C’: ‘S’ + CLM + thick cover case
Antenna ‘OC’ : Optimized ‘C’ (co-design)

Antenna ‘M’ : ‘S’ + thick cover case
Antenna ‘OM’ : Optimized ‘M’ (co-design)

Fig. 9. Antenna structural diagram with metasurface and cover case applied.

in transmittance with the reference is smaller than that with
DS, and it can be seen that it operates more similar to air.
Table III summarizes the transmittance difference from the
reference at 27 and 28 GHz, and it can be seen that both the
ILM with a thin cover case and the CLM with a thick cover
case are designed closer to the reference than the DS with only
a cover case. Fig. 7(c) shows the transmittance trajectory when
the incident angle is changed in the far-field area as a Smith
chart, and the outermost circle shows the trajectory of the air
unit cell. Therefore, even if the incident angle changes, if the
transmittance changes close to this outermost trajectory, it can
be seen that the transmittance does not change significantly
according to the incident angle. It can be seen that both ILM
and CLM are closer to the trajectory of air than DS.

Fig. 9 shows the structure of the metasurface designed
through this process and the analysis applied to the antenna.
There are a total of nine types of single antennas, including
the antenna “S” in Fig. 5 mentioned above. Antenna “S” is
a case where an air unit cell is attached to a spacer without
a cover case and is an antenna to which the air unit cell in
Fig. 4 is applied as a reference. Therefore, if the metasurface
ideally changes the cover case to air, it will perform the same
operation as this antenna “S,” so the performance of this
antenna “S” can be used as a reference. Antenna “N” is a
case in which a thin cover case is combined with antenna “S,”
and the antenna “ON” has a resonance frequency at 28 GHz
through co-design that optimizes the antenna structure while
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Fig. 10. S-parameter results (S11) of nine types of antennas.
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combining the thin cover case and antenna. In the same way,
antenna “I” is a case where ILM and thin cover case are
combined with antenna “S,” and the antenna “OI” is an antenna
structure optimized to resonate at 28 GHz by co-designing
this. In order to see the improvement in antenna radiation
performance by ILM when a thin cover case is applied, the
performance of the antenna “ON” and the antenna “OI” can
be compared. The description of the antennas to which the
thick cover case is applied is also shown in Fig. 9, and to
check the radiation performance improvement by CLM, the
performance of the antenna “OM” and the antenna “OC” s
should be compared.

Fig. 10 shows a graph showing the reflection coefficients
of nine types of antennas. If the designed metasurface is
combined with the thin cover case and ideally operates like
air, and there is no coupling with the aperture, there will
be no shift in resonance frequency even when combined
with the antenna “S.” Comparing the reflection coefficient
performance of antenna “S” and antenna “L)” it can be seen
that the resonant frequency shifted by about 2 GHz. This
is due to the difference in response characteristics between
references in the far field and near field. However, in the case
of DS without ILM, a larger resonant frequency shift occurred
around 4 GHz, and the reflection coefficient at 28 GHz was
not good when compared with “I.”” This is because a lot of
reflection occurred in the cover case because the difference
in response characteristics of the DS unit cell was large
when compared with the reference. As a result, the antenna
impedance is changed in the near-field area, and the matching
is more distorted than when ILM is applied. When the thick
cover case was applied, the reflection coefficient characteristics
at 28 GHz of the antenna “C” to which the CLM was applied
were better than that of “M” to which only the cover case
was applied, but the difference in resonance frequency did
not occur significantly. This is because the coupling with the
antenna aperture, which occurs when CLM is applied to an
actual antenna, is not reflected in the metasurface design.
Previously, in the case of ILM, the grid structure was designed
to have a very thin line thickness, so the coupling with
the aperture could be ignored. This affects antenna matching
and thus affects the reflection coefficient. Therefore, when
designing a metasurface, it is more advantageous to design
a metasurface with a structure that minimizes coupling with
the aperture, such as ILM. Fig. 11 shows a graph showing
antenna radiation patterns in the H-plane at 27 and 28 GHz.
The radiation pattern of antenna “S,” which radiates signals
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from the top of the spacer to free space without a cover case,
is indicated by a black dotted line. Previously, it was expected
that a large reflection would occur in the cover case because
the unit cell response characteristics of the DS combined with
the thin cover case on the antenna “S” had a large difference
from the reference. It can be seen from Fig. 11(a) that the
prediction was correct. As indicated by the blue dotted line,
when the cover case is coupled to the antenna “S,” it can be
seen that a lot of back radiation is generated by this cover case.
Also, even if the antenna structure is optimized through co-
design, and the maximum signal is radiated at 28 GHz, it can
be seen from the blue solid line that all reflections caused by
the cover case cannot be canceled out. On the other hand,
if an ILM with unit cell response characteristics similar to the
reference and structurally less coupling with the aperture is
inserted under the thin cover case, something very surprising
happens. Looking at the radiation pattern results of “I” and
“N” indicated by red and blue dotted lines, respectively, it can
be seen that the back radiation is significantly reduced just
by inserting an 18-pm-thick metasurface under the thin cover
case. Since the back radiation is drastically reduced, the radia-
tion performance in the main radiation direction including the
bore sight is improved. Furthermore, by changing the structure
of the antenna to radiate the maximum signal at 28 GHz
through co-design, it is possible to design an antenna close to
the radiation performance of the reference antenna “S.” This
can be seen by comparing the radiation pattern performances
of the black dotted line and the red solid line. In the case of
CLM designed by applying a thick cover case, the performance
improvement was lower than that of ILM. First of all, this is
a result because the response characteristics of the CLM unit
cell were not as close to the reference as the ILM unit cell,
and the coupling effect between the aperture and the CLM was
not reflected in the design of the metasurface. Reflecting the
coupling problem between the aperture and the metasurface
from the design stage remains a task for future research.

Section III shows the antenna design and radiation perfor-
mance results when the metasurface area is increased and a
cover case with a large area like a commercial smartphone
is applied. At this time, the performance of all antennas was
compared with the state of co-design.

III. METASURFACE-CASED ANTENNA DESIGN

The flowchart of the method for designing the metasur-
face is schematized in Fig. 12. First, the material type and
thickness of the smartphone cover case were selected. This
is crucial because the pattern of the metasurface depends on
the characteristics of the cover case. Second, a floquet two-
port network simulation and near-field impedance applying
simulation were performed by combining the selected cover
case and the designed metasurface. By comparing the S;;
results of various metasurfaces combined with a cover case,
a suitable structure was selected to improve the antenna
beam performance. As previously mentioned in Section II,
the beam coverage performance of the antenna deteriorated
owing to the poor transmittance of the cover case in the target
frequency band. Therefore, the metasurface attached to the
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Fig. 11. Simulated radiation patterns of nine types of antennas. (a) Thin

cover case application. (b) Thick cover case application.

TABLE IV
COMPARISON OF NINE TYPES OF ANTENNA P.G

Peak gain (dBi) Peak gain (dBi)
Frequency [Thin cover case applied Ant.] [Thick cover case applied Ant.]
S 01 I ON N S ocC C OM

27 GHz 6.5 6.3 43 24 1.5 6.5 72 6.1 55
28 GHz 6.9 6.8 52 36 | 21 6.9 7.7 74 70 | 47

cover case can enhance the beam performance by increas-
ing the transmittance. Optimizing the impedance matching
and radiation pattern while combining the antenna, meta-
surface, and cover case is the final step (co-design). The
detailed metasurface modeling process used is presented in
Figs. 3-8.

The metasurface applied to the antenna in this study is
different from that used for lenses or superstrates covered
in many other papers [11], [12], [14], [15], [16], [17], [18],
[19], [20], [21], [22]. This is because the metasurface used
as a lens operates far away from the antenna. In contrast, the
metasurface proposed in this study is directly connected to
the antenna and operates as a resonator while mounted on the
smartphone to increase the gain.

A. Single-Cased Antenna

To verify the prediction stated above, the radiation perfor-
mance of various single-cased antennas developed through
co-design should be comparatively analyzed. The structure
of all antennas to be covered in Section III is shown in
Fig. 13. The values fllisted in Table V are fixed values,
and other parameters are changed to optimize performance
during co-design. As shown in Fig. 13(b), the distance between
the antenna and the cover case is fixed at 0.8 mm, and
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1. Material type of cover case
2. Thickness of cover case
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a) Cover case,
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Design another
metasurface

2. Compare simulation result of a) and b)
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enhanceme;
chs
Unit cell metasurface modeling #2
1. Simulate 2-port network simulation applying
near-field impedance and floquet S-parameters

a) Cover case.
b) Metasurface combined with cover case

2. Compare si result of a) and b)

Sa1 No
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chs
Select metasurface
with best performance of S5,
Co-design method
1. Locating metasurface on antenna

2. Stack cover case on metasurface
combined with antenna

2. Optimize
Structure of antenna
with fixing properties of cover case

Fig. 12.  Method flowchart on the unit cell modeling of a metasurface and
co-design method of a smartphone antenna.
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Fig. 13.  Structural diagram of single antenna applied with metasurface.
(a) Overall and top view of the antenna. (b) Side view of the antenna with a
metasurface.

TABLE V

DESIGN PARAMETERS AND THEIR VALUES OF STRUCTURES IN FIG. 13
(ALL PHYSICAL DIMENSIONS ARE IN mm)

Dy 57 w, 4 a
D, 5.7 hy

0.36 g 04
07/15  a, 02

a metasurface or dielectric is inserted into this space. The
proposed single-cased antenna containing a metasurface and a
cover case is shown in Fig. 14. The applied unit cell-cased
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Fig. 14. TIllustration of single-cased antennas.
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Fig. 15. S-parameter results (S1;) of the single-cased antennas.

models are air, DS, ILM, and CLM structures covered in
Section II-B. In Section II-B, we established that the ILM
improves the transmittance in the case of a thin cover case
(0.7 mm), and the CLM improves the transmittance in the case
of a thick cover case (1.5 mm). To verify the beam coverage
improvement by the metasurface, in the thin cover case, the
performance of the antenna applied with the ILM-cased model
was compared with that of the antenna applied with the DS and
air-cased model. For the thick cover case, the antenna to which
the CLM-cased model was applied was compared with the
antenna to which DS and air-cased models were applied. For
convenience, the single-cased antennas in Fig. 14 are named as
ILMCA, small-IMCA (SILMCA), capacitively loaded MCA
(CLMCA), small-CLMCA (SCLMCA), DSCA, and air-cased
antenna (ACA). During co-design, the structure of the antenna
should be optimized. Fig. 15 shows an S;; graph showing
that the antennas resonate at 28 GHz through the metasurface
and antenna co-design. All the antennas to be discussed in
Section IIT are thus optimized to resonate at 28 GHz.
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Fig. 16. Simulated radiation patterns of the single-cased antennas with a thin

cover case (thickness = 0.7 mm) and single antenna without glass. (a) 27 GHz.
(b) 28 GHz.
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Fig. 17. Simulated radiation patterns of the single-cased antennas with a
thick cover case (thickness = 1.5 mm) and single antenna without glass.
(a) 27 GHz. (b) 28 GHz.

Figs. 16 and 17 and Tables VI and VII present the radiation
patterns, realized gain, and total efficiency of single-cased
antennas and single antenna that radiates directly into the
air without a cover case (referred to as a “w/o glass”).
As comparing the beam coverage performance with only
the radiation pattern is difficult, P.G, T.Q.G, M.G, and total
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TABLE VI
GAINS OF THIN COVER CASE APPLIED ANTENNAS

Frequency : 27 GHz Frequency : 28 GHz

Types of
P.G T.QG MG | Total P.G TQG MG Total

antennas
(dBi)  (dBi) (dBi) | Eff | (dBi)  (dBi)  (dBi) | Fff.
ILMCA 7.7 4.7 1.9 0.84 7.1 4.8 1.8 0.9
SILMCA 6.1 3.7 22 0.89 6.6 45 2.7 0.94
ACA 59 3.7 1.4 0.85 53 4.1 1.8 091
DSCA 5.8 3.6 1.1 0.88 5.0 3.0 0.9 0.87
w/o glass 6.6 5.7 33 0.95 7.1 6.2 3.7 0.97

TABLE VII
GAINS OF THICK COVER CASE APPLIED ANTENNAS
Frequency : 27 GHz Frequency : 28 GHz

Types of
P.G T.QG MG | Total P.G TQG MG Total

antennas
(Bi)  (dBi) (dBi) | Eff. | (dBi)  (dBi)  (dBi) | Eff.
CLMCA 6.8 4.6 2.1 0.85 7.8 5.6 3.0 091
SCLMCA 6.6 49 22 0.88 7.5 54 2.7 0.92
ACA 49 3.1 14 0.81 6.4 43 25 0.9
DSCA 5.0 32 1.0 0.92 6.9 4.7 2.6 0.89
w/o glass 6.6 5.7 33 0.95 7.1 6.2 3.7 0.97

efficiency shown in Tables VI and VII should be analyzed.
When comparing the gain performance of the antennas with
the cover case applied, it can be observed that the ILM and
CLM perform excellently when the metasurface is applied.
The result of applying the metasurface to the array antenna
will be analyzed in Section III-B, as the beam coverage is
improved when the metasurface is applied to a single antenna.

B. 1 x 4 Array-Cased Antenna

Fig. 18 shows the structure when the metasurface is applied
to the array antenna. The spacing between the array antenna
elements is 5.7 mm, and the overall size is 5.7 x 22.8 mm.
The number of metasurface unit cells is 9 in the polarization
direction and 16 in the array direction. When a thin cover case
was applied, the unit cell length in the polarization direction
of the DS was set to 2 mm to apply the same area as the ILM
area. Similarly, when the thick cover case was applied, it was
set to 1.9 mm to match the metasurface area of the CLM. Here,
the array antenna beam coverage superiority or inferiority is
determined by comparing the beam steering performance of
the array antennas. This involves comparing the value of the
steered gain when the phase difference between each element
is applied at 0°, 45°, 90°, and 135°. The comparison of beam
steering simulation results is detailed in Fig. 19 and Table VIII.
Fig. 19(a) and (b) shows the beam steering performance when
thin and thick cover cases are applied, respectively.

Comparing the values listed in Table VIII, it can be observed
that the beam steering performance of the antennas to which
the previously designed ILM and CLM are applied is sig-
nificantly superior. For example, the gain in the boresight
direction of ILMCA with a thin cover is 11.7 and 12.2 dBi
at 27 and 28 GHz, respectively. These values are very similar
to the boresight gain (11.6 and 12.2 dBi) of a conventional
antenna (“w/o glass”) to which no cover case is applied.
This tendency is maintained even when a phase difference
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Fig. 18. Illustration of the 1 x4 array-cased antennas.
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Fig. 19. Simulated beam tilting performances of the 1 x 4 array-case

antenna in the YZ plane at 27 and 28 GHz. (a) Thin and (b) thick cover cases
applications.

of 45° is given between each element of the antenna. The
gain when the beam is steered by approximately 13° owing to
the phase difference of 45° is 11.6 and 11.9 dBi at 27 and
28 GHz, respectively, which is similar to that of the w/o
glass. Conversely, when the phase difference between elements
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TABLE VIII

SUMMARIZED SIMULATED BEAM TILTING PERFORMANCES (P.G/TILTING
DEGREE) OF FIG. 19 AT 27 AND 28 GHz
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TABLE X

SUMMARIZED SIMULATED BEAM TILTING PERFORMANCES (P.G/TILTING
DEGREE) OF FIG. 24

@ Phase diff. ILMCAiP DSCAIP
Phase diff. ILMCA ACA DSCA wlo glass ©) (dBi/°) (dBi/®)
@) (dBi/*°) (dBi/°) (dBi/*°) (dBi/*°) 0 9.01/0 8.25/0
0 11.7/0 10.8/0 9.7/0 11.6/0 45 9.74/ 15 8.32/16
45 11.6/13 10.3/13 9.9/12 11.5/13 90 9.62 /24 3.35/22
90 10.6 /24 8.7/20 7.9/25 11.3/27 135 6.54 /33 -3.21/90
135 8.6/36 7.1/38 4.7/37 9.9/39
® TABLE XI
Phase diff. ILMCA ACA DSCA w/o glass
©) (dBi/°) (dBi/®) (dBi/°) (dBi/°) SUMMARIZED MEASURED BEAM TILTING PERFORMANCES (NORMALIZED
GAIN/TILTING DEGREE) OF FIG. 30
0 12.2/0 10.8/0 10.2/0 122/0
45 11.9/13 10.7/11 11.0/9 12.0/ 14 Phase diff. ILMCAIP DSCAIP
Nl omoosm e 5 @’
- - - - 0 0/0 -4.58/0
© 45 0.72/12 499/12
Phase diff. CLMCA ACA DSCA w/o glass 90 -3.22/27 -7.54/30
© (dBi/°) (dBi/°) (dBi/°) (dBi/°) 135 2.7/3 -7.83/3
0 11.9/0 8.7/0 9.6/0 11.6/0
45 11.0/ 14 10.5/12 10.1/12 11.5/14
90 9.8/23 8.3/26 8.0/24 11.3/27 . . . .
135 76/38 5533 46733 10.0/39 of performance degradation according to the steering angle is
) less than that of the ACA and DSCA.
Phase diff. CLMCA ACA DSCA w/o glass
©) (dBi/°) (dBi/®) (dBi/°) (dBi/°) IV. WHOLE CONFIGURATION OF A 1 x 4 ARRAY
0 12.4/0 109/0 11.2/0 12.1/0 METASURFACE-CASED ANTENNA
45 12.0/13 10.7/14 10.7/ 14 12.0/ 14 . .
90 11.6/24 99/23 102 /23 11.9/27 A suitable unit cell metasurface for beam-coverage enhance-
135 9.6/36 7.1/35 7.3/35 10.9/38 ment has been designed by changing the thickness of the cover
case in Sections II and III. However, here, the thickness of the
cover case is fixed at 0.7 mm, and only the thin cover case is
TABLE IX

SUMMARIZED SIMULATED BEAM TILTING PERFORMANCES (P.G/TILTING
DEGREE) OF FIG. 21 AT 27 AND 28 GHz

(a)
ILMCA DSCA w/o glass
Phase . . .
diff. .pejak gain / .pejak gain / .pgak gain /

o tilting degree tilting degree tilting degree
© (dBi/°) (dBi/°) (dBi/°)

0 11.63/0 10.94/0 11.88/0
45 12.23/14 10.22/10 11.87/13
90 10.94 /24 7.29/23 11.52/25
135 9.75/35 3.25/35 10.04 /38

(b)

Ph ILMCA DSCA w/o glass
ase . . .
diff .pgak gain / .pgak gain / .pe-ak gain /

o tilting degree tilting degree tilting degree
©) (dBi/°) (dBi/°) (dBi/°)

0 12.6/0 11.42/0 11.84/0
45 10.87/ 12 10.29/10 11.88/13
90 10.31/25 7.19/24 11.64/26
135 7.91/35 2.93/43 10.06 /38

increases, the gain value decreases compared with the case
where there is no cover case. However, Fig. 19 and Table VIII
show that the deterioration of the beam steering performance
compared with that of w/o glass as the steering angle is
changed is significantly smaller than that of the ACA and
DSCA without a metasurface. This is because the reduction
of the beam coverage performance by the smartphone cover
case is mitigated through the metasurface. Similarly, when the
thick cover case is applied, the boresight gains of the CLM
are greater than that of the ACA and DSCA, and the degree

used. This is because the thickness of a real smartphone cover
glass is approximately 0.7 mm. In Sections II and III, ILMCA
is the antenna with the best radiation performance when a
thin cover case with a thickness of 0.7 mm was placed on the
antenna. Therefore, here, the 1 x 4 array ILMCA and DSCA
are designed, and their performance is compared to determine
whether the beam coverage of the antenna is improved by the
ILM.

A. Design of Array MCA

Fig. 20 shows the overall structure of the array ILMCA.
The cover case is applied with Corning Gorilla Glass 6, and
the metasurface is designed as a Taconic TLY substrate with a
small dielectric constant and loss. The area of the metasurface
is 34 x 22 mm, with a thickness of 0.78 mm, and the thickness
combined with the antenna is 1.63 mm. As the combined
thickness of the metasurface and the an