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ABSTRACT We present a novel concept of a millimeter-wave patch antenna that integrates the functions
of a dual-polarized antenna and a capacitive proximity sensor to detect the state of a hand grip on a
smartphone and compensate for the effect. The antenna has a dual-polarized, proximity-coupled, square
patch structure, and acts as a proximity sensor by utilizing the change in capacitance of the patch when the
user’s hand approaches. By observing the change in capacitance at the center of a square patch operating
in two fundamental TM modes, antenna and sensor functions can be performed concurrently and without
mutual interference. The antenna is designed using a low-cost four-layer FR-4 substrate and fabricated using
a cost-effective standard printed circuit board (PCB) process. The antenna is configured as a 1 x 8 array, and
after mounting it on a smartphone model, the gain, beam steering performance, and change in capacitance
according to hand proximity are predicted and measured. The peak gain measured at 28 GHz exceeds
11.8 dBi, with a gain variation of less than 2.2 dB within the 5 G 257 band (26.5 — 29.5GHz). The measured
capacitance change due to hand proximity is 130 fF, which is sufficient for real-time detection of the hand
grip state. An example of improvement in the gain of the proposed antenna by detecting the hand grip state
is presented through a simulation.

INDEX TERMS 5G, capacitive proximity sensor, dual-polarization, hand effect, millimeter-wave
(mmWave), patch antenna, phased array antenna.

I. INTRODUCTION
Millimeter wave (mmWave) 5G communications are

fixed mmWave systems such as base stations and wireless
backhauls, which face no major constraints on the space

expected to play an important role in managing the rapidly
increasing volumes of traffic from mobile devices by pro-
viding high data rates across a wide available bandwidth [1],
[2]. In the mmWave band, high-gain phased array antennas
are used in base stations and mobile terminals to mitigate
degradation in performance of wireless communication sys-
tems caused by high path loss. Thanks to extensive research
on efficient semiconductor circuits and antennas, signifi-
cant advancements have been achieved in commercializing
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occupied by the antenna and the environment in which it
operates [3], [4], [5], [6]. However, for mobile terminals,
especially smartphones, which have limited internal space
and must operate in diverse user environments, antenna
design must take into account the significant difficulties
posed by size, performance, price, and the various hand grip
patterns of users [7], [8], [9].

Mobile antennas in the mmWave band are manufactured
using primarily multilayer printed circuit board (PCB) tech-
nology and are designed to radiate predominantly in the
lateral direction of the smartphone [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20]. This is an appropriate
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choice given the interference from the display and battery
and the effect of the user’s hands. Various mmWave mobile
phased array antennas have been introduced in which linearly
polarized radiators based on patches [9], [10], dipoles [11],
[12], [13], [14], and slots [15], [16] are arranged in a row
at the edge of a thin multilayer PCB, enabling beams to
be steered along the side of the PCB. These antennas are
manufactured as modules and mounted on the main PCB of
the smartphone [14], [15], [16] or integrated directly into
the main PCB [10], [12], greatly reducing the space they
occupy inside the smartphone. Other types of array antennas
have been proposed to facilitate beam steering along the side
of a smartphone. These include a structure in which planar
broadside radiators (e.g., patches and slots) are arranged in
a row on a narrow, long PCB [17], [18], [19], [20] and
mounted parallel to the side of a smartphone. They are
produced as independent modules [17], [18], [19] or as
integrated elements that match the shape of the smartphone
case [20].

To enable independent development of smartphones and
antennas and to allow for various compatible combinations
between them, phased array antennas in the form of antenna-
in-package (AiP) modules are required. AiP modules can be
fabricated using various dielectric substrates, including low
temperature co-fired ceramic (LTCC), polytetrafluoroethy-
lene (PTFE), and FR-4 epoxy laminates. In the mmWave
band, LTCC and PTFE are preferred because they have low
loss and allow for fine wiring, but require expensive mate-
rials and processing. FR-4 substrates, by comparison, are
associated with a high dielectric loss but a low price, and
the standard PCB process for mass production is well devel-
oped, making the manufacturing costs low. Various mmWave
antennas using FR-4 substrates have been studied [21], [22],
[23].

Meanwhile, the performance of mobile antennas in the
mmWave band can be significantly degraded due to inter-
ference from the user’s hands [24], [25], [26]. If the user’s
hands cover some elements of the phased array antenna while
holding the smartphone, the signal radiating from those cov-
ered elements can be blocked, reducing the gain of the array
antenna or making it impossible to steer the main beam in
the desired direction. Solving this problem requires installing
hand detection sensors around each element, analyzing the
user’s hand grip states in real time, and controlling the ampli-
tude and phase of the radio frequency (RF) signal supplied to
each element to maintain optimal overall array performance.
In [25], a method has been proposed to optimize the array
antenna’s performance according to the user’s hand grip pat-
tern by creating a beamforming codebook, but no specific
device capable of detecting hand grip patterns in real time
was presented.

Recently, we introduced a new concept of a patch antenna
that integrates the functions of an antenna and a capacitive
proximity sensor, and presented a phased array antenna based
on it [18], [19], [27]. We called this device a ‘‘sentenna
(sensor + antenna).” Fig. 1 is a schematic of the hand effect
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FIGURE 1. Sentenna-based hand effect compensation system for a 5G
mmWave smartphone.

compensation system, comprising a 1 x N sentenna array
(SA), readout integrated circuits (ROICs), RF front ends
(RFFEs), and a controller. In this system, the SA radiates
mmWave RF signals and is simultaneously connected to
ROICs to monitor capacitance changes and detect hand grip
states in real time. If certain sentenna elements (SEs) are not
radiating effectively due to hand interference, the controller
adjusts the amplitude and phase of the RF signal supplied
to each SE to optimize the performance of the entire SA.
For example, the gain of the overall SA can be improved by
halting the signal supplied to the SEs obscured by the hand
and redistributing the signal power to other SEs.

In this paper, we propose a 1 x 8 dual-polarized SA
by expanding on our previous works [18], [19]. We elab-
orate on the structure of a dual-polarized SE, along with
the underlying mechanism of how a single patch can act
simultaneously as a wideband radiator and a capacitive sensor
without mutual interference. After mounting the proposed
SA on a smartphone model, we predict antenna gain, beam
steering performance, and capacitance change according to
hand proximity through a simulation and verify the results
in experiments. Finally, a specific example illustrating the
improvement in SA gain when a portion of the proposed SA
is obscured by a hand is explained through simulations. This
paper focuses on implementing and validating the antenna
and sensor functions of the proposed sentenna and does not
address the ROIC, RFFE, or controller.

Il. SENTENNA DESIGN

A. SENTENNA CONFIGURATION

Fig. 2(a) depicts the geometry of the proposed sentenna.
The sentenna has a basic structure of a dual-polarized,
proximity-coupled, square patch antenna and is designed on
a four-layer PCB consisting of one core and two prepregs.
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FIGURE 2. Geometry of the proposed sentenna. (a) Three-dimensional
view. (b) Rough side view. (c) Top view of the four metal layers.

Both the core and prepregs are FR-4 (¢, = 4.1, tan§ = 0.03),
and the sentenna is fabricated using a cost-effective PCB
process. A schematic side view of the sentenna, illustrat-
ing four metal layers (M1, M2, M3, and M4) and the
vias between them, is presented in Fig. 2(b). The sentenna
uses a proximity-coupled feed (PCF) structure to achieve
wideband characteristics covering the entire 5G n257 band
(26.5 — 29.5 GHz). A square patch, two PCFs, and a ground
plane are printed on the M1, M2, and M3 layers, respectively.
To attain slanted £45° dual polarization, a square patch
is positioned at a 45° angle, and two T-shaped PCFs are
arranged orthogonally in the —45° and +45° directions,
respectively.

On the M4 layer, two microstrip feedlines are printed and
connected to their corresponding PCFs by through-vias from
the M1 to M4 layers. Two antenna ports (ports A and B)
are located at the ends of the feedlines. Port A excites the
—45° polarization, and port B excites the +45° polarization.
In a realistic AiP module using the proposed sentenna, the
RFFE and ROIC may be mounted on the M4 layer. However,
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FIGURE 3. 1 x 8 SA. (a) Top view. (b) Side-mounted view into a
smartphone.

TABLE 1. Dimensions of the SE and SA.

Parameter N b 13 Iy wi Wy

Value (mm) 2.1 1.1 1.2 1.1 0.4 0.4

Parameter w3 K L w H

Value (mm) 1.8 5.4 48 6 0.61

as neither the RFFE nor the ROIC is within the scope of this
paper, a temporary structure to connect the evaluation feed
boards (described in Section IV) is placed on the M4 layer
instead. In this regard, on the M4 layer, two ground pads
(connected by blind vias to the ground plane of the M3 layer)
are formed and arranged around the antenna ports. Fig. 2(c)
provides a top view of each metal layer of the sentenna.

In the proposed sentenna design, the square patch is con-
nected to the sensor port (port C in Fig. 2) through a central
through-via. This connection allows the patch to function as
an electrode for a capacitive proximity sensor while maintain-
ing its properties as an antenna. The sensor port is defined
across the anti-pad of the central via, which is the void area
between the via and the ground plane in the M3 layer. The
via connects to the center of the circular stub in the M4 layer,
labeled a ““decoupler” in the figure. The decoupler functions
as a zero-impedance resonator connected in parallel to the
sensor port, preventing the mmWave antenna signal from
leaking into the sensor port.

Using the proposed sentenna, we constructed a 1 x 8 SA,
as shown in Fig. 3(a). Patches and feed structures for both
polarizations are arranged symmetrically about the axis plane
(xz-plane) of the array. Therefore, the radiation patterns of
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the two polarized waves are symmetrical with respect to the
xz-plane, which is the beam steering plane of the phased
array sentenna. The spacing (s) between SEs is 5.4 mm,
corresponding to a half-wavelength in free space at 28 GHz.
The overall SA size is 48 mm x 6 mm x 0.61 mm. Detailed
dimensions of the SE and SA are listed in Table 1. The
diameters of the through-vias and blind vias are 0.3 mm
and 0.2 mm, respectively. These via diameters are typical
minimums for low-cost standard PCB processes. All metal
layers are 0.017 mm thick copper. The core is 0.4 mm thick,
and the prepreg style is 1080 with a thickness of 0.076 mm.
Fig. 3(b) shows the SA mounted on a smartphone model. The
SA design assumes that it will be mounted on the side of a
smartphone, as shown in the figure. At this time, the square
patch of the sentenna adheres closely to the plastic case of the
smartphone. The plastic case not only affects the sentenna’s
antenna characteristics but also limits the minimum distance
between the user’s hand and the square patch to at least the
thickness of the case when operating as a proximity sensor.
Given this situation, the sentenna design assumes it is covered
with a plastic case made of acrylonitrile butadiene styrene
(ABS), with a thickness of 1 mm (e, = 2.8, tané = 0.005).

B. ANTENNA-TO-SENSOR ISOLATION

In the sentenna, the patch can function both as an antenna
radiator and as an electrode for a capacitive proximity sen-
sor. As the user’s hand approaches the patch, the mutual
capacitance between the patch and the ground plane changes.
By observing this change, it is possible to determine how
close the user’s hand is to the patch. However, to use one patch
simultaneously as both an antenna and a sensor electrode,
ahigh level of isolation is required to ensure their independent
operations. Fortunately, because the antenna operates in the
mmWave band and the frequency of the test signal for the
capacitive sensor can be as low as 1 MHz, it can be designed
with high isolation in each operating frequency band.

The square patch has a half-wavelength in the mmWave
band and operates at the fundamental TMz mode. Fig. 4(a)
depicts the distribution of the electric field under the patch at
the fundamental TM; mode in the resonant length direction.
The length of the arrow indicates the amplitude of the electric
field. The distribution of the electric field is maximal at both
ends of the patch and null at the center of the patch. By con-
necting a thin probe at this null position to the patch, the
capacitance of the patch can be measured without degrading
its radiation characteristics. For this reason, a via connecting
the patch and the sensor port is located at the center of the
patch, as shown in Fig. 2.

Meanwhile, the patch is fed by proximity coupling in the
mmWave band. This approach not only enhances the antenna
bandwidth but prevents the sensor test signal from leaking
into the antenna port. Fig. 4(b) illustrates the equivalent
capacitance (C,) between the patch and the PCF. In the
mmWave band, C, exhibits low impedance, allowing the
antenna signal to flow. However, at the low frequency of the
sensor test signal, the high impedance of C, blocks the test
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FIGURE 4. (a) Electric field distribution under the patch. (b) Equivalent
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FIGURE 5. Simulated isolation between the antenna port (port A) and the
sensor port (port C) of the sentenna with and without a decoupler.

signal. The sensor characteristics are therefore not affected
significantly by the condition of the antenna port.

C. ENHANCING ISOLATION USING A DECOUPLER
Because capacitance sensing is conducted at the center of the
patch, a high degree of isolation between the antenna and
sensor ports can be expected. However, the large anti-pad
formed on the ground plane beneath the patch for the sensor
port can significantly degrade the isolation. When using a
cost-effective standard PCB process, the anti-pad must be at
least 0.5 mm in diameter, which is too large to be ignored in
the mmWave band. The distribution of the electric field of
the TM7z resonance mode under the patch is disturbed by the
anti-pad, resulting in the signal leaking into the sensor port.

Fig. 5 depicts the simulated isolation between the antenna
and sensor ports (for a 50-ohm reference impedance). Iso-
lation is as low as 15 dB or less in the 5G n257 band.
To address this, a circular stub-type decoupler is designed
and connected in parallel to the sensor port. The decoupler
is printed on the M4 layer and connected with a via in the
center, completely covering the anti-pad. The decoupler is
an open-stub resonator with zero impedance at its center.
Therefore, signal leakage to the sensor port is blocked by
shorting the sensor port in the mmWave band. Fig. 5 also
shows the simulated isolation with the decoupler installed.
With the decoupler, the isolation increases to more than 39 dB
in the 5G n257 band, an improvement of more than 24 dB.
The condition of the sensor port therefore has little effect on
the antenna characteristics in the mmWave band.

IIl. SIMULATION RESULTS

A. ANTENNA CHARACTERISTICS

The antenna-related performance of the proposed sentenna is
simulated using Ansys HFSS. We first describe the radiation
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FIGURE 6. Simulated antenna performance of the SE 4. (a) S-parameters.
(b) Radiation pattern at 28 GHz (—45° polarization).

properties of the SE and then those of the SA. Fig. 6(a)
shows the simulated S-parameters of the SE 4, with element
numbers indicated in Fig. 3(a). The antenna ports of the SE
4 are labeled A4 (—45° polarization) and B4 (+45° polariza-
tion). The 10-dB return loss bandwidth (RLBW) of both ports
is 14.6% (26.1 to 30.2 GHz), covering the 5G n257 band.
Isolation between the two ports exceeds 19 dB within this
band. Fig. 6(b) displays the simulated radiation pattern for
the —45° polarization of the SE 4 in two orthogonal planes
(xz- and yz-planes, which are the diagonal planes of the square
patch) at 28 GHz. The SE exhibits a gain of 3.8 dBi in the
broadside direction, with a half-power beamwidth (HPBW)
of 92° and 105° in the xz- and yz-planes, respectively. The
cross-polarization is lower than —12 dB within the HPBW.
Due to the symmetrical structure of the sentenna, the radiation
pattern of the +45° polarization is symmetrical to that of the
—45° polarization with respect to the xz-plane, but for brevity
is not shown here.

Fig. 7 depicts the simulated radiation patterns for the —45°
polarization of the 1 x 8 SA at 28 GHz. All SEs are fed
with the same amplitude and phase, and the main beam is in
the broadside direction (i.e., steering angle of 6, = 0°). The
peak gain is 12.8 dBi, with an HPBW of 12° and 101° in the
xz- and yz-planes, respectively. The cross-polarization is less
than —17 dB in the main beam.

The main beam of the SA can be steered in different direc-
tions through different phase excitations. Fig. 8 illustrates the
simulated radiation patterns when the main beam is steered
at s = 0°, £23°, and +£47° for the —45° polarization in the
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xz-plane. There is a gain variation of 2.9 dB within this steer-
ing range. The radiation patterns exhibit ripples, particularly
for 6 = £47°. These ripples are mainly caused by surface
waves propagating along the smartphone case. In Fig. 3(b),
the main PCB, the plastic case, and the air gap between them
form a multilayer structure that guides these surface waves.
These surface waves interfere with the direct radiation from
the sentenna, resulting in the observed ripples in the far-
field pattern. Further simulations confirmed that the ripples
disappear when the plastic case is removed. The simulated
beam steering radiation patterns for the +45° polarization are
identical to those for the —45° polarization in the xz-plane but
for clarity are not shown here.

B. SENSOR CHARACTERISTICS

The sensor function is based on measuring the change in
capacitance when the user’s hand is or is not positioned
on the sentenna (more precisely, when the hand touches or
moves away from the plastic case covering the sentenna).
In this paper, the sensor performance is simulated using
Ansys Q3D Extractor. Fig. 9(a) depicts the simulation setup
used to simulate the capacitance change of a sentenna at
the sensor port. Instead of a human hand, we simulated the
capacitance change of the SE 4 by bringing a small, grounded
metal plate (15 mm x 30 mm size) close to the SE. This was
done to obtain consistent data in a controlled experimental
environment. A grounded metal plate is a useful approximate
model of the human hand (or fingers) because the human
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the sentenna-to-metal plate distance (d). (a) Simulation setup.

(b) Capacitance change. (c) lllustration of the principle behind the
capacitance change.

body, being relatively large and having high capacitance,
is typically considered to be at zero electric potential in
the analysis and design of the capacitive proximity sensors
based on fringing capacitance [28], [29]. Fig. 9(b) shows the
capacitance change of the sentenna against the distance (d)
between the sentenna and the metal plate (observed between
the square patch of the SE 4 and the ground plane) at a test
frequency of 1 MHz. When d = 1 mm, the metal plate
touches the plastic case over the sentenna. As the metal plate
approaches the sentenna, the capacitance decreases, which is
a typical response of capacitive proximity sensors utilizing
fringing capacitance [28]. Fig. 9(c) illustrates the principle
behind this capacitance decrease. Initially, when a potential
difference is applied between the patch and the ground plane,
an electric field is formed between them. Most of the field
is concentrated within the substrate region between the patch
and the ground plane. However, a fringe electric field extends
from the patch, out of the substrate, and returns to the ground
plane. When a grounded metal plate is brought close to the
patch, the fringe field is disrupted, and a portion of the electric
field is redirected to the metal plate instead of the ground
plane. Consequently, the mutual capacitance between the
patch and the ground plane decreases, which is detected by
the ROIC.

In Fig. 9(b), the capacitance decreases slowly as the metal
plate approaches the sentenna, then decreases rapidly when
the metal plate touches the case. When the metal plate is far
from the sentenna, the capacitance is 2.127 pF, and when the
metal plate touches the case over the sentenna, it decreases
to 2.027 pF. This indicates that the capacitance decreases
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by approximately 100 fF when the grounded metal plate is
placed near the sentenna, demonstrating that the proposed
sentenna can function effectively as a capacitive proximity
sensor. Similar results are expected when a real human hand
is brought close to the sentenna, which will be described in
detail in Section IV-B.

IV. EXPERIMENTAL VERIFICATION

A prototype of the proposed SA was fabricated as shown in
Fig. 10(a). The prototype is too small to measure by directly
attaching regular RF connectors. Therefore, we designed sep-
arate feed boards and attached them vertically to the SA.
Fig. 10(b) shows a pair of feed boards used to measure the
performance of SEs 4 and 5. These feed boards are designed
for the —45° and 4-45° polarization feeds, respectively, and
are attached vertically to an SA with their ground planes
facing each other. The ground planes of both feed boards
are connected to the ground plane of the main PCB of the
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FIGURE 11. Measured antenna performance of the SE 4. (a) S-parameters,
(b) Isolations between adjacent SEs. (c) Radiation patterns at 28 GHz.

smartphone. The feed board for the —45° polarization has two
microstrip lines connected to antenna ports A4 and AS, while
the feed board for the +-45° polarization has two microstrip
lines connected to antenna ports B4 and BS5. A 2.92 mm
RF connector is connected to each microstrip line. The feed
boards are made of a thin Taconic TLY-5 substrate (0.127 mm
thick), and a main PCB of a smartphone is made of an FR-4
substrate (0.4 mm thick) with copper ground planes on both
sides.

A. ANTENNA CHARACTERISTICS

Fig. 11(a) depicts the measured S-parameters for antenna
ports A4 and B4 of the SE 4. Both ports exhibit a return loss of
more than 14 dB in the 5G n257 band. The measured 10-dB
RLBW is greater than 24% for both ports, which is wider
than the simulated bandwidth in Fig. 6(a). This discrepancy
is attributable primarily to the insertion loss of approximately
1.0 dB of the microstrip feedlines on the feed board. The
measured isolation between the two antenna ports is greater
than 16 dB in the 5G n257 band. Fig. 11(b) shows the mea-
sured isolations between the adjacent SEs 4 and 5. In the 5G
n257 band, the isolation exceeds 22 dB for the same polariza-
tion and 29 dB for orthogonal polarization. Consequently, the
proposed SE demonstrates sufficient performance to enable
construction of a phased array with polarization diversity
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for 5G applications. Fig. 11(c) shows the measured radiation
patterns of the SE 4 at 28 GHz. The measured gains, corrected
for the insertion loss of the feed board, are 4.3 dBi and
5.0 dBi for the —45° and +45° polarizations, respectively.
The measured cross-polarization is less than —8 dB within
the HPBW for both polarizations. Given the influence of the
feed boards and test cables, the measured S-parameters and
radiation patterns of the SE are in close agreement with the
simulation results.

An actual AiP module using the proposed sentenna will
incorporate RFFEs, including tunable phase shifters. How-
ever, this paper does not address the design of the RFFE.
Instead, to verify the gain and beam steering performance
of the proposed SA, several beam steering networks (BSN’s)
with different steering angles were designed and fabricated
on the feed board and connected to the SA, as depicted in
Fig. 12. BSN 1 in Fig. 12(a) is a 1:8 corporate feed network
that supplies signals of equal amplitude and phase to all SEs,
resulting in 6 = 0°. In contrast, BSN 2 and BSN 3 in
Figs. 12(b) and 12(c) supply SEs 1 to 8 with signals having
sequential phase shifts of —67.5° and —135°, respectively,
resulting in 6, = 23° and 47°. Additionally, BSNs with
6; = —23° and —47° were designed and fabricated, but they
are omitted from the figure for simplicity. All BSNs were
fabricated using the same substrate as the feed board for the
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FIGURE 13. Measured radiation patterns and gain of the SA. (a) Radiation
pattern at 28 GHz. (b) Peak gain versus frequency.

SE in Fig. 10(b) and have an insertion loss of approximately
1.7 dB; all measured gains of the SA are corrected for this
insertion loss.

Fig. 13 shows the measured radiation performance of the
SA for 6 = 0° and compares it with simulations. The
radiation patterns for the —45° and +45° polarizations at
28 GHz are depicted in Fig. 13(a). The radiation pattern is
nearly identical for both polarizations, with peak gains of
11.8 dBi and 12.8 dBi for the —45° and +45° polarizations,
respectively. The HPBW is 11° in the xz-plane and 90° in the
yz-plane for both polarizations. The cross-polarization within
the main beam is less than —12 dB and —15 dB for the —45°
and 445° polarizations, respectively. Fig. 13(b) depicts the
measured gain variation of the SA across frequency. In the
5G n257 band, the gain variation is less than 1.7 dB and
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FIGURE 14. Measured beam steering radiation patterns of the SA in the
xz-plane at 28 GHz.

2.2 dB for the —45° and +45° polarizations, respectively. The
measured results are in close agreement with the simulations.

Fig. 14 shows the measured beam steering radiation pat-
terns of the SA for 6, = 0°, £23°, and +47° and compares
them with the simulations. The measured results are in close
agreement with the simulations. For the —45° polarization,
the measured steering range is from —43° to 44°, with a gain
variation of 2.6 dB. For the 4+-45° polarization, the measured
steering range is from —46° to 44°, with a gain variation of
3.8 dB. Throughout the steering range, the cross-polarization
is less than —8 dB and —12 dB for the —45° and +45°
polarizations, respectively. The cross-polarization radiation
patterns are omitted in the figure for brevity.

B. SENSOR CHARACTERISTICS

We measured the capacitance change of the sentenna when a
grounded metal plate and a human hand were brought close
to the SA. Fig. 15(a) schematically depicts the setup for
measuring the change in capacitance of the SE 4 at the sensor
port. The measurement was performed with an LCR meter
(Keysight, model E4980AL) at a test frequency of 1 MHz.
Fig. 15(b) shows the results of measuring the change in
capacitance of the sentenna according to the distance (d)
between the sentenna and the metal plate and compares it
with the simulation. As predicted in the simulation, the capac-
itance decreases slowly as the metal plate approaches the
sentenna and then decreases rapidly as the metal plate touches
the smartphone case covering the sentenna. The measured
capacitance of the sentenna without the metal plate is 2.13 pF,
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FIGURE 15. Measured capacitance change at the sensor port.
(a) Measurement setup. (b) Capacitance change.

which decreases to 1.97 pF when the metal plate touches
the case over the sentenna. As the capacitance is reduced by
160 fF by the metal plate, the proposed sentenna can function
as a capacitive proximity sensor.

Fig. 15(b) also shows the results when a real finger is
brought close to the sentenna. The measurements are nearly
identical to those for the grounded metal plate. When a user’s
hand touches the smartphone case covering the proposed
sentenna, a change in capacitance of 130 fF occurs, demon-
strating that the hand grip state of the smartphone can be
sensed in real time and the radiation performance of the SA
can be optimized.

V. GAIN IMPROVEMENT OF SENTENNA ARRAY BASED
ON HAND GRIP DETECTION

In this section, we present a simulation example in which the
controller detects when the user’s hand is touching an SA
mounted on a smartphone and improves the gain of the SA
by adjusting the amplitude of the signal supplied to each SE.
Fig. 16(a) illustrates a simulation model in which a portion of
the proposed SA is obscured by the user’s hand (specifically
the thumb). Among the eight SEs, SEs 5 to 8 are in contact
with the thumb. The simulated radiation pattern at 28 GHz of
each SE is depicted in Fig. 16(b), and the gain and radiation
efficiency are summarized in Table 2. In this mmWave band
simulation, the hand is modeled as alossy dielectric with e, =
10 and tan§ = 0.7 [30]. The gain of SEs 5 to 8, where the
thumb touches, is reduced by about 13 to 18 dB compared to
SEs 1 and 2, where the thumb does not touch. This reduction
occurs because the radiation efficiency decreases due to the
presence of the thumb. The primary reason for this reduction
in the radiation efficiency is the absorption of energy by
human tissue. Additionally, due to the high dielectric constant
of the thumb, the SEs become detuned and are unable to radi-
ate normally, or the radiated waves are reflected by the thumb
and absorbed into the smartphone housing, resulting in losses.
Although SEs 3 and 4 are not in direct contact with the thumb,
their gains are reduced compared to SEs 1 and 2 because the
adjacent thumb affects their radiation efficiency.
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FIGURE 16. Simulation model of the user’s hand effect on a smartphone.
(a) Simulation model. (b) Simulated radiation patterns of SEs at
28GHz (—45° polarization).

TABLE 2. Gain, radiation efficiency, and capacitance change of SEs due to
hand grip in Fig. 16(a).

SE Gai.n Efficiency Capacitance (fF)

(dBi) (%) W/ohand W/ hand AC
1 5.7 64.8 2,123 2,119 -4
2 5.7 62.0 2,122 2,112 -10
3 42 524 2,124 2,109 ~14
4 1.4 25.0 2,127 2,092 -35
5 -91 19 2,125 2,026 -99
6 -121 0.6 2,125 2,024 ~102
7 93 0.7 2,122 2,023 -99
8  —69 1.4 2,123 2,026 -97

Table 2 lists the simulation results of the capacitance of
each SE with and without hands in Fig. 16(a). In this capaci-
tance simulation, the hand is modeled as a grounded perfect
electric conductor (PEC). SEs 1 to 4, which are not directly
touched by the thumb, exhibit a capacitance change (AC) of
less than 35 fF, while SEs 5 to 8, which are touched by the
thumb, exhibit a change of more than 97 fF. The gain of the
SA can therefore be improved by selecting SEs that are not
touched by the thumb using AC = 60 fF as an approximate
threshold and supplying RF signals only to these SEs. Fig. 17
simulates and compares the radiation pattern of the SA when
signals are supplied to all SEs and when signals are supplied
only to SEs 1 to 4 in Fig. 16(a). Radiation patterns for five
steering angles are shown and, for convenience, the radiation
pattern without hands (same as Fig. 8) is also displayed.
When 6; = 0°, if signals are applied to all SEs, a reduction
in gain of 8.3 dB occurs due to the presence of the hand.
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TABLE 3. Comparison of the mmWave mobile antennas.

Ref. [15] [16] [20] [23] This work
Topology 1 x 4 slot 1 x 4 cavity/slot 1 x 4 slot 1 x 4 patch 1 x 8 patch
Polarization Single Dual (VP/HP) Dual (—45°/+45°) Dual (VP/HP) Dual (—45°/+45°)
Cente(rGf;‘I’;*)“e“Cy 39 27 27 26 28
10-dB RLBW (%) 10 19 25 23 24
o | na [ e | e
Volume (4°) 1.98 x 0.23 x 0.11 2.61 x0.41 x0.20 2.38 x 0.59 x0.16 2.78 x 0.41 x 0.10 4.48 x 0.56 x 0.06
Height profile (1o) 0.11 0.20 0.16 0.10 0.06
Substrate LTCC RT5880 RO4350B FR-4 FR-4
(&, tand) (5.9, 0.002) (2.2, 0.0009) (3.66, 0.0037) (4.1-4.2,0.03) (4.1,0.03)

* All values in parameter are extracted from the measured results.

SEs supplied
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© ---1to38
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Gain (dBi)
Gain (dBi)
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FIGURE 17. Simulated comparison of SA gains when the signal supply to
the SEs changes according to the hand grip state (in the xz-plane at
28 GHz, —45° polarization).

However, at this time, if only the untouched SEs 1 to 4 are
selected and signals are supplied, the reduction in gain is only
5.2 dB, resulting in an improvement in gain of approximately
3 dB. Similar improvements of approximately 3 dB can be
achieved at other steering angles. However, at 6, = +47°,
the hand obstructs the steering direction, preventing the for-
mation of a valid main beam.
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VI. CONCLUSION
In this paper, we proposed a new wideband dual-polarized

patch antenna, the “sentenna,” and designed a 1 x 8 phased
array antenna using it. The sentenna can simultaneously func-
tion as an antenna and a proximity sensor without mutual
interference, making it effectively applicable to an adaptive
phased array antenna system capable of real-time compensa-
tion for performance degradation due to the effects of user
hands in 5G smartphones. Table 3 summarizes the perfor-
mance comparison of the proposed sentenna with recently
reported mmWave mobile antennas. The presented sentenna
is built with the lowest height profile using the least expensive
substrate among the listed works. Nevertheless, the sen-
tenna’s gain and bandwidth are comparable to those of other
antennas. The proximity sensor feature also significantly
enhances the sentenna’s usability.
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