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Abstract: In this paper, a single-band beam control antenna is designed with a parallel coupler to
realize a microstrip patch antenna passive wireless sensor in the form of a chip. It has a phase shift
characteristic of the antenna radiation direction in the positive and negative directions. The antenna
includes an orthogonal direction coupler design with a 90◦ parallel coupler in phase using a special
structure that allows the whole chip area to be miniaturized while allowing the main beam angle
to have a directivity function. The coupler is designed for the 28 GHz millimeter wave band. After
feeding the patch antenna at the output port of the coupler and simultaneously feeding the excitation
at the input port, the beam phase changes to +45◦ and +135◦ with a phase difference of 90◦. The
designed antenna size is 1160 µm × 790 µm, and the overall IC size is 1.2 mm × 1.2 mm. The power
density simulation shows that the maximum power density is only 0.00797 W/kg for a 1 cm2 human
sampling area, which means that the antenna sensor is suitable for use on human surfaces.

Keywords: antenna sensor; wearable sensor; parallel coupler; chip antenna; millimeter wave

1. Introduction

With the advancement of the chip manufacturing process, the miniaturization of
components has advanced to a whole new level. The antenna and millimeter wave circuits
can be easily integrated into a single chip. Compared to wired sensor devices, wireless
sensors have more advantages because they do not require wires to provide a transmission
path, so they are easy to install and less expensive to maintain. The wireless transmission
sensor can skip the setup of the sensor network, as well as expand the maximum physical
limitations of the connection to the sensor. Wireless sensors are differentiated into active
and passive wireless sensors. Applications of passive wireless sensors include passive
radar [1–5], liquid sensing [6–8], spatial positioning [9–13], RFID [14–21], and blood glucose
determination [22,23].

Passive wireless sensors are a core technology in many fields, such as the Internet of
Things [24,25], smart cities [26], and smart healthcare [22,23,27]. Many designs in wireless
sensing systems utilize a branch coupler for both outputs, which can be used to ensure that
the strength of the two signals is equal [20,28,29]. With the evolution of a large number of
sensors, a complex environment full of signal scattering interference has been created.

Many researchers are currently proposing microstrip patch antenna passive wireless
sensors for studies such as detecting cracks on the surface of an object [30–32]. The resonant
frequency can be clearly known under a stationary ground plane. Assuming a discontinuity
in the ground plane, the resonant frequency is varied to detect cracks on the ground plane.
Otherwise, the physical properties of the material can be measured by beam control. For
example, in [33], the microwave frequency band was used to detect foreign material in
uncleaned peanuts without shells by using the good detection effect of watery items.
Compared to X-ray and infrared instruments, it has the advantage of being more cost
effective. The common patch antenna is composed of two layers of metal and dielectric
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substrate [34], and the resonant frequency of the antenna is changed by adjusting the
geometric length and width of the upper metal surface [35,36].

Beam control is the change of the main flap beam to the desired beam angle. For
example, a parallel coupler makes a Beam Forming Network (BFN) designed to individually
distribute the feed and phase at some degree of variation at the feed port. Alternatively, LC
circuits [37], phase shifters [38,39], and phase shifters with diodes can be used to achieve
beam angle switching [40–43]. The main beam can be mechanically steered using hardware
devices such as motors or drivers with control software [44] to steer the radiation field
pattern emitted by the guided antenna.

There are many studies investigating millimeter-wave microstrip patch antenna pas-
sive wireless sensors [45,46]. Non-contact measurement systems are suitable for liquid
measurements, while millimeter wave sensors without power supply have the advan-
tage of being maintenance-free and have a very long service life. Non-contact millimeter
wave sensors are highly flexible, can measure in harsh environments, and are not easily
destroyed. The signal can be easily transmitted through the fog and dust, not affected by
the changing light conditions [47], and the accuracy is similar to that of laser sensors. It
can also measure at high repetition rates and simultaneously measure the speed of the
target at a low cost. Millimeter wave sensors that do not require power are also suitable for
imaging applications, including contraband detection for flight safety and indoor space
imaging because the wavelengths of radiation are long enough that they propagate through
clothing, furniture, and other coverings and short enough to provide a high resolution [48].

Contact measurement systems are often used in wearable antenna sensors. Wearable
antenna sensors come into contact with the human body, and the antenna is susceptible to
the high dielectric constant of the human body, which changes the resonant frequency, gain,
and efficiency. On the other hand, antennas can cause radiated effects on the human body.
To solve both problems, researchers have changed the antenna substrate materials to allow
these wearable antenna sensors to achieve better antenna gain, efficiency, lower human
absorption ratio, and lower power density through material improvements and changes
in antenna shape designs, such as electromagnetic band gap (EBG), artificial magnetic
conductor (AMC) [49], and high impedance surface (HIS) [50].

In this paper, a microstrip patch antenna passive wireless sensor is developed on a
chip. By improving the design, the coupler and the patch antenna size are successfully
miniaturized. In this design, a parallel coupler is used to complete the beam control and
achieve 90◦ phase switching. With the variation of the patch antenna, such as rectangular
gap, symmetrical metal ring and PSL technology, the performance is improved and the cost
is significantly reduced without increasing the usage area. In order to make the antenna
sensor developed in this paper applicable to the human body surface, power density (PD)
simulation is added. The simulation results are also fully compliant with FCC, ICNIRP, and
IEEE specifications for PD values, which means that the designed chip is quite suitable for
use in wearable devices. Compared to the branch and ring couplers, the parallel couplers
can operate at any power distribution and provide a 90◦ phase difference [37,39]. It also
allows the beam to produce a 90-degree scanning range and detects the size of the actual
object by using the change of the beam close to the object, thus achieving the object scanning
function. This study is to simulate the antenna characteristics using ANSYS HFSS.

2. Related Work
2.1. Subsection

Figure 1 shows the schematic diagram of the parallel coupler. Figure 2 shows the
equivalent model of the parallel coupler, which contains a pair of mutual inductors, self-
inductors Ls and mutual inductance coupling coefficient k. Capacitance Cm and Cp denote
the parasitic capacitance between ground and winding. The ideal parallel coupler design
is for port two and port four, where port two is in phase at 0 degrees and port four is in
phase at 90 degrees, and the two ports have equal phase differences of 90◦ in magnitude.
The polarization generated by input port one or port three will achieve excellent linear
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polarization (LP) operation when the patch is perfectly matched at port two and port
four. In addition, the ideal parallel coupler that couples to port three has very little power
effect, thus producing a high level of isolation. The biggest limitation of this conventional
configuration is that parallel couplers usually have only a narrow frequency band. Another
technical disadvantage is that parallel couplers usually take up a large amount of space,
resulting in an increase in overall size.
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2.2. Microstrip Line Antenna Structure

A schematic diagram of a microstrip line chip antenna is shown in Figure 3. The
mathematical equations for the length and width of a microstrip patch antenna are [51,52]:

Wp =
c

2 fr

√
2

εr + 1
(1)

∆Lp = 0.712t
(εe f f + 0.3)

[
wp
t + 0.264

]
(εe f f − 0.258)

[
wp
t + 0.813

] (2)

Lp =
c

2 fr
√

εe f f
− 2∆Lp (3)



Electronics 2022, 11, 2231 4 of 21

where wp is the width of the patch antenna, Lp is the length of the patch antenna, and t
is the thickness of the substrate, as shown in Figure 3. ∆Lp is used to describe the effect
on the edge effect when the length of the antenna is adjusted such that the edge effect is
decreased when the length of the antenna is reduced. εr is the permittivity. c is the wave
speed in free space. εe f f is the equivalent permittivity.

Electronics 2022, 11, x FOR PEER REVIEW 4 of 24 
 

 

2.2. Microstrip Line Antenna Structure 

A schematic diagram of a microstrip line chip antenna is shown in Figure 3. The 

mathematical equations for the length and width of a microstrip patch antenna are [51,52]: 

𝑊𝑝 =
𝑐

2𝑓𝑟
√

2

𝜀𝑟 + 1
 (1) 

∆𝐿𝑝 = 0.712𝑡
(𝜀𝑒𝑓𝑓 + 0.3) [

𝑤𝑝
𝑡
+ 0.264]

(𝜀𝑒𝑓𝑓 − 0.258) [
𝑤𝑝
𝑡
+ 0.813]

 (2) 

𝐿𝑝 =
𝑐

2𝑓𝑟√𝜀𝑒𝑓𝑓
− 2∆𝐿𝑝 (3) 

where 𝑤𝑝 is the width of the patch antenna, 𝐿𝑝 is the length of the patch antenna, and t is 

the thickness of the substrate, as shown in Figure 3. Δ𝐿𝑝 is used to describe the effect on 

the edge effect when the length of the antenna is adjusted such that the edge effect is de-

creased when the length of the antenna is reduced. 𝜀𝑟 is the permittivity. c is the wave 

speed in free space. 𝜀𝑒𝑓𝑓 is the equivalent permittivity. 

 

Figure 3. Conventional microstrip line chip antenna structure. (The parameters are: 𝐿𝑝 = 150 μm, 

𝑊𝑝 = 90 μm, 𝐿1 = 210 μm, and 𝑊1 = 25 μm.) 

Take the traditional PCB antenna design for example, the antenna body is designed 

on the surface metal layer. From the resistivity laws [53]: 

𝑅 = 𝜌
𝜄

𝛢
 (4) 

R is the resistance, 𝜌 is the resistivity, 𝜄 is the length, and A is the cross-sectional area. 

When the cross-sectional area of each unit is larger, the resistance value will be smaller, 

and the transmission loss will also be smaller. In the design of the patch antenna, this 

characteristic is used to design the antenna with the main beam direction facing upward 

Figure 3. Conventional microstrip line chip antenna structure (The parameters are: Lp = 150 µm,
Wp = 90 µm, L1 = 210 µm, and W1 = 25 µm).

Take the traditional PCB antenna design for example, the antenna body is designed on
the surface metal layer. From the resistivity laws [53]:

R = ρ
ι

A
(4)

R is the resistance, ρ is the resistivity, ι is the length, and A is the cross-sectional area.
When the cross-sectional area of each unit is larger, the resistance value will be smaller,
and the transmission loss will also be smaller. In the design of the patch antenna, this
characteristic is used to design the antenna with the main beam direction facing upward and
then make the reflective surface through the back metal to enhance the antenna gain [54].

3. Chip Layout and Design

As the frequency increases, the transmission loss between the antenna and the RF
circuit becomes very high. In this study, the finished product is designed for 28 GHz, which
is one of the millimeter wave bands used in most countries today. The chip antenna is
very helpful in reducing the transmission loss by significantly shortening the connection
distance between the RF circuit and the antenna.

3.1. Parallel Coupler Design

The common coupler types are Parallel-line coupler, Branch-line coupler [55–59], Rat-
race coupler [56,57,60–62], Lange coupler, Directional coupler [63–65], Lumped-Element
coupler [66], and Hybrid coupler [67,68]. The design can be achieved by various structures
such as Coplanar waveguide (CPW), Substrate-integrated waveguide (SIW), Microstrip
line, etc. In this design, the parallel coupler structure is chosen and designed in the form of
a microstrip line.

Quadrature couplers are usually designed as parallel line couplers or branch cou-
plers [69], both of which are designed based on a quarter wavelength transmission line.
However, this design is still too large for a frequency of 28 GHz.
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By calculating the wavelength g through Equation (5), we can obtain the 1/4λ length
at 28 GHz, which is equal to about 1.33 mm. Equation (6) is to calculate the equivalent
dielectric constant εe f f , εr is the dielectric constant, H is the substrate thickness, W is the
microstrip line width, and T is the aluminum thickness [52].

λg =
300

fGHz
√

εe f f
(5)

εe f f =
εr + 1

2
+

εr − 1
2


1√

1 + 12
(

H
W

) + 0.04

[
1−

(
W
H

)2
] (6)

The standard CMOS implementation of a parallel coupler is achieved using a CMOS
multi-metal layer structure with a wide-sided coupling. Figure 4 shows an example layout
where the parallel coupler is placed between the top and second layers to increase the
coupling amount by direct stacking. The first winding layout starting from port 1 is on
the thinner metal 6 layer with a thickness of 2.34 µm and then along the metal 6 layer to
port 2. Meanwhile, the second winding is placed on the metal 5 layer starting from port 3
with a thickness of 0.53 µm and then completely overlaps with the metal 6 winding. The
grounding layer below the stacked windings is removed to obtain a high k value. By this
improvement in architecture, about 50% of the usable area can be saved [69].

Electronics 2022, 11, x FOR PEER REVIEW 6 of 24 
 

 

 

(a) 

 

 

(b) (c) 

Figure 4. (a)The layout of the proposed design of the parallel coupler. (b) View from the top, 𝐿𝐶 =

0.216 μm, and 𝑊𝑐 = 0.129 μm. (c) S-parameters include 𝑆11, 𝑆12, 𝑆13, and 𝑆14 for coupler. 

3.2. Structure of Microstrip Line Chip Antenna 

3.2.1. Antenna Stacking Design 

As shown in Figure 4, the parallel coupler designed in this paper has four ports, so 

two sets of antennas of Figure 3 are needed to form a symmetrical antenna structure as in 

Figure 5. The antenna dimensions are 𝐿𝑃 = 150 μm, 𝑊𝑃 = 90 μm, 𝐿1 = 210 μm, and 𝑊1 =

25 μm. In order to improve the antenna gain, two antenna structures of Figure 5 are 

formed as Figure 6, where 𝐿2 = 210 μm and 𝑊2 = 164.5 μm. Figure 7 shows the simulated 

antenna gain for both Figures 5 and 6 in antenna structures. The diamond-shaped curve 

“antenna” in Figure 7 is the antenna gain of Figure 5. The “x” curve in Figure 7, “Series 

antenna”, is the antenna gain for Figure 6. So, Figure 7 clearly shows that the antenna 

structure of Figure 6 is indeed able to increase the gain.  

Figure 4. (a)The layout of the proposed design of the parallel coupler. (b) View from the top,
LC = 0.216 µm, and Wc = 0.129 µm. (c) S-parameters include S11, S12, S13, and S14 for coupler.
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3.2. Structure of Microstrip Line Chip Antenna
3.2.1. Antenna Stacking Design

As shown in Figure 4, the parallel coupler designed in this paper has four ports, so
two sets of antennas of Figure 3 are needed to form a symmetrical antenna structure as
in Figure 5. The antenna dimensions are LP = 150 µm, WP = 90 µm, L1 = 210 µm, and
W1 = 25 µm. In order to improve the antenna gain, two antenna structures of Figure 5 are
formed as Figure 6, where L2 = 210 µm and W2 = 164.5 µm. Figure 7 shows the simulated
antenna gain for both Figures 5 and 6 in antenna structures. The diamond-shaped curve
“antenna” in Figure 7 is the antenna gain of Figure 5. The “x” curve in Figure 7, “Series
antenna”, is the antenna gain for Figure 6. So, Figure 7 clearly shows that the antenna
structure of Figure 6 is indeed able to increase the gain.
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3.2.2. Rectangular Slot

To improve the performance of the chip, a chip antenna with a rectangular slot is
proposed in this study, as shown in Figure 8. As shown in Figure 9, the available bandwidth
is narrower without the rectangular slot, and the standard S11 < −10 dB can produce a
bandwidth of 12–60 GHz.
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3.2.3. Gain Enhancement

In [70], asymmetric square metal rings are described for achieving Gain Enhancement
to improve the overall gain. By using this concept, the square metal ring design is added to
the antenna of Figure 8 and makes it symmetrical, as shown in Figure 10. Figures 11 and 12
show the simulated field pattern without and with the addition of symmetric square metal
rings, respectively. Figure 11a–c shows the x-y, x-z, and y-z planar field patterns when port
1 is fed in, and Figure 11d–f shows the x-y, x-z, and y-z planar field pattern when port 3 is
fed in. Figure 12a–c shows the x-y, x-z, and y-z planar field pattern when port 1 is fed in,
and Figure 12d–f shows the x-y, x-z, and y-z planar fields when port 3 is fed in. Comparing
Figures 11 and 12, the beam can be guided to the correct direction when a symmetric square
metal ring is added.
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Figure 10. Antenna body with symmetrical square metal ring (The parameters are: Lant = 760 µm,
Want = 1145 µm, W1 = 25 µm, W2 = 250 µm, W3 = 575 µm, W4 = 55 µm, L1 = 210 µm,
L2 = 345 µm, L3 = 60 µm, L4 = 64.5 µm, and metal ring fine wire diameter = 10 µm).
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3.2.4. Partially Shield Layer

In order to further enhance the antenna gain, the PSL (partially shield layer) technique
is added [71], as in Figure 13. Metal PSL is first added to metal layer 2, and then the bottom
metal layer, metal 1, is hollowed out in a symmetrical manner for the defective ground
structure (DGS), as in Figure 14. An additional capacitive element is created between
the top metal and PSL layers to effectively converge the resonant frequencies, resulting
in a smaller antenna size and improved gain. As shown in Figure 15, a bandwidth of
12~60 GHz can be generated at S11 < −10 dB.
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Figure 14. Add DGS and hollow out the metal at the bottom (The parameters are: LDGS = 735 µm,
and WDGS = 1080 µm).

From Equation (7), the parallel plate capacitor formed by two metal layers filled with
oxide has a larger capacitance, allowing the center frequency of the antenna to be effectively
reduced. As the thickness of the oxide increases, the effective capacitance decreases,
the frequency shifts to higher frequencies again, and the input reflection impedance is
better [71].

fr ∝
1√
Ceq

(7)

where fr is the resonant frequency. Ceq is the value of the capacitance between the metal
layers, that is, the equivalent capacitance between the top metal and the PSL.
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3.3. Proposed IC Design

In this paper, we propose a solution as shown in Figure 16, combining the structure of
Figures 4 and 14. In this particular design, the antenna is patterned on a 600-micron-thick
silicon substrate using 2.34-micron aluminum as the conductor. The designed antenna
size is 1160 µm × 790 µm. One of the keys to successfully designing a chip on a silicon
semiconductor chip is to comply with metal density design rules. Even at millimeter wave
frequencies, the antenna can be small enough to fit on the chip, but it is still the largest
component on the chip. Figure 17a shows the proposed antenna in the TSMC 0.18 µm
CMOS process using the metal layers, which shows that the lowest layer of the substrate is
made of silicon, and metals 1–6 are made of aluminum. The layers used in this design are
metal 1, metal 2, metal 5, and metal 6. The thicknesses of each layer are 0.53 µm for metal 1
and 5 and 2.34 µm for metal 6. The antenna and coupler are designed using metal 6.
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Figure 17. (a) Diagram of the proposed antenna model of the chip. (b) The process model used.

Figure 17b shows the structure of each metal layer stacked in an exploded view, which
contributes to the miniaturization of the antenna area, unlike conventional microwave
designs [1,72–74]. For antenna measurements, two inputs, port 1 and port 3, are excited
with probes. No additional circuitry is required for the ground. Finally, in order to provide
more freedom in optimizing the antenna characteristics, a trade-off was made in the overall
antenna size, and a metal frame was used to wrap the antenna.

The distance between antennas is calculated as a multiple of λ/4 of 28 GHz. Equation (8)
shows that E is the electrical length, L is the physical length, and c is the speed of light [75]. By
calculation, the electrical length from port 1 of the parallel coupler input to port 2 of the antenna
feed is 1335 µm, which is calculated using the application frequency band in this paper.

E =
L f√εe f f

c
(8)

The port 1 to port 2 analog phase angle is −90 degrees, the port 1 to port 4 phase
is −180 degrees, and the phase difference is −90 degrees, forming two parallel stacked
couplers. In the signal conversion process, the input port 1 and port 2 will pass through the
upper and lower bending parallel couplers, respectively. The simulation result of Figure 18
shows that after combining the coupler with the antenna, the standard S11 < −10 dB
produces a bandwidth of 12~60 GHz. The port isolation is −6.5 dB.

Figure 19a–d shows the simulated 3D and 2D planar field patterns of the coupler
antenna resonant frequency at 28 GHz, and it can be seen that the proposed coupler can
actually achieve the beam control effect. The Eθ beam angles of +45◦ and +135◦ can be
seen in the x-z plane for each of the port 1 and port 3 feeds of Figure 16, with an angular
difference of 90◦. From the x-z plane field pattern section of Figure 19a,b, it can be observed
that port 1 feeds in with a beam direction of +135◦. The x-z plane field pattern section in
Figure 19c,d shows that port 3 feeds in with a beam direction of +45◦. When the coupler
antenna feeds into the excitation of port 1 and port 3, it produces different phase radiation
directions with an angular difference of 90◦ between them.
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Figure 19. (a) 3D field pattern at port 1 feed, (b) x-z plane field pattern at port 1 feed, (c) 3D field
pattern at port 3 feed, and (d) x-z plane field pattern at port 3 feed.

4. Power Density Simulation

The design takes into consideration the development of wearable devices, and the
design of the microstrip patch antenna utilizes a different structure to generate radiation
from the antenna. The power density is calculated by reflecting back to the antenna surface
from the ground, which generates most of the radiation, and only a small portion of the
radiation power is lost through the ground. When the antenna is operated in a human
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environment, the human body absorbs the radiated energy from the lost electromagnetic
waves. The long-term exposure or short-term absorption of high radiation levels can have
negative health effects. To ensure public safety, the Federal Communications Commission
(FCC) established the electromagnetic field (EMF) standard in 1996, and the FCC limits
the public exposure specific absorption rate (SAR) of mobile devices to 1.6 W/kg. In high
frequency states, the wavelength is very short, so the SAR is ignored in favor of power
density. However, the wavelength is very short at a high frequency, so the SAR is ignored
and the power density (PD) is calculated instead [58]. At frequencies above 10 GHz, EM
waves may be absorbed by the human surface, resulting in an increase in temperature. This
problem can be investigated by PD simulations, and Table 1 shows the specifications of the
Federal Communications Commission (FCC), ICNIRP, and IEEE for PD values [76].

Table 1. Limit of power density.

FCC ICNIRP IEEE

Transition frequency (GHz) 6–100 10–300 3–30 30–100
Power density limit (W/m2) 10 10 10 10

The PD safety limit is 10 W/m2. The equation is as follows [77].

Sm
inc(A, d, βχ) =

1
A

∫
A
|Re[E(d, βχ)× H∗(d, βχ)]|dsx (9)

Figure 20 shows the input power of the antenna feed point at 0.1 W (20 dBm) and a
frequency of 28 GHz to calculate the PD value.
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Figure 20. Power density simulation. (a) Port 1 feed-in with a sample area of 1 cm2, (b) port 1 feed-in
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When wearable devices support frequency bands above 6 GHz, power density (PD)
measurements are required by FCC regulatory testing requirements. This paper uses
Sim4Life to perform PD simulations. Figure 21 shows the power density simulation results
when the signal is fed to the chip antenna. The input power from the feed point is 0.1 W
(20 dBm) when the antenna is 10 mm away from the arm. Figure 20a,b shows the PD results
of 1 cm2 and 4 cm2 sampling area when the wafer is fed from port 1. The PD results are
shown in Figure 20c,d for the sampling area of 1 cm2 and 4 cm2 when the chip is fed from
port 3. Simulation results show that the chip antenna has a maximum PD of 0.00797 W/m2

at 28 GHz for a human sampling area of 1 cm2 and 0.00381 W/m2 at 4 cm2, which is well
below the certification limit of 10 W/m2.
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5. Experimental Setup and Results
5.1. Measurement System

The measurement system used in this study is shown in Figure 21a. The network
analyzer used is Keysight N5247A PNA X Network Analyze, and the probe station is FAST
AND BEST CO. The measurement range is from 10 MHz to 67 GHz, and Figure 21b shows
the measurement schematic.

5.2. Measurement Results

The physical chip antenna is shown in Figure 22, and the size is 1.2 mm × 1.2 mm.
When port 1 is excited, the antenna radiates a linearly polarized wave in the broadside
direction. If port 3 is excited, the same phenomenon will occur as for port 1. Because the
design of this paper is symmetric, the antennas operating at both ports should have very
similar return losses. Therefore, in this article, only the far-field measurements using Port 1
excitation are shown.

Figure 23 shows the simulated and measured S-parameters. At −10 dB, the antenna
measured an |S11| operating bandwidth of 115% (16.7–61.9 GHz). At −15 dB, the |S11|
operating bandwidth is 84.7% (21.3–52.6 GHz). At −20 dB, it is 17.8% (23.55–28.11 GHz)
and 14.71% (42.86–49.64 GHz), respectively. The antenna will be highly efficient since it
is designed without the use of active components such as diodes or transistors, and the
actual S11 measurements compare favorably with the simulated results.
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Figure 24 shows the proposed antennas fed from port 1 and port 3, respectively.
Observe the surface current distribution at 24 GHz, 28 GHz, and 32 GHz frequency points.
When the frequency points are at 24 GHz and 32 GHz, the surface current distribution is
not uniform and the surface current strength is weak, so the correct beam angle cannot
be generated. In 28 GHz, the metal ring structure near the feedthrough has a stronger
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symmetrical resonant current compared to 24 GHz and 32 GHz, which produces the correct
beam angle.
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Figure 24. The proposed antennas are fed into port 1 and port 3 to observe the surface current
distribution at the 24 GHz, 28 GHz, and 32 GHz frequency points.

Table 2 shows the performance of the proposed coupler antenna compared to other
coupler antennas of different architectures in the 28–30 GHZ band. The comparison includes
the available bandwidth, size, and dimensions. It is clear that the proposed coupler antenna
has a significant size advantage compared to other 28 GHz antennas.

Table 2. Comparison with other antennas.

Substrate Coupler
Type

Antenna
Type

Center
Frequency

(GHz)
BW (%)

Return
Loss
(dB)

Phase
Error
(deg)

Overall Size

Proposed 180 µm
CMOS

Parallel
line

coupler

Patch
antenna 28 84.7 15 0.04 1.2 mm× 1.2 mm

0.216λ0× 0.147λ0

[73] PCB Rat-race
coupler

Differential
Feeding
antenna

30 27.90 15 ±4 5.1 mm
0.51λ0

[74] 45 nm
CMOS

Hybrid
coupler

Array
antenna 28 14.28 15 - 4 mm× 2.6 mm

0.746λ0× 0.485λ0

[78] PCB Directional
coupler

Millimeter-
wave

Multibeam
array

antenna

30 13.3 - - 19.14 mm× 74.83 mm
2.84λ0× 11.1λ0

[79] 120 nm
SiGe

Hybrid
coupler

Antenna
array 28 24 - 2.3 4 mm× 3.8 mm

0.59λ0× 0.56λ0

6. Conclusions

In conventional beam control designs, an extremely large structure is often used.
This paper introduces a beam-switching chip patch antenna sensor with a wide available
frequency band and excellent isolation characteristics. First the chip is designed as a square
patch antenna in the form of a microstrip line, which is excited in a parallel manner by a
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parallel coupler. By using the coupler, the desired beam direction can be adjusted by feeding
the appropriate input endpoints. Finally, the results are verified by a real experiment and
show a good agreement between measurement and simulation. It has a wide operating
band of 84.7% (21.3–52.6 GHz) at S-parameter standards below −15 dB. Within this band,
an isolation of more than 15 dB is achieved. In this design, the cost can be significantly
reduced, the space used can be decreased, and the same effect can be achieved. Finally,
the simulation was performed for power density. The simulated results show that it not
only passes the FCC, ICNIRP, and IEEE standards but also is much lower than the standard
and has very low damage to the human body, which is very suitable for wearable devices.
Therefore, an antenna sensor can be applied to the surface of the human body for body
measurement in the future, such as Blood Glucose Monitoring.
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