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Abstract

This paper presents a compact, novel, quad patch and triple band single substrate microstrip
patch antenna for 5G/6G mm wave applications. The aim is to design an antenna within the
K-band with three resonance frequencies at 24, 29, and 34 GHz. The antenna is designed on
a volumetric dimension of 11x12.7x1.6 mm?. The substrate used is FR4 (dielectric constant
4.4), having a loss tangent of 0.0022. A microstrip line of width 1 mm for a 50 Q impedance
line is used to match with the load antenna, which has four rectangular connected patches.
Patch dimensions come from standard antenna equations and simulation done on Ansys
High-Frequency Structure Simulator software. Validation of simulated results is done
through measurements on the prototype antenna. A substantial good agreement is found
between the simulated and measured results. The gain of the proposed antenna is 6.16 dBi,
with return loss being <-10 dB. Bandwidths are 1.1 GHz (23.8 - 24.9 GHz), 0.9 GHz (28.6 -
29.5 GHz), and 0.8 GHz (33.7 — 34.5 GHz), respectively. The far-field radiation
characteristics of both E-plane and H-plane are also reported. The proposed design is
suitable for mm wave applications, including smart vehicles, global positioning systems,
radio frequency identifications, etc.

Keywords: Antenna Gain; Patch antennas; Return loss; Voltage standing wave ratio; Yagi-
Uda antennas.
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1. Introduction

The demand for mobile communication systems has increased significantly during the
past ten years and is still growing. GPS, Wi-MAX, and WLAN are the key standards in
mobile communication. Effective small-size antennas are needed for these wireless
applications. As cellular and mobile technologies have advanced, so has portable antenna
technology [1-4]. A multiband antenna with pattern diversity can meet the unique
requirements of the communication system for polarization and radiation direction in
different frequency bands, in addition to supporting the operating frequency bands under
multiple wireless system standards, significantly enhancing the antenna's functionality.
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However, the antenna's construction and associated operations are quite intricate, and
radiation performance still needs to be enhanced.

Wireless systems have a strong need for antennas that are both small in size and have
several bands. This is so they can support various functions in their antennas. Yet,
creating a multiband antenna that is both compact and electrically efficient without
compromising the antenna's performance is quite difficult [5-8].

Because of its ability to operate in various frequency bands, including DCS, Wi-Fi,
WLAN bands (802.11 b/n/g), and WiMAX, multiband antennas are crucial for mobile
communications (IEEE 802.16). These applications can employ a variety of antenna
types, including PIFA, dipole, monopole, etc. The microstrip patch antenna (MPA), in
general, is a crucial component of the communication system because it has several
distinctive and attractive qualities. Some of these qualities are small size, low price,
straightforward design, lightweight, simplicity of fabrication, and broad bandwidth.
Microstrip antenna fits these requirements as it employs a millimeter wave frequency
spectrum in the range of 1 to 10 mm [9-14].

The Yagi-Uda antenna is a traditional antenna that is frequently used in wireless
communications due to its excellent directivity, simple form, ease of feeding, and
inexpensive cost. Over the past few years, many improvements have been made to the
Yagi-Uda antenna's design and optimization for certain applications. [15-18].

This paper proposes a compact novel microstrip quad patch tri-band Yagi-Uda-like
antenna for 5G/6G mm Wave applications. Simple patch structures are used to achieve the
tri-band performance. The proposed antenna is characterized by its simple structure,
which is easy to fulfill at a low cost. The aim is to design an antenna with three resonance
frequencies at 24, 29, and 34 GHz, with spacing of 5 GHz between each resonance
frequency with VSWR < 2, which can satisfy the application requirements excellently.

2. Methodology

A microstrip patch antenna is a three-layer device. The top layer is a radiating patch,
which is a metal foil. The bottom layer is the ground, and a dielectric substrate exists
between the top and bottom layers. The radiation in the microstrip patch antenna is caused
by the fringing fields. The microstrip antenna’s radiation is created by the phase-added
addition of the fringing E-fields on its border. In contrast to wire antennas, which radiate
because the currents build up in phase and are, therefore, "current radiators," the patch
antenna radiates because it is a "voltage radiator." The idea of patches has been explored
by many researchers using different forms of patches and slots [19-28]. Free space
propagation losses and penetration losses have been drastically reduced using mm wave
bands of 5G technology [29-34]. Millimeter wave band-based antenna comes with certain
imbodied losses like dielectric loss, conductor loss, radiation loss, etc. Dielectric loss can
be set with the use of a substrate of low-loss tangent. The low dielectric constant is linked
with low total loss of the microstrip. Radiation loss becomes significant for thicker
substrates as this comes with more surface current.
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The proposed Yagi-Uda-shaped antenna is designed on a single-layered substrate,
which corresponds to a volumetric size of 11x12.7x1.6 mm?® (Fig. 1). The patch of the
antenna was calculated based on the standard microstrip equation and the dimension was
adjusted for optimization. Design equations for different parameters of the microstrip
patch antenna are shown in Table 1.

Table 1. Design equations for different parameters of microstrip patch antenna.

Parameter Design equation
Substrate height, h b < 03c
T 2+ 3.14f &
Patch length, Lp —_° (1)
Lp =+ = (7)-20)

Patch width, Wp c 2
Wp=— |[—
P=2F |6 +1

i i ; eff 1 1 h
Effective dielectric constant, &, greff =3 (e, +1) + E(Sr —1)(1+ 12 W_)_1/2
»
i Ww.
Length extension, AL AL it (gfff n 0_3) (Tp n 0.264)
h i
(F2+038) (" - 0.258)

Where €, = Dielectric constant of substrate, c= velocity of light in free space, f, = resonant frequency

The radiating patch of the antenna is printed on substrate F4 (dielectric constant 4.4).
A microstrip line of 50 Q impedance is used to match with the load antenna for supplying
energy to the four radiating patches. A lumped port and an air radiation box are designed
in this process. Dimensions of the antenna design are listed in Table 2.

Table 2. Antenna design dimensions.

Name Length along X axis Length along Y axis (mm) Length along Z axis (mm)
(mm)

Ground 11 12.7 -0.001

Substrate 11 12.7 1.6

Feed 5.6 1

Port 1 -1.61

Radiation 20 20 10

box

First Patch 15 3
Second Patch 15 4
Third Patch 15 6
Fourth Patch 15 8
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0 10 20 (mm)

Fig. 1. Geometry of the proposed antenna design.

The antenna consists of the radiating element and the feed structure. The radiating
element is obtained with four different size rectangular patches to achieve a wider
bandwidth. Impedance matching of the antenna is done by tuning the size of patches in the
feeding portion. This follows a prototype antenna fabrication based on the HFSS
simulated results. The simulated bandwidth of the proposed antenna is about 4.7 % (23.8 -
24.9 GHz), 3.1 % (28.6 - 29.5 GHz), and 2.4 % (33.7 — 34.5 GHz) with VSWR<1.6. The
port isolation is better than 13 dB over the entire range of operating frequencies. Further,
the proposed antenna has a stable gain of 6.16 dBi.

3. Result and Discussion

Results on the antenna parameters and their performances are reported separately as
simulation results and measured results in this section. The comparison between the two
results is also reported.

3.1. Simulation results

S11 measures the amount of energy returning back to the analyzer. It doesn't measure the
energy delivered to the antenna. From Fig. 2, it is clear that the designed antenna radiates
best at 24.8, 29.7, and 34 GHz, where S11 is below -10 dB. In and around these best-
performing frequencies, S11 at 24.54 GHz is -13.05 dB, at 29.84 GHz, S11 is -13.15 dB,
and at 34.39 GHz, the S11is-12.73 dB.

The ratio of incident power to the reflected power in dB is the return loss, whereas the
ratio of incident power to transmitted power in dB is the insertion loss. The return loss
turns out to be -13 dB. This means that the transmitted signal will not be affected by
reflected signals. Further, since the return loss is less than -10 dB, insertion loss will be
almost nil.



R. K. Singh et al., J. Sci. Res. 16 (1), 187-199 (2024) 191

-5.00

Curve Info

— dB(S(L1)
Setupl : Sweep

L1

g

X Y
245455 -13.0511
234848 -7.6095
25,6061 | -7.5606
29.8485 | -13.1589
287879 -7.7491
312121 | -7.5653
34.3939-12.7330

LdB(S(1.1))

8

T R

2|a (2 |B|R|E

-13.75

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
2000 2250 2500 2150 3000 3250 3500
Freq [GH

Fig. 2. S11 parameter. S11 at 24.54 GHz is -13.05 dB, at 29.84 GHz, S11 is -13.15 dB, and at 34.39
GHz, the S11is -12.73 dB.

At Frequencies 24, 29, and 34 GHz, maximum power is realized by the patch, i.e., the best
impedance matching happens between the feedline and patch.

Voltage Standing Wave Ratio (VSWR) gauges how well an antenna and the feed line
it is connected to are matched. In an ideal system, 100% of the energy is transmitted. In
real systems, mismatched impedances cause some of the power to be reflected back
toward the source. A VSWR value under 2 is considered ideal and suitable for most
antennae. In the proposed antenna, the graph shows, at 24.54, 29.9, and 34.39 GHz, the
VSWR values of 1.57, 1.57, and 1.60, respectively, all as per the ideal requirement (Fig.
3).
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Fig. 3. VSWR: At 24.54,29.9, and 34.39 GHz, the VSWR is 1.57,1.57 and 1.60, respectively, which
are less than 2, the ideal requirement.

N —4H—r—r—r—————————— ————7———————
2000 2250 2500 3000 3250 300

The bandwidth of an antenna refers to the range of frequencies over which the
antenna satisfies a particular parameter specification. The impedance bandwidth of the
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proposed antenna is about 1.1 GHz (23.8 - 24.9 GHz), 0.9 GHz (28.6 - 29.5 GHz), and 0.8
GHz (33.7 — 34.5 GHz). The E-plane and three-dimensional radiation patterns are shown
in Figs. 4 and 5, respectively.

Curve Info
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Fig. 4. E-plane radiation pattern for the four patches at frequency 28 GHz.
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Fig. 5. Three-dimensional radiation pattern.

Antenna gain is the ability of the antenna to radiate more or less in any direction
compared to a theoretical antenna. Antenna gain is the measure of antenna power in
decibels (dB), which is equal to 10*log (Po./Pin). High-gain antennas allow longer range
in one direction but need to be pointed accurately. Low-gain antennas have a lower range
but can receive signals from a wider span of direction. The proposed antenna has a 6.16
dB gain (Fig. 6) at a frequency of 34 GHz, which is a very acceptable value because this
will offer a good range balance and will be able to connect to nearby antennas at different
heights with a coverage of around 350. Gains at frequencies 24 and 29 GHz are -1.0 and -
1.5 dB, respectively.



R. K. Singh et al., J. Sci. Res. 16 (1), 187-199 (2024) 193

g

Curve hfo

— dB(GainTota)
Setupl: Sweep
Phi=0deq Theta=0cey

8
AR R

By

000 —

250 —

dB(GainTotal)

500 —

750 —

1000 —|

w4+
2000 250 2500 27750 3000 3250 3500
Freq [GHZ)

Fig. 6. Gain versus frequency. A gain of 6.16 dB is obtained, offering a good coverage of
approximately 35°.

Admittance is a gauge of how easily a device or circuit will let a current pass. It is
described as an impedance's reciprocal. Admission is a complex integer with two
components: an imaginary susceptance (B) and a real conductance (G). A good
conductance values viz. 0.5385 and 0.8729 are obtained from the real Y plot against
frequency at the desired operational frequencies (Fig. 7). A susceptance of -0.0318 around
the frequency 27 GHz is good enough for the practicability of the antenna (Fig. 8).
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Fig. 7. Real Y-parameter.
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Fig. 8. Imaginary Y-parameter.

Directivity, expressed in dB, is the measure of the concentration of an antenna's
radiation pattern in a particular direction. An antenna that radiated equally well in all
directions would be omnidirectional and have a 1 (0 dB) directivity. The higher the
directivity, the more concentrated or focused the beam radiated by an antenna. The
simulation results of the antenna's directivity at the operational frequencies 24 and 29
GHz are 0.5385 and 0.8729 dB, respectively (Fig. 9).
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Fig. 9. Directivity versus frequency graph. Simulation results of directivity of the antenna at the
operational frequencies 24 and 29 GHz are 0.5385 and 0.8729 dB, respectively.

3.2. Measured results

After HFSS design, the antenna is simulated and fabricated, and the result parameters are
recorded for experimental validation. The antenna patch was calculated based on the
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standard microstrip equation, and the dimension was adjusted for optimization. The
antenna design with patch dimensions is mentioned in Fig. 10, and the prototype of the
fabricated antenna consisting of four patches on the substrate along the middle mainline is
shown in Fig. 11. The Mainline contact is 10.1 mm long and 1 mm thick. Rectangular
patches from the bottom of the design are of lengths 8, 6, 4, and 3 mm and are written as
l4, I3, I, and ;. For the calculated patches, the width of each patch turns out to be 1.5 mm
and is labeled as by, bs, b, and b;. The distance between the first two patches (a;) is 1 mm,
and between the second and third patches (as) is 2 mm. The third and fourth patches are
again 1 mm apart (as). The substrate used is FR4 (dielectric constant 4.4) with a loss
tangent of 0.0022. A microstrip line of width 1 mm for a 50 Q impedance line is used to
match with the load antenna for supplying energy to the four radiating patches.

11lmm

I1=3mm
12 =4mm

. I3=6m
14 =8mm
bl=b2=b3=hb4d4=
1.5mm
a4 =1mm
a3 =2mm
a2 =1mm
al=0.5mm
a0 =2.7mm

12.7mm

Fig. 10. Antenna design with dimensions in mm.

Fig. 11. Prototype of four-patch antenna.

The simulated and fabricated results are compared. The result parameters of the
fabricated antenna are measured by a Voltage Network Analyzer (Fig. 12).
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Fig. 12. Front view of Voltage Network Analyzer.

Measured values of S11 and VSWR plotted against frequencies are shown in Figs. 13
and 14, respectively. A comparison between the simulated and measured results is made
in Table 3. Almost an exact match has been obtained between the simulated and measured
results.

Table 3. Comparison between simulated and measured results.

Parameter Result 24 GHz 29 GHz 34 GHz
S11(dBY)) Simulated -13.05 -13.15 -12.73
Measured -10.73 -14.35 -13.25
VSWR Simulated 1.57 1.57 1.60
Measured 1.48 1.60 1.48
S,,.~frequency
(]
. 2E+10 3E+10
=
— -10
=3
-20

frequency (GH=z)

Fig. 13. Measured values of S11 due to fabricated antenna.
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Fig. 14. Measured values of VSWR due to fabricated antenna.

A nearly perfect match between the simulation and measured results and their values
being close to the 5G/6G mobile communication requirement qualifies the designed
antenna for 5G/6G mobile communication application.

4. Conclusion

In this work, we have designed a compact and novel microstrip quad patch triple band
Yadi-Uda alike antenna on the Ansys HFSS platform, on a volumetric dimension of
11x12.7x1.6 mm?, suitable for new generation 5G/6G mobile communication. The
radiating element is obtained with four different size rectangular patches of lengths 8, 6, 4,
and 3 mm, each of width 1.5 mm, extending outward from the mainline metal strip of
length 10.1 mm. Impedance matching of the antenna is done by tuning the size of patches
in the feeding portion. A microstrip line of 50 Q impedance is used to match with the load
antenna for supplying energy to the four radiating patches. The designed antenna is
simulated, and its experimentation validation is successfully done regarding standard
antenna parameters S11, VSWR, gain, etc. Against the 5G band gain requirement of 4.55
dBi, it has a comparatively good gain of 6.16 dBi. Return loss of value less than -10 dB
with bandwidth ranging from 0.8 to 2 GHz is claimed around 24, 29, and 34 GHz resonant
frequencies. A good agreement is found between the simulated and measured results,
which makes it a suitable candidate for 5G/6G mobile communication applications.
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