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An efficient gain-enhancement technique for millimeter wave (mmWave) planar patch antennas (PPAs) using a
novel slot-loaded and segmented-cavity backed structure is newly proposed in this study. By incorporating a
main radiator with a rectangular slot and employing a muli-layered segemented-cavity, the proposed antenna
design significantly increases antenna gain beyond conventional approaches. Unlike traditional patch antennas
or those with shorting pin structures, our gain-enhanced PPA utilizes the rectangular slot to electrically expand
the radiation aperture, while the addition of substrate integrated pillars acorss multiple segmented ground layers
markedly improves antenna directivity. The strategric use of a segmented cavity not only facilitates flexible
impedance matching but also ensures consistent performance within the n257 band, accompanied by minimal
gain variation. To verify the gain enhancement from the conventional patch, the proposed antenna was fabri-
cated with a size of 1.03 Ao x 1.03 A9 x 0.1 A at 28 GHz. The measured 10-dB impedance bandwidth was 12.14
% with a maximum measured gain of the 11.28 dBi at 28 GHz. Compared to the measured gain of the con-
ventional PPA with the same size, the gain was 39.6 % higher, which represents the highest gain per total an-
tenna volume observed for a single PPA in the mmWave spectrum for high-gain applications, to the best of our

knowledge.

1. Introduction

To satisfy the rapidly increasing demand for data, ultra-low latency
and high-capacity communications, mmWave integrated devices and
systems are pivotal in advancing next-generation wireless applications.
Particularly, mmWave antennas are at the forefront of technologies
driving the evolution of the next-generation communications, facing
unique challenges in mmWave spectrum, such as high propagation loss
and atmospheric attenuation [1,2]. Relying solely on higher transmit
power to extend the mmWave transmission range is impractical due to
high power consumption, system complexity, and the cost of con-
structing a practical mmWave module. Therefore, developing more
efficient antenna structures, along with high-efficlency mmWave
transceivers, is essential to fully harness the potential of mmWave ap-
plications [3]. The simplest and most practical solution to overcome
high propagation loss and ensure clear line-of-sight communication is
through array antennas. While large-scale sub-array antennas can ach-
ieve high directivity, they are hindered by significant insertion loss in
the mmWave feed network, as depicted in Fig. 1. Additionally, array
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antennas must be integrated with multi-channel mmWave transceivers,
necessitating planar antenna structures for mmWave modules. To ach-
ieve a specified effective isotropic radiated power with fewer antenna
elements, the development of high-gain antennas is indispensable [4-6].
Various high-gain antenna structures have been proposed to overcome
the losses in high-band frequencies. To address the high loss of
mmWave, the substrate-integrated waveguide (SIW) has been widely
used in microwave components and antenna designs owing to its low
loss, high gain, and ease of integration with planar circuits [7-12].
However, SIW structures typically require extra layers to form cavities,
often entailing multi- layered loss fabrication and increased ground size.
Moreover, the dielectric in SIW-based feed networks adversely affects
radiation efficiency.

To further reduce losses, gap waveguide structures [13] are being
employed, but their fabrication complexity and bulkier total structure
are notable drawbacks. Additionally, artificial magnetic conductor
(AMC) structures beneath the antenna are utilized to attain high gain
and wideband performance [14], though this method demands a larger
ground size relative to the antenna size. Another approach for gain
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Fig. 1. mmWave antenna module considering both high feed network loss and
practical fabrication.

enhancement involves employing an additional substrate with a gap
above the source [15-20]. Introducing an air gap between the frequency
selective surface (FSS) substrate [15,16], partially reflective surface
[17], superstrate [18-20], or metasurface [21,22], and the antenna adds
complexity, especially since minor alternations in the gap can signifi-
cantly impact antenna performance at mmWave frequencies due to the
shorter wavelengths involved. The use of horn [23,24] and dielectric
resonator antenna structures [25] are also prevalent due to their
excellent gain and bandwidth performance, but they tend to increase the
overall height and weight of the antenna system. Moreover, employing
planar sources with specific shapes [26-28] enhances antenna gain and
bandwidth, but these designs may excite high-order modes or necessi-
tate physical enlargement to alter the resonant frequency. Additionally,
these techniques can be configured in an array configuration, com-
plementing each gain or bandwidth-enhancement method, or to achieve
gain flatness [29-33]. However, this strategy introduces challenges such
as the need for a larger ground size for the feed network and increased
losses in the feed network. Consequently, we propose a novel mmWave
planar high-gain antenna structure to reduce the number of antenna
elements and network loss, without resorting to extra superstrates,
metallic cavities, or parasitic patches. Our design utilizes a slot-loaded
and segmented-cavity-backed structure, as detailed in Fig. 2, to serve
the n257 band adopted for mmWave 5G communications in South
Korea, Japan, and North America.

2. Design and analysis of the proposed antenna

In the exploration of the proposed antenna design, this discussion
delves into the impact of alterations in the antenna’s length (L) and
width (W) on its beamwidth, with a particular focus on high-gain an-
tennas. The radiation pattern of planar patch antenna can be expressed
in terms of the patch size as follows [34],

Ey = Eycosgf (0, D) (D
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Egy = —Eycosfsingf (0, @) 2
where,
sin {/% sianin@} L
f0,2) = W cos <§ sinﬁcos@) 3
and
A
p= b @

Egs. (1) and (2) denote the electric field intensity E, with 6 representing
the elevation angle and @ the azimuth angle. Eq. (3) models the electric
field variation as influenced by direction, incorporating f as the free-
space phase constant (4), W as the physical width, and L as the phys-
ical length of the antenna. Based on these equations, we derive the ra-
diation pattern formulas for both the E-plane and H-plane,

L o
Fg(6) = cos (% sin6>, E —plane, g =0 5)

sin {%"sin@}
Fy(0) = 00—
u(0) = cos Wsing

H - plane, @ = 90 (6)

Increasing L results in a more focused E-plane radiation pattern, as
evidenced by the rapid oscillation of the cosine function at @ = 0° in Eq.
(5). This effect is due to the increased length L of the antenna, which
enhances the directivity by narrowing the main radiation lobe and
suppressing side lobes. As L increases realative to the wavelength 4, the
cosine fucntion’s input, represented as 4-sing, sweeps througth its pe-
riodic cycle more swiftly. This resutls in a more confined radiation
pattern, evidenced by tighter beamwidth and higher directivity, which
effectively reduces the angles at which nulls, or points of minimum ra-
diation, occur. As the antenna lengthens, these null points converge
more closely, which dramatically tightens the overall beamwidth.
Conversely, an increase in W leads to an expand-ed H-plane radiation
pattern, due to the broadedning of the null boundaries, as illustrated in
Eq. (6). The broadening effect in the H-plane arises from the increase in
W, which alters the distribution of radiated power. Specifically, the sinc
function’s argument, 4¥sing, increases as W expands to A. This change
causes the radiation lobes to spread wider, thereby increasing the
angular spread of radiation and resulting in a less directive, but broader
radiation patter. This expansion stretches the null boundaries, denoting
areas of minimal radiation, and consequently decreases the antenna’s
directional sharpness at broadside directions. Illustrations depict type 1
antenna as a conventional design, while type 2 antenna incorporates a
shorting pin positioned symmetrically opposite the signal pin on the
antenna patch, as seen in Fig. 3 (a) and (b). This pin introduces induc-
tance into the antenna’s impedance, aligning the resonance frequency
with the extended physical length, thereby ensuring frequency matching
at 28 GHz. This approach affords a broader physical aperture compared
to conventional patches. In conventional antenna patches, such as type 1
in Fig. 3 (a), radiation occurs as current flows from the signal pin to the
bottom side, generating E- and H-fields. This process, pivotal for
generating the electromagnetic fields necessary for antenna function-
ality, is clearly depicted in Fig. 3 (b), highlighting the current flow
distribution. For type 1, the XZ plane exhibited a gain of 8.07 dBi and a
beamwidth of 78.8°, while the YZ plane showed 8.16 dBi and 64°.
Conversely, type 2, featuring a shorting pin, demonstrated in the XZ-
plane a gain of 9.24 dBi and a beamwidth of 69.9°, and in the YZ-
plane, 9.24 dBi and a beamwidth of 58.4°. This enhancement in per-
formance underscores the efficacy of shorting pin in refining the an-
tenna’s aperture, thereby optimizing both beamwidth and gain.
Although applying a shorting pin increased the width, it paradoxically
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Fig. 2. Proposed antenna overview: (a) structure configuration with a rectangular slot-loaded shorted patch and multi-layer segmented cavity structures, and (b)

simplified equivalent circuit model.
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Fig. 3. Comparison of different configurations: (a) type 1 with structure, volume current vector and patch surface current vector, (b) type 2 with structure, volume
current vector and patch surface current vector, and (c) type 3 with structure, volume current vector and patch surface current vector.
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Fig. 5. Simulated beam patterns of type 1, 2 and proposed antenna in (a) XZ-plane and (b) YZ-plane.

results in a reduced beamwidth. Upon closer examination, as depicted in
Fig. 3 (b) and (c), the introduction of the shorting pin not only alters the
current distribution in the x-direction but also restricts the current flow.
This restriction, implemented despite the increased physical width of the
radiator, maintains the desired resonant frequency by effectively con-
trolling the electrical width, thereby optimizing the beamwidth. This
leads to a decrease in effective width, thus reducing the beamwidth and

increasing gain, as previously discussed. Integrating slots within the
antenna, as previously mentioned as slot-loaded, introduces both
inductive and capacitive components. This approach increases induc-
tance by extending the current’s path through the slot, effectively aug-
menting the antenna’s electrical length. Additionally, the square slots
function as capacitors, concentrating the electric field at their edges and
thereby amplifying capacitance. As demonstrated in Fig. 3 (c), the
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Fig. 6. Configuration of the proposed antenna’s detailed layers: (a) layer 1, (b) layer 2, (c) layer 3, and (d) layer 4.

Table 1
Detailed parameter values for the proposed antenna element.

Gx 11 mm Py 1.35 mm D2 3 mm D3 4.35 mm
Gy 11 mm L2y 10.5 mm L3y 11 mm Glx 9 mm

w 3.4 mm S2x 11 mm S$3x 11 mm Gly 9 mm

L 3.4 mm S2y 4 mm S3y 3 mm G2x 3 mm
Six 2mm M2x 1.5 mm M3x 1.6 mm G2y 6 mm
Sly 1.2 mm M2y 0.7 mm M3y 0.9 mm

addition of slots introduces additional resonance occurring along the y-
direction, enabling a more compact antenna patch size while still
maintaining a 28 GHz match, even with the inclusion of shorting pin.
Next, the segmented cavity-back structure, characterized by its layered
configuration with circular and rectangular etchings, enhanced by guide
via pillars. This structured approach includes a central circular etch,
supplemented by additional rectangular etchings along the x-axis. These
etched layers are interconnected through via pillars, serving as a ground.
The central circular etched area, connected to the ground through the
pillars, centralizes the field, thereby significantly amplifying the field
intensity emitted from the patch, depicted in Fig. 3 (c). The strategic
configuration of layers and pillars in the rectangular etched areas along
the x-direction is designed to prevent the induction of a magnetic
component, which would otherwise increase the H-field on the XZ-plane
and consequently broaden the beamwidth. Furthermore, as depicted in
Fig. 4, unlike type 1, there is an extension of the fringing field in the E-

1.0j 1.0j

fm—m2 11 mm
[——M2x: 1.5 mm
|——M2x: 1.9 mm!

—e—M2y: 06 mm
—e—M2y: 1.0 mm
——M2y:14mm

2

0.2

plane, that is, the YZ-plane. This enhanced design allows the electric
field to extend beyond the radiating patch in the y-direction through
pillars placed laterally, leading to an extended electrical length. This
increase in electrical length results in a narrower beamwidth while
simultaneously increasing the gain. With the introduction of the
segmented cavity-back structure in the slot-load structure, additional
considerations emerge. The slot structure’s current distribution around
the slots is crucial. By intensifying the electric field, the cavity-back
structure strengthens the current distribution around the slots and en-
hances the antenna’s radiative gain. As a result, proposed antenna
achieves an improved gain of 11.31 dBi and a reduced beamwidth of
51.2° in the XZ-plane, and 11.35 dBi and 44.8° in the YZ-plane, sur-
passing the performance of type 2. This improvement is evident in Fig. 5.
Additionally, two elements inside the proposed antenna structure are
noteworthy, and the structure of each layer and detailed dimensions can
be found in Fig. 6 and Table 1. Firstly, the matching pads located at the
bottom of the radiator are crucial for tuning the antenna’s frequency
matching, a critical component of antenna design. Their application to
both the signal and shorting pins increases the inductance and capaci-
tance, thus facilitating efficient tuning. This strategy not only maintains
gain but also achieves effective matching. As depicted in Fig. 7 on the
Smith chart, increases in the width (M2x and M3x) and height (M2y and
M3y) of the matching pad enhance inductance and capacitance. The
increase in width extends the current’s path, leading to greater induc-
tance, while a height increase not only extends the path but also enlarges
the area between the patch and the matching pad, thereby increasing
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Fig. 7. Parametric analysis results for (a) M2x, (b) M2y, (c) M3x, and (d) M3y.
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Fig. 9. Configuration of (a) reference antenna and (b) proposed antenna, and
(c) measurement environment.

capacitance. These changes shift the impedance path upwards due to the
increased capacitance and to the left due to the increased inductance on
the chart, optimizing matching without compromising gain. Next, the
L2y component plays a significant role in preserving the proposed an-
tenna’s gain flatness and continuity, as evidenced in Fig. 8 (a). The
optimization of size-related discontinuity also occurs, necessitating
optimization. The resulting L2y was found to be 10.5 mm. With L2y
optimized, the radiation efficiency of the proposed antenna was
compared to the conventional structures as shown in Fig. 8 (b). The
proposed structure demonstrates more than 90 % radiation efficiency in
the desired n257 band.

3. Fabrication and measurement

The performance of the proposed antenna was evaluated and
compared with that of a reference antenna. For the fabrication of the
proposed antenna, we utilized two Taconic TLY-5 substrates, each with a
relative permittivity of 2.2, a loss tangent of 0.009, and a thickness of
0.51 mm. Additionally, one Rogers RO4450T substrates with a relative
permittivity of 3.48, a loss tangent of 0.0031, and a thickness of 0.102
mm was used, resulting in a total thickness of 1.122 mm. The reference
antenna, fabricated for comparative purposes, employed the same sub-
strates, and is depicted in Fig. 9 (a) and (b). Both fabricated antennas
were evaluated using a Keysight PNA network analyzer (N5227B), and
the results is depicted in Fig. 10. For the reference antenna, the
measured 10-dB bandwidth was 18.57 %, ranging from 26.2 GHz to
31.4 GHz. This measurement slightly differed from the simulation result
of 19.5 %, which covered the range from 25.71 to 31.17 GHz. The
measured Q-factor at the target frequency was lower than that predicted
in the simulation. Conversely, for the proposed antenna, the measured
10-dB bandwidth aligned with the simulation, both showing 12.14 %,
extending from 26.5 to 29.9 GHz for the measured result and from 26.23
to 29.63 GHz for the simulation. The Q-factor displayed consistency
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Fig. 10. Comparison of simulation and measurement results for reflection co-
efficient and peak realized gain for (a) the reference antenna and (b) the pro-
posed antenna.

Antenna beam pattern and gain variation were comprehensively
measured in a mmWave anechoic chamber, as depicted in Fig. 9 (c). The
antennas underwent a 90° rotation to facilitate equivalent measurement
conditions for both the XZ- and YZ-planes, and the measurement results
are depicted in Fig. 11. Measurements for the reference antenna showed
a gain of 7.95 dBi at —2° and 8.08 dBi at 7° in the XZ- and YZ-plane at the
target frequency of 28 GHz. The half-power beam width (HPBW) was
observed to be 56 in the XZ-plane and 44 in the YZ-plane. In contrast,
simulation indicated a maximum gain to be 7.85 dBi at —1° in the XZ-
direction and 7.99 dBi at 6° in the YZ-direction at 28 GHz, with the
HPBW being 77.25° in the XZ-direction and 59.33° in the YZ-direction at
28 GHz.

The proposed antenna demonstrated a measured gain of 11.28 dBi at
2° in the XZ-plane and 11.26 dBi at 2° in the YZ-plane at the target
frequency of 28 GHz. The HPBW was measured to be 41° in the XZ-plane
and 37° in the YZ-plane, aligning closely with the simulation data, which
indicated maximum gains of 11.31 dBi at 0° and 11.35 dBi at 2° in the
XZ- and YZ-directions, respectively. The projected HPBW in the simu-
lation was 51.23'in the XZ-direction and 44.83 in the YZ-direction at 28
GHz. Comparison between the measured and simulated results showed
that the beamwidth was narrower in actual measurements for both
cases, yet there was no notable difference in gain. Furthermore, due to
the gain enhancement achieved by focusing and radiating the field to-
wards the boresight, and adjustment in the peak gain direction was
particularly observed in the YZ-directions. Regarding the simulation of
cross-polarization discrimination (XPD), both the reference and pro-
posed antennas exhibited high XPD values in the XZ-direction, exhibit-
ing 57.91 and 51.63 at 0°, respectively. The proposed antenna showed a
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Fig. 11. Comparison of simulation and measurement results for beam pattern
at 28 GHz for (a) XZ-plane and (b) YZ-plane.

4 dB lower cross-polarization than the reference antenna. In the YZ-
direction, both antennas displayed lower cross-polarization compared
to co-polarization, with the proposed antenna achieving higher average
XPD values, though these varied across different sections. In the actual
measurements, the reference antenna had an XPD of 33.13 dB at 0° in
the XZ-direction, while the proposed antenna had 36.51 dB. These
values were approximately 17 dB lower than the simulation results on
average. However, they remained sufficiently high, maintaining the
average XPD difference between the reference antenna and proposed
antennas as consistent with the simulation. In the YZ-direction, contrary
to the simulation results, the average XPD values of both antennas were
comparable, with both showing an increased cross-polarization of
around —18 dB around 0. Despite the increased cross-polarization in the
YZ-direction, the average XPD value remained a substantial 30 dB. For
the simulated reference antenna, the gain variation was within 0.59 dB,
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with a minimum gain of 7.4 dBi at 29.5 GHz, and the result is depicted in
Fig. 12. In contrast, the simulated proposed antenna exhibited a gain
variation within 1.07 dB, with a minimum of 10.28 dBi at 26.5 GHz. The
proposed antenna showed a 3.36 dB gain difference in maximum gain,
and within the 26.5 GHz to 29.5 GHz band, the gain difference between
the proposed antenna and reference antenna was a minimum of 2.35 dB
at 26.5 GHz, rising to a 3 dB difference from 27.24 GHz. Based on the
measurement results, when assessing the gain variation within the 26.5
GHz to 29.5 GHz band centered at 28 GHz, the maximum difference was
1.89 dB at 29.5 GHz for the reference antenna and a maximum differ-
ence of 2.58 dB at 26.5 GHz for the proposed antenna. Comparing the
peak gains, the minimum difference was 2.39 dB at 26.5 GHz, with more
than a 3 dB were observed from 27.5 GHz to 29.5 GHz. The measure-
ment results, especially regarding gain variation, exhibited discrep-
ancies from the simulation results. Both the reference and proposed
antennas showed consistent performance at the center frequency with
the simulation results, although there was a notable reduction in gain at
other frequencies. Fig. 12 indicates that the gain reduction reached up to
1.62 dB at 26.5 GHz for the reference antenna and up to 1.58 dB at 26.5
GHz for the proposed antenna, slightly higher by 0.55 dB than the
simulation results. However, as also depicted in Fig. 12, both antennas
displayed a similar discrepancy between the measured and simulated
values. The observed gain degradation could be attributed to losses in
connectors and cable lines within the measurement environment.
Nevertheless, the other measurement results indicated that the
discrepancy between simulation and actual results for each frequency
was consistent, suggesting that the fabricated antennas’ characteristics
were well-preserved. Finally, Table 2 presents a comparative analysis of
high-gain antennas at 28 GHz in recent years. The table highlights the
compactness and high integration of the proposed antenna relative to
those previously reported in this frequency range.

4. Conclusion

In this study, the gain enhancement technique for mmWave planar
antenna by incorporating a slot-loaded and segmented-cavity back
structure was proposed. Designed for the 26.5 GHz to 29.5 GHz band,
the proposed antenna’s optimized dimensions (1.03 A9 x 1.03 Ay x 0.1
Ao) achieved a peak gain of 11.28 dBi at 28 GHz, with low gain variation
in the operation bandwidth. The proposed planar structure showed the
highest gain per total antenna volume without additional high-volume
structures compared to other state-of-the-art antennas. It
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Table 2

Comparison of the state-of-the-art mmWave High Gain antennas —.
Ref. Antenna # of antenna elements Radiator size (A3) Center Freq. 10-dB Impedance Bandwidth (%) Peak gain FoM

topology (GHz) (dBi) (gain/ A3)

[8] /2019 Planar 4 3.08 x 2.52 x 0.12 27.6 5.03 11.1 11.92
[14] / 2021 AMC 4 4.39 x 4.39 x 0.44 28 19.64 10 1.18
[20] / 2019 Metasurface 1 1.68 x 2.05 x 1.64 28 9.77 11.94 6.59
[24] / 2020 Clover-shaped 1 1.04 x 1.39 x 0.136 26 32.6 9 45.78
[26] / 2022 Planar 1 1.21 x 1.21 x 0.11 28 21.6 11.5 71.4
[29] / 2019 Planar 8 6.16 x 1.4 x 0.03 28 17.86 11.5 44.45
[30] / 2020 Planar 4 3.45 x 3.45 x 0.17 28 2.3 12.5 6.18
[31] /2023 PRS 4 2.24 x 2.24 x 0.15 28 19.64 11.4 15.14
This work Planar 1 1.03 x 1.03 x 0.1 28 12.14 11.28 106.32

outperformed a reference patch antenna of identical size and composi- [10] LL.Paula, et al., Cost-Effective High-Performance Air-Filled SIW Antenna Array for

tion, showing a 3.2 dB gain enhancement. Thus, for mmWave commu-
nications or radar applications where high antenna gain can increase
communication or detection ranges, the proposed design can reduce the
number of antenna elements needed to achieve the required EIRP.
Consequently, these advancements demonstrate the antenna’s capa-
bility to overcome traditional mmWave antenna barriers in size, effi-
ciency, and performance.
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