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Abstract

A compact and low-profile S-slot antenna for millimeter-wave wireless communication
applications is presented in this paper. The antenna employs an S-shaped slot etched
within a ground plane and excited by a hook-shaped microstrip feeding line to radiate
a linearly polarized wave with a bidirectional broadside radiation beam. The antenna
geometrical parameters are optimized to cover the n257 and n261 5G bands of the 5G
mobile communications. The proposed antenna is fabricated and measured. Simulated
and measured results demonstrate good impedance matching, with a measured fractional
bandwidth of 18.3% and a maximum realized gain of 4.8 dBi across the desired operating
bandwidth for the S-slot antenna with extended ground plane necessary for the purpose
of measurements. The performance remains largely unaffected when the ground plane is
reduced, highlighting the antenna’s suitability for compact implementations. Consequently,
the proposed antenna is well suited for indoor 5G small-cell deployments and future
railway wireless communication systems. Moreover, it can serve as a unit element in
MIMO arrays or larger antenna configurations. To further demonstrate scalability and
system-level applicability, the antenna element is extended into a compact eight-element
MIMO array providing dual linear polarization. The array exhibits low mutual coupling,
an envelope correlation coefficient on the order of 10~3, and a diversity gain approaching
10 dB. These results demonstrate highly independent radiation characteristics and reliable
MIMO performance in multipath environments.

Keywords: bidirectional antenna; slot antennas; mmWave; 5G communications

1. Introduction

Fifth-generation (5G) millimeter-wave (mmWave) frequency bands have attracted
considerable attention due to their ability to support ultra-high data rates and large system
capacity [1]. Consequently, 5G wireless technology has become the dominant standard
in modern communication systems, enabling a wide range of indoor and outdoor ap-
plications [2]. Commonly utilized 5G New Radio (NR) mmWave bands include n257
(26.5-29.5 GHz), n258 (24.25-27.5 GHz), n261 (27.5-28.35 GHz), n259 (39.5-43.5 GHz), and
n260 (37.0-40.0 GHz), which are widely allocated for 5G mmWave deployments [3].
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These advancements in 5G technology have directly enabled the rapid growth of the In-
ternet of Things (IoT), facilitating the interconnection of diverse systems through intelligent
and efficient wireless links. Among these systems are ground-based train communications,
including subways and underground mining environments. Such applications require low-
profile antennas capable of supporting reliable communication along narrow and elongated
propagation paths [4]. Within this context, the Future Railway Mobile Communication
System (FRMCS) has emerged as a next-generation railway communication standard built
upon 5G and beyond technologies. It aims to replace the legacy Global System for Mobile
Communications—Railway (GSM-R) and meet the increasing performance demands of
future railway communication systems [5,6].

For this application, bidirectional antennas are recommended, as they provide sym-
metric coverage in opposite directions. Existing solutions to realize bidirectional radiation
can be broadly classified into two categories. The first category employs back-to-back
end-fire antennas, in which two directive elements radiate in opposite directions. Typ-
ical implementations utilize Yagi—Uda [7] or Vivaldi antennas [8]. While effective, this
approach results in a larger physical footprint at each node. The second category relies on
bidirectional broadside antennas [9-11], which radiate in two opposite directions, enabling
bidirectional coverage without duplicating antenna elements [12].

Representative implementations include slot-based and monopole-based antenna con-
figurations [9,12]. For broad-area coverage, printed monopoles are commonly employed
due to their quasi-omnidirectional radiation characteristics [13], whereas slot antennas
primarily exhibit broadside radiation and offer greater flexibility in shaping the radiation
pattern in compact planar implementations. While slot antennas are not inherently direc-
tive, they are well suited for applications that do not require high gain, such as compact
5G mmWave terminals, short-range wireless links, and access nodes. Higher gain can be
achieved if required via arranging slot antenna elements into array configurations. Several
antenna designs have been reported in the literature to address bidirectional radiation
with moderate-gain requirements for 5G mmWave applications. For instance, Sharma
et al. [14] reported a compact monopole antenna operating over the 24.25-29.5 GHz band.
The proposed single element achieves a gain of 6.09 dBi with a footprint of approximately
8 mm x 8 mm. Another design employing a rotated feeding technique for monopole an-
tennas is proposed in [15], where bidirectional circularly polarized radiation is demon-
strated. Despite the extensive research on monopole antennas operating in the mmWave
range [14-17], relatively few compact slot-based antennas with bidirectional radiation char-
acteristics have been reported. This can be attributed to the electrically small size of such
antennas, which becomes comparable to the dimensions of the feeding connectors, leading
to an increase in the overall antenna footprint. For example, in [18], a dummy ground
plane of dimensions 10 mm x 6 mm is added to the structure to accommodate the launcher
connector needed for the mmWave experimental characterization. However, in practi-
cal implementations where there is no need for mounting connectors, the ground-plane
size can be reduced provided that the antenna performance is not significantly degraded.
Among the studies focusing on compact slot antennas for mmWave applications, ref. [19]
presented a rectangular ring-slot antenna fed by a microstrip line with an overall size
of 11 mm x 11 mm x 0.25 mm. The antenna supports dual-band operation covering the
26/28 GHz and 39 GHz bands, achieving maximum gains of 5.8 dBi and 6.4 dBi, respec-
tively. In [20], a rectangular slot antenna with dimensions of 12 mm x 12 mm x 0.2 mm was
implemented, achieving a maximum gain of 4.6 dBi over an operating band of 25.5-30 GHz.
A smaller antenna structure of only 8 mm x 8 mm x 0.25 mm was presented in [21], where
an elliptical slot antenna surrounded by a small finite ground plane provides a bandwidth
covering 22.2-31.4 GHz with a maximum gain of 7 dBi.
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In this paper, a new compact low-profile S-slot antenna with bidirectional radiation is
presented. The influence of ground-plane reduction is assessed by comparing antenna per-
formance with a full ground plane and a reduced ground surrounding the slot radiator. The
results demonstrate that reducing the ground-plane dimensions from 22 mm x 13.7 mm
to only 4.9 mm x 4.7 mm has a limited effect on both the impedance bandwidth and gain.
This confirms the robustness of the proposed design while significantly reducing its size.
Compared with other compact slot-based antennas [19-21], the proposed design achieves
more than 64% footprint reduction. Thus, the antenna is well suited for mmWave appli-
cations requiring small-to-moderate gain, such as indoor 5G small-cell deployments [22],
where wide coverage and a compact size are essential. Moreover, it can serve as a unit ele-
ment in multiple-input multiple-output (MIMO) or phased-array configurations to achieve
higher gain and enhanced spatial coverage. A dual-linearly polarized eight-element MIMO
arrangement has also been investigated to further improve diversity and system capacity.
The overall array footprint is only 39 mm x 9 mm, demonstrating the compactness of the
proposed design.

2. Antenna Geometry and Operation

The structure of the proposed antenna is shown in Figure 1. It comprises an S-shaped
slot radiator and a feeding microstrip line with a hook-shaped termination. The antenna
is realized on a low-profile Rogers 4003C substrate with a thickness of 0.2 mm, a relative
permittivity of 3.38, and a loss tangent of 0.0027 [23]. The S-slot is located on top of the
substrate. It is formed from one straight segment and two circular segments. The total
electrical length of the S-slot is 1.5 A¢, where Ag is the guided wavelength of the slot line
forming the S-slot. In this way, the S-slot can be looked at as three half-wavelength dipoles.
The way the circular segments of the S-slot are bent forces the equivalent magnetic current
in the three segments to be in the same direction, leading to constructive interference of the
radiated waves from the three segments.

The S-slot is coupled electromagnetically, through the substrate, to the feeding mi-
crostrip line located at the other side of the substrate. The feeding microstrip line consists
of a horizontal portion terminated with a hook-shaped portion. The hook-shaped portion
is comprised of parallel and perpendicular parts relative to the central segment of the S-slot.
At the point of interaction, the central segment of the S-slot is oriented perpendicular to the
feeding microstrip line to maximize the coupling between them. The symbolic dimensions
of the proposed S-slot antenna are shown in Figure 1. These dimensions can be described
as follows:

¢ Lo: length of each of the three segments forming the S-slot. The electrical value of this
length should be close to 0.5A¢. The optimum value of L is 3.86 mm.

¢ 0: rotation angle of the whole structure with respect to the horizontal direction. This
rotation is applied to force the orientation of the electric field of the radiated wave to be
parallel to the vertical edge of the substrate. In this way, the principal planes with the
purest linear polarization become the xz- and yz-planes, which are the easiest planes
for conducting radiation pattern measurements. After observing the cross-polarization
level in all planar cuts perpendicular to the antenna with the best impedance matching
spectrum, the value of this rotation angle should be 26°.

*  L;: length of the open circuit stub terminating the feeding microstrip line. The presence
of this stub enhances the matching between the antenna and the feeding line. The
optimum stub length is 0.72 mm.

*  [: clearance length between the parallel part of the feeding microstrip line and the
central segment of the S-slot. This clearance length should be adjusted such that the
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parallel microstrip line is sufficiently far from both the central segment and the lower
circular segment of the S-slot. The optimum value of L; is 0.36 mm.

¢ L3: the length of the parallel, to the central slot, portion of the feeding microstrip line.
This portion is connected to the perpendicular portion through a right-angle curved
bend with no sharp corners in order to eliminate parasitic radiation from corners. The
value of L3 depends on the values L, and 6. The calculated value of L3 is 1.35 mm.

¢ Ws: width of the slot line forming the S-slot. This width controls the effective permit-
tivity seen by the slot line; the wider the slot, the smaller the effective permittivity and
the longer the guided wavelength. The optimum value of this parameter is 0.2 mm.

e Wi: width of the feeding microstrip line. This parameter is set to 0.45 mm, such that
the characteristic impedance of the feeding microstrip line is 50 Q).

Lo
Wil
. W;\“\/
L. -
(a) (b)

(©)

Figure 1. Structure of the proposed S-slot antenna: (a) top view showing the S-slot, (b) bottom view
showing the feeding microstrip line, and (c) Full structure showing the alignment of the feeding
microstrip line with the radiating slot. = Copper, and  Rogers 4003C.

To illustrate the antenna operation, Figure 2 shows the electric field distribution along
the central xy-plane of the S-slot at 28 GHz. All simulations in this paper are carried out
using the frequency-domain solver of CST Microwave Studio. Tetrahedral mesh cells
are used, which are best suited for structures with curved edges, such as the proposed
structure. Adaptive mesh refinement is performed until convergence is reached. As shown
in Figure 2a, each segment of the S-slot behaves as an equivalent magnetic dipole of
approximately 0.5A¢ length, exhibiting a clear field null at its two ends and a maximum
at its midpoint. Figure 2b demonstrates that the direction of the electric field is the same
within the three segments of the S-slot, which leads to constructive interference of radiation
along the broadside direction as desired.
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Figure 2. Electric field distribution at 28 GHz along the central xy-plane of the S-slot: (a) magnitude

and (b) vector representation.

3. Parametric Study

The optimum dimensions of the proposed S-slot antenna are: Ly = 3.86 mm,
L1 =0.72mm, L, = 0.36 mm, L3 = 1.35 mm, Wg = 0.2 mm, W; = 0.45 mm, and 0 = 26°.
In this section, the impact of key geometric parameters on the antenna performance is
investigated. These parameters are Lg, L1, Lo, and Ws. First, the effect of varying the length
of the three S-slot segments, L, is examined, as illustrated in Figure 3. Increasing L shifts
the resonance towards a longer wavelength. Consequently, the antenna resonates at a
lower frequency. This is because the resonance condition of a dipole with an equivalent
magnetic currentis Ly = 0.5,A¢ = 0.5,A¢/ NG where Ag, Ay, and ¢, o denote the guided
wavelength, free-space wavelength, and effective relative permittivity, respectively.

The second parameter, L, represents the extension length of the microstrip line
feeding the S-slot. This section behaves as an open-circuit impedance-matching stub and
plays a crucial role in matching the antenna to the 50 (2 feed line. As shown in Figure 4,
variations in L; significantly affect the matching level, indicating corresponding changes
in the antenna input impedance. The parameter L, determines the relative positioning of
the parallel part of the feeding microstrip line with length L3, with respect to the central
and the lower segments of the S-slot. It also affects the value of the parameter L3 since the
angle 6 is kept constant. For symmetric excitation, L, is chosen such that the parallel part
of the feeding microstrip line is almost midway between the central segment and the edge
of the lower segment of the S-slot. This way, the parallel part of the feeding line is as far as
possible from the two slot segments simultaneously. Varying L, influences the impedance
matching, as illustrated in Figure 5. This can be attributed to variations in the strength
of the electromagnetic coupling between the parallel part of the feeding line and the two
segments of the S-slot. The coupling strength changes as this part of the feeding line gets
closer to either one of the two slot segments.

Finally, the effect of varying the S-slot width, W, is investigated in Figure 6. Reducing
the slot width increases the quality factor of the resonance curve, resulting in a sharper
resonance and a slightly narrower bandwidth. Within the studied range, these variations
are minor, allowing the slot width to be set to 0.2 mm as a practical compromise between
the quality factor of the resonance and the fabrication feasibility.
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Figure 3. Reflection coefficient (S11) versus frequency of the proposed S-slot antenna for different
values of Ly, with all other parameters fixed at their optimized values.
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Figure 4. Reflection coefficient (S11) versus frequency of the proposed S-slot antenna for different
values of L, with all other parameters fixed at their optimized values.
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Figure 5. Reflection coefficient (S11) versus frequency of the proposed S-slot antenna for different
values of Ly, with all other parameters fixed at their optimized values.
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Figure 6. Reflection coefficient (S11) versus frequency of the proposed S-slot antenna for different
values of Ws, with all other parameters fixed at their optimized values.

4. Results and Discussion
4.1. Single Element

The antenna prototype was fabricated using standard PCB technology on a Rogers
RO4003C substrate with a nominal dielectric constant of ¢, = 3.38. The dielectric con-
stant tolerance (+0.05) and substrate thickness tolerance may introduce minor variations
in the performance [23]. At mmWave frequencies, antenna performance is influenced
by fabrication tolerances and substrate parameter variations. However, these effects are
generally within acceptable design margins when realistic manufacturing tolerances are
considered. For commonly used substrates such as Rogers RO4003C, the typical PCB fabri-
cation tolerances for thin high-frequency boards are on the order of +0.003 in (=+76 pm),
and tighter controls of +0.05 mm (50 pm) are commonly specified in high-speed and RF
applications [24]. The fabricated prototype is shown in Figure 7. A SouthWest end-launch
connector (model 1892-03A-9, Southwest Microwave, Inc., Tempe, AZ, USA) is used for
feeding. The reflection coefficient, Sq1, is measured using a Rohde & Schwarz ZVA67
vector network analyzer (up to 67 GHz) to validate the operating bandwidth, as shown in
Figure 8a. The radiation measurements are performed in an anechoic chamber, as shown
in Figure 8b. Before conducting the measurements, the VNA was fully calibrated using
a Short-Open-Load-Thru (SOLT) calibration kit. To obtain accurate gain measurements,
a standard gain horn (model LB-28-10-C-KF; 2640 GHz) is employed as a reference an-
tenna. Owing to its well-characterized gain across the operating band, it enables reliable
comparison with the antenna under test (AUT). During the measurement procedure, both
the reference horn and the AUT were aligned under identical far-field conditions. The AUT
gain was subsequently extracted using the standard gain-transfer technique, referring to
the calibrated gain of the LB-28-10-C-KF horn.

The simulated and measured reflection coefficient of the proposed antenna are plotted
versus frequency in Figure 9. Based on the measurements, the antenna operates over the
frequency range from 25.8 to 31 GHz, demonstrating good agreement with the simulation
results obtained using CST. The measured fractional bandwidth of 18.3% is wider than
the simulated value of 12.7% (26.5-30.1 GHz). Despite the acceptable difference between
simulation and measurements, the proposed antenna successfully covers the n257 and n261
bands with a sufficiently low reflection coefficient. The discrepancy between simulation
and measurements is mainly attributed to the electrically large end-launch connector whose
dimensions are bigger than those of the antenna. The measured and simulated broadside
gains in the top and bottom sides of the substrate are shown in Figure 10, exhibiting
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acceptable agreement. The maximum measured gains along the top and bottom sides
are 3.9 and 4.8 dBi, respectively. The higher gain on the bottom side is attributed to the
improved radiation matching towards the substrate side with higher permittivity than air.
The simulated and measured 2D radiation patterns of the proposed antenna at 28 GHz are
shown in Figure 11 along both the H-(xz)- and E-(yz)- principal planes. The measured
patterns clearly show excellent agreement with the CST simulation results. The antenna
exhibits bidirectional broadside radiation along the +-z-axis with slightly stronger radiation
along the backside. Table 1 summarizes the key performance metrics of the proposed
S-slot antenna. Two versions are considered: a full ground-plane prototype, which ensures
sufficient separation from the connector and minimizes its parasitic effects, and a compact
version with a reduced ground plane size, simulated in CST. Reducing the footprint from
2.638 A2 to 0.202 A? results in only a slight performance variation, with the peak gain
changing from 4.8 dBi to 4.16 dBi and the bandwidth remaining high, varying from 18.3%
to 13.9%. Thus, the proposed antenna is characterized by its compact size with quasi-stable
performance, even with a dramatic reduction in the ground-plane size. This advantage
becomes particularly significant for multi-element implementations, such as antenna arrays
and MIMO configurations, as will be discussed in Section 4.2.

(a) (b)

Figure 7. Fabricated S-slot antenna prototype fed with an end-launcher connector: (a) top view and

(b) bottom view.

Table 1. Key performance metrics of the proposed S-slot antenna.

Parameter Full Ground Plane Reduced Ground Plane
Physical size (mm?3) 22 x 13.7 x 0.203 4.9 x 4.7 x 0.203
Electrical size (28 GHz) 2.06A x 1.28A x 0.019A 0.46A x 0.44A x 0.019A
Operating band (GHz) 25.8-31 26.2-30
Fractional bandwidth 18.3% 13.9%
Peak gain (dBi) 4.8 4.16

To assess the performance of the proposed S-slot antenna, Table 2 provides a compar-
ison with mmWave bidirectional antennas reported in the literature, summarizing their
physical sizes and radiation performances. The proposed antenna is listed in two rows:
the first for the fabricated full-size prototype and the second for the simulated reduced-
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ground-plane version. As demonstrated in Table 2, the proposed antenna with reduced
ground-plane size exhibits the smallest effective footprint among the compared structures
with an overall size 0.46A x 0.44A x 0.019A. This corresponds to less than one-third of the
size of the compact antennas presented in [14,17,19-21,25]. Despite its small footprint, the
antenna achieves a moderate gain of 4.16 dBi, making it suitable for mmWave applications
which require a balance between size and radiation performance. In terms of bandwidth,
the proposed S-slot antenna offers a fractional bandwidth of 13.9% covering the frequency
range between 26.2 and 30 GHz, which falls within the mid-range of the reported designs.
However, the achieved operating band fully covers the n257 and n261 bands and partially
overlaps with the n258 band, thereby satisfying the bandwidth requirements of key 5G

mmWave applications.

-

S-Slot Antenna

)}
;
\

(b)

Figure 8. Measurements setup for the proposed S-slot antenna: (a) reflection coefficient measurement
and (b) radiation patterns measurement.
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Figure 9. Simulated and measured reflection coefficient of the proposed S-slot antenna versus frequency.
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Figure 10. Simulated and measured broadside gain of the proposed S-slot antenna versus frequency.
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Table 2. Comparison of reported millimeter-wave bidirectional antennas and the proposed design.

Ref. Structure Size/mm? Bandw1odth/GHz Peak G.am/
(%) dBi
[14] Circular Monopole Patch 8 x 8.3 x 0.254 24.25-29.5 (19.6%) 6.09
=16.87
[16] Monopole antenna 22 x 20 x 1.54 25.6-33.9 (27.9%) 7.11
=677.6
[17] Monopole antenna 8 x 7 x 0.254 26.7-28.9 (7.9%) 7.2
=14.22 36.1-41.5 (14%) 7.2
[11] Crescent 12x14 x 1.6 16.2-33.8 (70.3%) 3.85
=268.8
[26] Rectangular monopole patch 17 x 12 x 0.79 25.4-29.85 (16.2%) 7.01
=161.0 35.9-38 (5.7%) 3
[19] Rectangular ring-slot 11 x 11 x 0.25 24.1-28.5 (16.8%) 5.8
=30.25 35.1-40.3 (13.8%) 6.4
[20] Rectangular slot 12 x 12 x 0.203 25.5-30 (16.2%) 4.6
=29.23
[21] Elliptical slot 8 x8x0.25 22.2-31.4 (34.3%) 7
=16
[25] Tri-circular rings 7 x 11 x 0.254 28.5-31.5 (10.0%) 45
=19.56 36.5-40.5 (10.4%) 5.36
This work S-Slot 22 x 13.7 x 0.203 25.8-31 (18.3%) 48
=61.1
49 x4.7x0.203*  26.2-30 (13.9%) 4.16
=4.68
** Reduced ground-plane dimensions.
Co-Simulated (:russ-Slmulatcd
- = =Co-Measured Cross-Measured
00
330° 30°
300° 60° 300° 60°
270° 90° 270° 90°
240° 120° 240° 120°

180°

(a)

180°

(b)

Figure 11. Simulated and measured 2D radiation patterns of the proposed S-slot antenna at 28 GHz:
(a) H-plane and (b) E-plane.

4.2. MIMO Array Configuration

To enhance spatial coverage, channel capacity, and link reliability, the proposed S-slot

antenna element is extended into a multi-port MIMO array configuration, as illustrated

in Figure 12. The array consists of sequentially arranged bidirectional radiating elements

printed on a common substrate with overall dimensions of [;;, = 39 mm and w;;, = 9 mm.

The array comprises two element orientations, with four elements aligned along one

polarization direction and four along the orthogonal direction. Each element is individually

excited through dedicated ports, enabling simultaneous multi-channel transmission and
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reception. Adjacent elements are separated by a distance of d; = 3.5 mm and are alternately
oriented to provide orthogonal linear polarization, while the spacing between elements with
identical orientation is d; = 9 mm. These spacings are carefully selected to reduce mutual
coupling while maintaining a compact footprint. In addition, a vertical offset of d3 = 2 mm
is introduced between adjacent elements to further suppress mutual coupling and reduce
surface current interaction between neighboring radiators. The alternating orientation
and offset placement provide polarization and spatial diversity, thereby reducing channel
correlation. The proposed 1 x 8 MIMO array is well suited for railway and corridor
environments, where the propagation channel is rich in multipath due to strong reflections
from metallic walls, ceilings, and floors. Spatial separation along one axis produces distinct
propagation paths, while orthogonal polarization diversity further decorrelates the received
signals through polarization rotation caused by reflections.

The MIMO performance of the proposed antenna is illustrated in Figure 13. As
shown in Figure 13a, the mutual coupling between antenna elements remains sufficiently
low across the operation band. The parameter |Sy;| is approximately —20 dB, |S31] stays
below —27 dB, and |S,3| drops below —40 dB near 29 GHz, confirming effective isolation.
The corresponding diversity performance is presented in Figure 13b, where the diversity
gain (DG) remains very close to the ideal value of 10 dB throughout the operating band.
This metric measures the reliability improvement from diversity reception where values
near 10 dB indicate nearly independent fading between antenna elements. Furthermore,
Figure 13c¢ shows the envelope correlation coefficient (ECC), which quantifies the similarity
between the signals received by different antenna elements. The ECC remains on the
order of 1073, indicating extremely low correlation and highly independent radiation
characteristics. The slight increase near the lower band edge is attributed to minor pattern
overlapping and coupling effects but remains negligible.

Wm
L&
1

4y d,
—1 > < >

Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7 Port 8

Figure 12. Geometry of the multi-port MIMO antenna array based on the proposed compact S-slot
radiating elements.
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W
=

Envelope Correlation Coefficient
~

7 28 29 30
Frequency (GHz)

()
Figure 13. MIMO performance evaluation of the proposed antenna system. (a) Mutual coupling
between antenna elements; (b) diversity gain; and (c) envelope correlation coefficient.

5. Conclusions

This paper presents a compact low-profile S-slot antenna for 5G mmWave applica-
tions. The antenna exhibits bidirectional, linearly polarized radiation along the broadside
direction, making it suitable for indoor 5G small-cell deployments and short-range railway
mobile communication systems. The proposed antenna provides wide impedance band-
width covering the n257 and n261 bands and partially covering the n258 band, with good
agreement between simulated and measured results. The antenna has also been investi-
gated in an 8-element MIMO configuration, supporting two orthogonal linear polarizations.
The arrangement of the MIMO elements ensures high isolation, and together with its low
profile, wide bandwidth, and dual-polarization capability, this makes the system a practical
and scalable solution for modern 5G mmWave applications.
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