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High-Frequency Dual-Band Super-Compact

MIMO Antenna for Resilient 5G
Vehicular Communications

Moustafa M. Nasralla, Mebr E Munir® and Haleem Farman

Abstract: In SG vehicular services, advanced antenna systems
are essential to deliver robust, reliable, and efficient wireless
links under real driving conditions. Vehicles operate in highly
dynamic and interference-prone radio environments, where signals
are frequently obstructed by surrounding objects and rapidly
changing mobility patterns. Moreover, the limited physical space
available for on-board electronics further constrains antenna
design. These factors collectively hinder the deployment of
reliable high-capacity links, highlighting the need for advanced,
compact, and resilient antenna systems tailored for vehicular
communications. To meet these constraints, this paper presents
a high-frequency, dual-band, super-compact MIMO antenna
designed for resilient SG vehicular communications. The proposed
antenna is designed on 0.51 mm RO4350B substrate and operates
in two widely separated bands 8-11 GHz (microwave band) and
24-34 GHz (mmWave band) so that a single element can support
both dependable coverage and high-capacity services. The design
incorporates five vertical slots integrated with three horizontal
slots on patch while a partial ground plane with a square slot is
incorporated on ground plane. In the 8—11 GHzrange, the antenna
achieves a peak gain of 4.64-5.99 dBi while in the 24-34 GHz,
it provides a peak gain of 4.7-6.4 dBi, enabling high data rates
and low latency for demanding applications. Across both ranges,
the antenna maintains >90% radiation efficiency, while isolation
between radiating elements exceeds —19 dB, ensuring reliable and
energy-efficient operation. The design features a 25x10x0.51 mm?
footprint on an RO4350B substrate, making it well-suited to
space-constrained vehicular platforms. Furthermore, experimental
validation and link-budget analysis on a vehicular model confirm
the antenna’s promising performance. By combining dual-
band functionality, high efficiency, compact dimensions, and
validated performance, the proposed antenna addresses user
needs, service requirements, and high-frequency technology
demands essential for next-generation, resilient SG vehicular
communication systems. Its dual-band capability enhances spec-
trum flexibility and supports diverse vehicular communication
scenarios, including advanced driver-assistance systems (ADAS),
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vehicle-to-everything (V2X) connectivity, and high-data-rate
services.

Keywords: Dual band, MIMO Antenna, mmWave antenna,
X-band, 5G.

1. Introduction and Related Work

Modern in-vehicle radios are being designed to work across X-band
(8-12 GHz) and mmWave (24-300 GHz) so a single platform
can deliver two complementary functions: dependable mid-band
coverage for control and V2X safety, and very high-capacity, low-
latency links for ADAS telemetry, cooperative perception, and
infotainment. This dual role forces the antenna to meet three
tough requirements at once: it must be ultra-compact to fit inside
tight housings (e.g., shark-fin or mirror pods), highly efficient
despite the small electrical size and nearby lossy materials, and well
matched with stable radiation patterns across two widely separated
bands. Consequently, even with recent advances in compact dual-
band and miniaturized mmWave arrays (e.g., around 28/38 GHz),
achieving high efficiency in a very small form factor while simul-
taneously supporting a separated lower band remains a primary
integration challenge [1].

The authors in [2] designed a mmWave antenna for wearable
devices operating at 28 and 38 GHz, with overall dimensions of
30 x 30 x 1.575 mm?>. It supports only two bands and provides a
narrow impedance bandwidth of 1 GHz at each frequency. More-
over, the footprint is relatively large, making it unsuitable for many
practical SG wearable applications. The authors in [3] presented an
antenna for vehicular applications operating in three bands 1.565—
1.578 GHz, 2.2-3.8 GHz, and 5.8-6 GHz with overall dimension
of 50 x 50.5 x 1 mm?>. Despite covering multiple bands, the
design exhibits a very narrow impedance bandwidth, and its large
footprint makes it unsuitable for practical SG vehicular deploy-
ments. The authors in [4] designed a SG mmWave antenna for
vehicular applications targeting the n258 band (24.25-27.5 GHz)
on a Rogers RO4003C substrate. The design achieved peak gains
of 4.6 and 5.15 dBi, but it operates in only a single band. For
modern vehicular SG platforms, dual-band or multi-band opera-
tion is typically required to ensure efficient, versatile performance.
The authors in [5] designed a mmWave MIMO antenna operating
at the 28 and 38 GHz bands, using a defected patch structure with
overall dimensions of 30 x 30 mm?. The antenna exhibits good
impedance bandwidth and solid MIMO performance; however, its
large footprint makes it unsuitable for many practical 5G devices.
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The authors in [7] present a two-element dual-band MIMO
antenna using an inset-fed primary patch and an overlaid arc-
shaped parasitic to realize operation at 28 GHz and 38 GHz with
strong isolation (=>20 dB) while maintaining a compact foot-
print illustrating a clean pathway to dual-band miniaturization
via parasitic loading and ground tailoring. A noted trade-off is
the modest realized gain (<1-2 dB in cited comparisons), which
may be insufficient for harsher outdoor/vehicular links without
arraying or additional aperture engineering. A 2 X 2 dual-band
array targeting 28/38 GHz with higher realized gain and wider
impedance bandwidth is reported in [8], and is useful for terminals
requiring both diversity and directional performance. The studies
document multi-port arrangements with isolation control and
report high-gain variants suitable for mmWave links. A limitation
is that increasing port count and gain often demands tighter layout
tolerances and can introduce pattern distortion in constrained
housings practical concerns for vehicular body-integrated instal-
lations. In [9], the authors propose an arc-shaped, very small
28 GHz radiator (monopole radius ~1.3 mm) with an elliptical
slot to enhance bandwidth ssssan appealing seed element for dense
MIMO tiling where board area is scarce. The main drawback is
that extreme miniaturization can constrain efficiency and gain,
so multiple elements or superstrates may be required to meet
link budgets in dynamic vehicular channels. In [10], surveys how
GNSS/IMU/side-information can prune mmWave beam search,
reduce training overhead, and stabilize links directly relevant to
“resilience” when antennas are mounted on fast-moving vehicles
and frequent blockages occur. The limitation is that this is a
protocol/algorithmic perspective rather than a hardware design; it
improves link continuity but does not by itself solve RF constraints
such as mutual coupling or element efficiency. In [11], the authors
compile vehicular-centric measurements and models, highlighting
blockage, Doppler, and fast fading in V2V/mmWave scenarios,
and outlining the array requirements imposed by these channel
dynamics. The main limitation for immediate design guidance is
that, as a broad survey, it does not prescribe exact antenna geome-
tries or isolation techniques; translating channel insights into PCB-
level MIMO layouts remains the designer’s task. Similarly, in [12],
the authors introduce a circular, double-sided EBG texture to
suppress surface waves and improve isolation in a compact dual-
band MIMO design (with single-element ~10 X 8.5 mm? and
MIMO = 15.8 x 8 mm?). This is a proven, fabrication-friendly
approach to reducing ECC without requiring large spacing’s. The
caveat is added stack-up complexity: EBG/DGS patterns increase
design and fabrication effort and can complicate multi-board inte-
gration or conformal vehicle mounting.

The proposed design is a high-frequency, dual-band, super-
compact MIMO antenna for resilient SG vehicular communica-
tions. It covers 8-11 GHz and 24-34 GHz, achieving peak gains
of 4.64-5.99 dBi (microwave band) and 4.64-5.99 dBi (mmWave
band), while maintaining >90% radiation efficiency in both bands.
The antenna was also tested on a vehicular model, where it demon-
strated strong performance, confirming its suitability for practical
5SG vehicular applications.

2. MIMO Antenna Design

The proposed MIMO antenna is lightweight, compact, simple to
fabricate, and easy to integrate with X-band and mmWave devices.
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It is designed and optimized using CST Studio Suite 2022 and
a low-loss microwave laminate such as RO4350B is employed to
support high radiation efficiency in both bands while remaining
PCB-process friendly. This material choice helps achieve >90% effi-
ciency while keeping the stack-up simple for automotive modules.
The present work reports results only in the mmWave band [6],
while an extended version of the same design enables operation
over 8-11 GHz (microwave band) and 24-34 GHz (mmWave
band), with a total size of 25 X 10 X 0.51 mm?, and has been exper-
imentally tested on a vehicle CAD model. The design leverages
three techniques:

2.1. DPST Technique

A defected patch structure technique (DPST) means that the
normal metal patch of the antenna is intentionally modified by
introducingslots or cuts. These slots alter the surface current paths,
allowing the patch to support more than one natural resonant
frequency instead of a single band. As a result, the same compact
patch can generate multiple resonances, enabling multiband or
wider-band operation without increasing the overall antenna size
(see Figure 1).

2.2. Partial Ground Plane Technique

A partial ground plane means the ground metal is intentionally
shortened rather than covering the full substrate, which helps
improve impedance matching and bandwidth. In this design, a
square slot is etched in the ground to further tune the resonance
and extend the usable frequency range, as shown in Figure 2.

2.3. Connected Ground Plane Technique

The connected ground plane approach means that all four antenna
elements are tied to the same continuous ground instead of having
separate grounds. Arranged in a linear array, these four elements
sharing a common ground help achieve compact integration and
better MIMO performance, as illustrated in Figure 2.

3. Results and Discussions

The proposed MIMO antenna operates over two bands, 8-11 GHz
in the microwave range and 24-34 GHz in the mmWave range,
as illustrated in Figure 3, making it well suited for practical 5G
vehicular applications. In the lower band, the antenna achieves a
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Figure 1.
Front view of MIMO antenna [6].
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Back view of MIMO antenna [6].
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Figure 3.
S-parameter of MIMO antenna.

3 GHz impedance bandwidth, providing robust coverage across
the entire X-band allocation of interest. In the upper band, it
offers a much wider 10 GHz bandwidth, which is beneficial
for high-data-rate mmWave links and multi-service integration.
Together, these dual bands enable flexible support for long-range
sensing/communications and high-capacity 5G links on vehicles.
In this design, the port isolation is <—19 dB in both the lower
and upper operating bands (see Figure 4), meaning that only a
small amount of power from one element couples into the others
across the full spectrum. Maintaining this low coupling over 8-
11 GHz and 24-34 GHz helps preserve the independence of the
MIMO channels and reduces inter-port interference. As a result,
the antenna can deliver more reliable diversity and capacity perfor-
mance for wideband vehicular SG links.

The proposed MIMO antenna demonstrates strong perfor-
mance in terms of gain, radiated efficiency, and total efficiency, as
shown in Figure 3. At 11 GHz, it achieves a gain of 5.89 dBi with a
radiated efficiency of 92% and a total efficiency of 88%. At 28 GHz,
the gain increases to 6.4 dBi, with a radiated efficiency of 95.85%
and a total efficiency of 92.5%, confirming its suitability for NR
SG bands. Figure 4 presents the fabricated four-element MIMO
antenna prototype, validating the practicality of the design.

Figure 6 compares the simulated and measured reflection
coefficient of the proposed four-element MIMO antenna. The
measured curves closely follow the simulated ones, with only
minor deviations mainly attributed to connector and fabrication
losses. This close agreement confirms that the antenna maintains
its intended impedance matching and bandwidth in practice. The
strong correlation between simulation and measurements verifies
the design’s suitability for sustainable SG vehicular networks. The
antenna under test is presented in Figure 7, where its physical
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Figure 7.
MIMO antenna under test.
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Figure 8.
3D gain at 11 GHz.

layout and feeding configuration can be clearly observed. The
corresponding 3D gain pattern at 11 GHz is illustrated in Figure 8,
highlighting the main radiation lobes and overall directivity.

4., MIMO Performance Evaluation

The proposed four-element MIMO array is further assessed
through key performance metrics to verify its effectiveness and
overall performance capability.

The diversity gain (DG) presents the performance of four
antenna ports, labeled DGI to DG4, across the frequency range
of 2 to 40 GHz, as shown in Figure 9.

DG quantifies the effectiveness of a MIMO antenna in miti-
gating multipath fading. A value near 10 dB is generally regarded
as optimal for MIMO diversity performance [19]. In the presented
results, all four DG curves remain close to 10 dB within both
operating bands:

o 8to0 11 GHz: DG is approximately 9.99 dB to 10 dB
® 24 to 34 GHz: DG is approximately 9.99 dB to 10 dB

These results indicate that the four ports are sufficiently de-
correlated and are capable of providing strong diversity perfor-
mance. Minor variations among DG1, DG2, DG3, and DG4
are expected, as each antenna port may exhibit slightly different
coupling and radiation characteristics. The results demonstrates
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DG of the proposed 4-port MIMO.
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Figure 10.
ECC of the proposed 4-port MIMO antenna.

that the antenna achieves excellent diversity performance in both
the microwave and mmWave bands. A DG value exceeding approx-
imately 9.95 dB is commonly used as a benchmark for strong
MIMO diversity behavior.

Figure 10 shows the envelope correlation coefficient (ECC) of
the proposed 4-port MIMO antenna across 2-40 GHz, with the
two intended operating bands highlighted in red: 8-11 GHz and
24-34 GHz.

ECCisanimportant MIMO performance parameter because
it measures the correlation between antenna elements. Lower
ECC means the antenna ports are more independent, which
improves diversity performance and helps the MIMO system
transmit/receive multiple data streams more efficiently. ECC is
directly related to diversity behavior; when ECC is low, the diver-
sity gain approaches the ideal value of 10 dB [18].

In Figure 10, the ECC curves are plotted for different port
combinations, such as ECCy,, ECCy3, ECCyy4, ECCy3, ECCyy,
and ECCsy. These curves represent the correlation between each
pair of antenna ports in the 4-port structure. Within the first
operating band, 8-11 GHz, all ECC values drop significantly and
remain low, mostly around 0.015-0.05. This means the antenna
elements have weak correlation in the microwave band, confirming
good isolation and diversity behavior. Within the second operating
band, 24-34 GHz, the ECC values are also low, especially near
the center of the band, 27-30 GHz, where several curves approach
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CCL of the proposed 4-port MIMO antenna.

0.01-0.02. Toward the upper edge near 33-34 GHz, the ECC
increases slightly but remains in the acceptable low-correlation
region.

Figure 11 presents the Channel Capacity Loss (CCL) as the
expected reduction in MIMO channel capacity resulting from
correlation and mutual coupling between antenna elements.

For practical MIMO antennas, the stocktickerCCL should
typically remain below 0.4 bits/s/Hz [17]. In the presented results,
the stocktickerCCL remains well below this threshold across both
operating bands:

o 8-11 GHz: The CCL is approximately 0.05 to 0.15 bits/s/Hz.
® 24-34 GHz: The CCL is approximately 0.05 to 0.15 bits/s/Hz.

These results indicate that the proposed four-port antenna
exhibits low inter-port correlation and minimal capacity degra-
dation. Consequently, the antenna can support efficient MIMO
data transmission without significant loss in channel capacity.
This characteristic is critical for practical 5G and millimeter-wave
(mmWave) systems, as elevated CCL values would reduce spectral
efficiency and data throughput. Several MIMO antenna studies
consider CCL values below 0.4 bits/s/Hz as an acceptable practical
limit.

The total active reflection coefficient (TAR C) behavior of the
4-port MIMO antenna when all ports are excited simultaneously.
This is more realistic than evaluating only the individual S11, S22,
$33, or S44 values because, in a MIMO system, multiple ports
operate simultaneously. Figure 12 shows three cases:

o TARC, in-phase: all ports excited with the same phase.

o TARC, average phase: average response for different excitation

phases.

o TARC, worst phase: worst-case reflection under phase variation.

The dashed horizontal line at =10 dB is the practical matching
reference. In both highlighted operating bands, the TARC curves
remain below —10 dB, which means the antenna maintains
acceptable active impedance matching when all four ports are
excited [16].

The graph shows strong TARC dips at approximately 9 GHz
and 28 GHz, where TARC values are very low. These deep
minima indicate strong resonance and low reflected power. In the
8-11 GHz band, the curves fall well below —10 dB, confirming
good active matching. In the 24-34 GHz band, the TARC also
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Figure 12.
TARC of the proposed 4-port MIMO antenna.

Figure 13.
EV Tesla car CAD model.

stays below —10 dB over the operating region, confirming stable
mmWave MIMO operation.

5. Car Model Analysis

To assess the real-world performance of the proposed antenna, it
is placed on an EV Tesla car CAD model, representing a prac-
tical vehicular installation scenario, as shown in Figure 13. The
electromagnetic simulation is then carried out on this full vehicle
model using a high meshing density of 17 cells per wavelength
to accurately capture all coupling and scattering effects. This fine
mesh ensures that subtle interactions between the antenna and
the car body are properly resolved. Remarkably, the simulated S-
parameters remain essentially unchanged compared to the stan-
dalone case, as shown in Figure 14, while the antenna continues
to operate effectively in both the X-band (8-11 GHz) and the
mmWave band (24-34 GHz). This confirms that the antenna
preserves its matching and isolation characteristics on the vehicle,
demonstrating reliable and consistent performance in a realistic
automotive environment.

The gain in the lower band (8-11 GHz) ranges from 8.02 dBi
to 9.06 dBi, while in the upper band (24-34 GHz) it varies from
7.23 dBi to 9.22 dBi, highlighting the effectiveness of the proposed
design. Specifically, the 3D gain at 9 GHz reaches 9.06 dBi,
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Figure 14.
EV Tesla car CAD model.
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Figure 15(a).
3D gain at 9 GHz for the antenna integrated with the car CAD
model.
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Figure 15(b).
3D gain at 28 GHz for the antenna integrated with the car CAD
model.

demonstrating strong radiation performance in the X-band. Simi-
larly, at 28 GHz, the 3D gain increases to 9.22 dBi, as illustrated
in Figures 15(a) and 15(b), confirming robust operation in the
mmWave band.
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Figure 16(a).
Radiation Pattern at 9 GHz for the antenna integrated with the car
CAD model.
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Figure 16(b).
Radiation Pattern at 12 GHz for the antenna integrated with the
car CAD model.

The radiation patterns in both the lower band (8-11 GHz)
and the upper band (24-34 GHz) are directive, meaning the radi-
ated energy is concentrated into a main lobe with higher gain and
reduced side and back lobes, which is beneficial for focused links
and improved link budgets. At 11 GHz, the main lobe magnitude
is 8.91 dBi, the main lobe direction is 0°, the 3 dB angular-width is
58.4°, and the side lobe level is —2.4 dB, as shown in Figure 16(a).
At 28 GHz, the main lobe magnitude increases to 9.19 dBi, the
main lobe direction shifts slightly to 5°, the 3 dB angular width
narrows to 43°, and the side lobe level is —2.9 dB, as also illustrated
in Figure 16(a). These results confirm that the antenna maintains a
stable, directive beam over both operating bands.

The E-field distribution is also evaluated at 28 GHz, where
the maximum E-field is observed to be 200 V/m. The results show
that the antenna’s radiation is largely confined to the region where
the antenna is mounted on the car. The fields do not significantly
propagate into other parts of the vehicle body, indicating minimal
unwanted coupling or scattering. This localization of radiation
confirms that the antenna operates efficiently on the designated
mounting area without adversely affecting the rest of the car struc-
ture, as shown in Figure 17.
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Link budget analysis of the proposed MIMO antenna for car communication

Parameter Equation/Value Case A: 9 GHz, 100 m Case B: 28 GHz, 100 m
Frequency f 9000 MHz 28000 MHz
Distance d 0.1 km 0.1 km
Transmit power Prx 20 dBm 20 dBm
Tx antenna gain Grx 9.06 dBi 9.22 dBi
Rx antenna gain Grx 9.06 dBi 9.22 dBi
System losses Lgys 3dB 3dB
FSPL 32.44 + 20 log, (farz) + 20 10,0 (diom) 91.52 dB 101.38 dB
Received power Prx = Prx + Gry + Gry — Lrs — Lyys —56.40 dBm —65.94 dBm
Bandwidth B 100 MHz 100 MHz
Thermal noise —174 +10log,, (B) —94 dBm —94 dBm
Noise figure NF 5 dB 5 dB
Total noise power Nt = Ny, + NF -89 dBm -89 dBm
SNR SNR = P | Nyt 32.60 dB 23.06 dB

Figure 17.
E-Field analysis 28 GHz.

6. Car Link Budget Analysis

The mathematical analysis of the car link budget is based on the
Friis transmission equation expressed in dB, where the received
power is calculated by adding the transmit power and antenna
gains and subtracting the free-space path loss and other system
losses. The free-space path loss is computed using [13-15], which
demonstrates how both distance and frequency significantly affect
signal attenuation. The received power is then compared with the
total noise power, derived from the thermal noise floor, system
bandwidth, and receiver noise figure, to calculate the signal-to-
noise ratio (SNR). The link budget calculation is presented in
Table 1.

The calculated SNR for the proposed car link shows strong
performance in both operating bands. In the lower band around
9 GHz, using a transmit power of 20 dBm, antenna gains of
about 9.06 dBi at both ends, a 100 m link distance, and 3 dB
system loss, the received power is approximately —56.4 dBm. With
2 100 MHz bandwidth and a receiver noise figure of 5 dB, this
corresponds to an SNR of about 32.6 dB, which is suitable for
high-order modulation and robust 5G links. In the upper band
around 28 GHz, the higher path loss reduces the received power to

Vol.3 1

roughly —65.54 dBm, giving an SNR of about 23.46 dB, which is
still comfortably above the threshold for reliable NR 5G operation

and high data rates in vehicular scenarios.

7. Conclusion

The proposed design is a high-frequency, dual-band, super-
compact MIMO antenna developed for resilient 5G vehicular
services. It covers 8-11 GHz (microwave band) and 24-34 GHz
(mmWave band), delivering peak gains of 4.64-5.99 dBi in the
lower band and 4.7-6.4 dBi in the upper band, while maintaining
radiation efficiency greater than 90% across both bands. The inter-
element isolation is <-19 dB supports stable MIMO operation
and facilitates RF coexistence on space-constrained automotive
platforms. The antenna is fabricated on an RO4350B substrate
with a compact size of 25 x 10 x 0.51 mm?, and when mounted
on a vehicular CAD model it preserves its reflection character-
istics and achieves a realized gain of 9.06 dBi at 9 GHz and
9.22 dBi at 28 GHz, indicating robust performance under realistic
installation conditions. The link-budget analysis confirms strong
performance in both the 8-11 GHz and 24-34 GHz bands, with
SNR values of approximately 32.6 dB at 9 GHz and 23.46 dB at
28 GHz, providing ample margin for high-order modulation, reli-
able connectivity, and high data rates. Furthermore, the antenna
addresses key requirements for next-generation vehicular links
resilience, spectrum flexibility, energy-aware operation, and ease
of integration and is well suited for V2X safety messaging, ADAS
telemetry, and high-data-rate services that demand both depend-
able coverage and mmWave capacity.
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