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ABSTRACT: To meet the stringent space constraints and diverse connectivity requirements of modern intelligent connected vehicles, a
compact MIMO antenna system designed for microwave and millimeter-wave (mm-wave) vehicle-to-everything (V2X) communications
is presented. The proposed antenna features a compact footprint adaptable for integration into space-limited automotive modules, such
as shark fin antenna housings. By employing a structure reuse technique, the system integrates a four-element microwave MIMO array
and two orthogonal mm-wave phased arrays within a size of 30 mm X 30 mm x 2mm. In the microwave band, a parasitic patch is
introduced to achieve dual-mode resonance, ensuring a wide bandwidth for reliable control signaling. Two orthogonal rows of metallized
cavities serve a dual purpose: acting as decoupling structures for the microwave MIMO system and functioning as mm-wave arrays to
enable two-dimensional beam scanning. This capability is crucial for overcoming blockage effects in dynamic vehicular environments.
Experimental results demonstrate that the proposed antenna achieves wide coverage in the microwave band (4.62-5.11 GHz) and high-
gain beam scanning (+40°) in the mm-wave band (25.8-30.4 GHz). The measured isolation exceeds 17 dB with an envelope correlation
coefficient below 0.11, validating its suitability for next-generation vehicle terminals.

1. INTRODUCTION

ith the rapid evolution of Intelligent Transportation Sys-

tems (ITS), Vehicle-to-Everything (V2X) communica-
tion has become a cornerstone for autonomous driving and
road safety [1,2]. Modern vehicle terminals are required to
support multi-band connectivity, utilizing the sub-6 GHz mi-
crowave band for reliable control signaling and the millimeter-
wave (mm-wave) band for high-data-rate sensor data transmis-
sion [3]. However, the vehicular communication environment
is complex, often suffering from severe signal blockage caused
by large vehicles [1]. Consequently, antenna systems with ro-
bust Multiple-Input Multiple-Output (MIMO) capabilities and
flexible beam scanning are indispensable.

A critical challenge in designing these systems is the strin-
gent constraint on installation space. For aesthetic and aero-
dynamic reasons, vehicle antennas are typically enclosed in
compact housings, such as the standard “shark fin” module on
the roof. As conceptually illustrated in Figure 1, accommodat-
ing both broad-beam microwave elements and directional mm-
wave arrays within such a confined volume is highly challeng-
ing but essential for establishing reliable V2X links. There-
fore, developing compact, high-performance shared-aperture
antennas suitable for such integration has become a research
focus [4, 5].

To improve aperture efficiency and space utilization, shared-
aperture technology has been extensively investigated. To date,
there are a lot of studies on shared-aperture antennas using var-
ious techniques. In order to realize shared-aperture antennas,
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FIGURE 1. Conceptual illustration of the proposed compact shared-
aperture MIMO antenna system suitable for integration into an auto-
motive shark fin module. The schematic depicts the broad-beam radi-
ation in the microwave band for robust coverage and wide-angle beam
scanning in the millimeter-wave band for directional V2X communi-
cations.

microwave and mm-wave antennas can be placed next to each
other [6] or placed one above the other [7, 8]. While simple to
implement, adjacent placement leads to a large footprint, and
stacked placement often results in a higher profile. Such bulky
designs are often unsuitable for the streamlined integration re-
quired by modern vehicular electronics.

Embedded structures usually present a more compact
size [9-13]. Several recent reports using embedded structures
have realized the integrated design of microwave antennas
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FIGURE 2. Antenna design concept. (a) The whole microwave structure is shared with a mm-wave antenna in a microwave elementary antenna.
(b) Part of the microwave structure is shared with a mm-wave antenna in a microwave elementary antenna. (c) Partial structure is shared with the

mm-wave antenna in a microwave MIMO antenna system.

and a mm-wave phased array supporting beam scanning [11—
13], which is of great significance to match the dynamic
connectivity requirements of moving vehicles.

The structure reuse technique presents a significant advan-
tage of high aperture utilization. In [14], mm-wave parabolic
reflectors are realized by using periodic metal gratings, and mi-
crowave as well as mm-wave parabolic antennas share the same
radiating aperture. In these designs, almost 100% of the radiat-
ing structure of the microwave antenna is reused by the mm-
wave antenna, as illustrated in Figure 2(a). The microwave
reflector is implemented by a full metal wall, while the mm-
wave reflector is made of a metal grating-based bandgap struc-
ture. However, the high degree of mutual containment makes
it difficult to add multiple feed ports, limiting the realization of
mm-wave beam scanning.

Alternatively, a partial structure of the microwave antenna
has been reused as an mm-wave antenna [15-23], as schemat-
ically illustrated in Figure 2(b). For instance, a partial struc-
ture of a radiating slot in a microwave annular slot antenna has
been reused as an mm-wave connected slot phased array [15].
Tapered slots in Vivaldi antennas have also been exploited to
function as an mm-wave phased array [16].

However, microwave MIMO antenna system has not
been extensively investigated in vehicular environments.
In [11,12,22], MIMO functionality is implemented but at the
expense of a significantly larger planar footprint. Achieving
microwave MIMO within compact dimensions remains a
significant challenge, especially when considering the limited
volume of automotive shark fin modules [4,5]. Furthermore,
ensuring high gain and wide-angle scanning to overcome
blockage [1] while maintaining compact size [24-26] is
critical. Despite the existing efforts, most reported designs
suffer from one or more of the following limitations: limited
beam scanning range, insufficient isolation between multiple
functions, or lack of integration between orthogonal radiation
modes. These gaps motivate the proposed design.

To address the outlined challenges, this work introduces a
compact MIMO antenna system designed for microwave and
mm-wave vehicle terminal applications employing a structure
reuse technique. The proposed design is compact enough to be
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potentially integrated into standard automotive housings (e.g.,
shark fin modules). The detailed design concept is schemati-
cally presented in Figure 2(c). Compared to existing antennas,
this design exhibits the following advantages:

1) Two orthogonal rows of metallized cavities functioning as
two mm-wave arrays are introduced into the microwave MIMO
system as a decoupling structure for the first time. The met-
allized cavities can interface with up to four microwave ele-
ments, achieving satisfactory isolation between the microwave
elements within a compact size.

2) In addition to the reuse of the structure between mi-
crowave and mm-wave antennas, the design incorporates the
sharing of a parasitic patch among microwave elements to en-
hance the bandwidth of microwave antennas while maintaining
a compact size.

3) Two orthogonal rows of mm-wave arrays realize wide-
angle beam scanning with two polarizations.

4) The design is only composed of one antenna substrate and
one feed substrate, resulting in a simple structural design and
low-cost structure.

2. ANTENNA CONFIGURATION

The antenna system configuration depicted in Figure 3 features
a MIMO system, including four microwave patches and two
orthogonal rows of mm-wave arrays formed by metallized cav-
ities. This design incorporates an antenna substrate (Subl) and
a feed substrate (Sub2). Subl is made from FR4, which has a
dielectric constant ,,; = 4.4 and a loss tangent tan§ = 0.02,
while Sub2 is made from RO4003C material with dielectric
constant £, = 3.55 and tand = 0.0027. The antenna then
consists of four microwave patches, a parasitic patch, and two
orthogonal rows of metallized cavities. The four microwave
patches and the parasitic patch are printed on the upper face
of Subl while metallized cavities are designed in Subl. Sev-
eral slots are etched into the parasitic patch to shift the parasitic
patch mode and improve the microwave frequency bandwidth.
The metallized cavities serve a dual purpose, acting as a decou-
pling structure in the microwave frequency band and two an-
tenna arrays in the mm-wave frequency band. Besides, a metal
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FIGURE 3. Configuration of the proposed dual-band MIMO antenna. (a) 3-D view. (b) Structure of radiating patches, metallized groove, and H-slot.

ground plane (Ground) is printed on the upper face of Sub2.
The spacing between the mm-wave elements is 0.5\p (Agy is
the free-space wavelength at 28 GHz). Each microwave and
mm-wave element can be fed independently, where Ports 1, 2,
3, and 4 correspond to the microwave ports, and Ports 5, 6, 7,
8,9,10, 11, 12, 13, and 14 correspond to the mm-wave ports.
For mm-wave antenna, the feeding mechanism is situated in
Sub2, utilizing microstrip lines as feeds for the H-slots etched
in the ground plane, which in turn excite the metallized cavities
above. In the microwave frequency band, power propagates
through the metallic via (Vial) in Subl to feed the microwave
patch. The geometrical parameters are shown in Table 1.

TABLE 1. Geometrical details of the MIMO antenna (unit: mm).

A lr l3 ls ls ls l7 | Ls | m D2
30 | 6 4 5105|0338 |55]|25 54
ls w1 w? w3 Wa ws Ws wys h1 h2
3129 6 4 5 0210907 2 | 0.305

3. ANTENNA DESIGN

3.1. MIMO System for Microwave Band

Figure 4 shows the evolutionary design process of the four-
element MIMO antenna, while the corresponding performance
of each model (Case 1, Case 2, Case 3, and Case 4) is shown in
Figure 5. The initial MIMO antenna in Figure 4(a) consists of
only four patches, and each patch operates in only one mode.
It can be observed that the feed position deviates from the di-
agonal, in order to avoid the reverse current for efficiency im-
provement [27]. However, the impedance bandwidth is rela-
tively narrow, covering only 4.2% within the frequency range
of 4.7 to 4.9 GHz, as illustrated in Figure 5(a). To enhance the
bandwidth, the parasitic patch is introduced and placed in the
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center of the four patches, as shown in Figure 4(b). By im-
plementing this approach, four patches can share the parasitic
patch, thereby introducing a new operational mode. However,
in Figure 5(b), it can be observed that the isolation between el-
ements is deteriorated, from the original 16 dB to 11 dB, which
is obviously unacceptable. Then, to improve isolation, two or-
thogonal rows of metallized cavities are introduced, as shown
in Figure 4(c). As can be seen from Figure 5(¢), isolation is im-
proved to above 18 dB. To further reduce the frequency of the
parasitic patch mode without increasing the size, several I-slots
are judiciously etched into the parasitic patch to extend the cur-
rent paths, as shown in Figure 4(d). As depicted in Figure 5(d),
the introduction of these I-slots results in a shift of the para-
sitic patch mode frequency from 5.5 GHz to 5.1 GHz, thereby
facilitating its merging with the patch mode and achieving dual-
mode operation, represented by a reflection coefficient lower
than —10 dB. The final design achieves an enhanced impedance
bandwidth of 10.7%, encompassing the frequency range span-
ning from 4.62 GHz to 5.14 GHz, while maintaining a compa-
rable compact size of 0.48\g; x 0.48\o; (M\o; is the free-space
wavelength at 4.85 GHz).

To explore the two operating modes, Figures 6(a) and 6(b)
show the simulated current distribution at the two distinct reso-
nant frequencies. At 4.7 GHz, a significant current is observed
on the microwave patch, suggesting that the lower resonance
primarily arises from the microwave patch mode. Conversely,
at 5 GHz, the current on the microwave patch is minimal, but
a strong current is present on the parasitic patch. This obser-
vation indicates that the higher resonance is largely due to the
parasitic patch mode. The equivalent electrical circuit model of
a single element of the proposed antenna structure is depicted
in Figure 6(c). The equivalent circuit in Figure 6 provides a
simplified representation of the coupling and resonance behav-
ior. The cavity structure can be modeled as a parallel resonant
tank, while the slot introduces capacitive coupling between the
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FIGURE 4. Evolutionary design process of microwave MIMO antenna. (a) Case 1, (b) Case 2, (¢) Case 3, and (d) Case 4.
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FIGURE 5. Simulated S-parameters of (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4 antennas.

feeding structure and the radiator. This model helps explain the
impedance matching and the suppression of mutual coupling
observed in the design. The elementary microwave radiating
patch element and parasitic patch are electrically equivalent to
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parallel RLC resonators. Moreover, while the metallized cavi-
ties in the parasitic patch are equivalent to an inductor, the gap

between the microwave patch and the parasitic patch is equiv-
alent to a capacitor.
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distribution inside the cavity (TE1¢,1/2 mode at 27.5 GHz).

A parametric study is conducted to analyze the design pa-
rameters. Figure 7(a) depicts how the length of the microwave
patch (I;) affects |Sq1|. As [y increases, the lower mode shifts
downward, while the higher mode remains nearly unchanged,
indicating that the lower mode is predominantly influenced by
the microwave patch. Figure 7(b) shows the impact of the size
of the parasitic patch (I7) on the two modes. Notably, as I; in-
creases, the lower mode remains relatively constant, whereas
the higher mode shifts downward significantly. This suggests
that the higher mode is the parasitic patch mode.
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3.2. Antenna for mm-Wave Frequency Band

Based on the metallized cavities acting as the decoupling struc-
ture for microwave MIMO antennas, the mm-wave cavity
antenna element is designed. As illustrated in Figure 8(a),
the dielectric-loaded cavity is constructed using a metallized
groove that is grounded. In this design, the cavity antenna func-
tions as a waveguide, exhibiting excellent isolation property,
which provides significant design flexibility for the antenna el-
ement. The feeding of the element is achieved through an H-
shaped slot that is excited by a microstrip line. The antenna
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TABLE 2. Scanning angle and corresponding phase settings.

. x-direction array y-direction array
Scanning angle
Port5 | Port6 | Port12 | Port8 | Port9 | Port 10 | Port 11 | Port 12 | Port 13 | Port 14
40° 300 150 0 —150 | —300 300 150 0 —150 —300
25° 170 85 0 -85 | —170 170 85 0 -85 —170
0° 0 0 0 0 0 0 0 0 0
—25° —170 | -85 0 85 170 —170 -85 0 85 170
—40° —300 | —150 0 150 300 —300 —150 0 150 300

operates in two modes, including the open-ended waveguide
mode (first mode) and the feeding slot mode (second mode).
The simulated results indicate a bandwidth of 16.4% (25.9—
30.5 GHz) and a peak gain of 4.5 dBi, as shown in Figure 8(b).
Furthermore, Figure 8(c) presents the F-field distribution at
27.5 GHz inside the cavity antenna. The electric field rotates
around the y-direction, with half a wavelength in the z-direction
and a quarter wavelength in the z-direction. It is evident that
the distribution aligns with the TEo ;,» mode characteristics
typical of the waveguide structure. The metallized cavities ex-
hibit a frequency-dependent behavior: they operate below the
cutoff at microwave frequencies, acting as high-impedance de-
coupling structures, while supporting propagating waveguide
modes at mm-wave frequencies, thus functioning as radiating.

3.3. Analysis of the Integrated Structure

After designing the microwave MIMO antenna and mm-wave
element, the dual-band MIMO antenna system for microwave
and mm-wave frequencies can be formed. To demonstrate the
feasibility of this design concept, the microwave and mm-wave
operating frequency bands of the proposed antenna are studied.
Figures 9(a) and 9(b) depict simulated F-field distributions at
4.85 GHz and 28 GHz, respectively. At 4.85 GHz, a strong F-
field distribution is observed on the microwave patch and par-
asitic patch, while the E-field on the mm-wave cavity array
is very weak. This indicates minimal interference on the mm-
wave cavity array when the microwave and parasitic patches
are active. Conversely, at 28 GHz, most of the E-field is dis-
tributed on the mm-wave cavity array, indicating radiation pri-
marily from the mm-wave cavity array while the microwave
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antenna remains inactive. Additionally, isolation between dif-
ferent ports is also investigated. As shown in Figure 9(c), the
isolation between the microwave and mm-wave ports exceeds
40dB in the microwave band and exceeds 30 dB in the mm-
wave band. The above analysis shows that the proposed an-
tenna can operate independently in the microwave and mm-
wave frequency bands with low mutual coupling.

In the mm-wave band, each mm-wave array element can be
fed individually. Therefore, beam scanning performance can
be achieved by independently adjusting the phase of each el-
ement. Moreover, due to the orthogonal arrangement of two
sets of metal cavities, beam scanning in two dimensions (xoz
and yoz planes) can be achieved. Achieving a maximum scan-
ning angle often corresponds to meeting criterion of —3 dB scan
loss or —5dB side lobe level (SLL) [13]. According to these
criteria, Figure 10 presents the simulated beam scanning per-
formance of the two orthogonal mm-wave arrays. The process
of normalized magnitude is as follows: the unnormalized radia-
tion pattern is obtained, the maximum gain in the main beam di-
rection (when the antenna radiates at 0°) is identified. Then, we
subtract this maximum gain from all the patterns. In summary,
all patterns are normalized with respect to the maximum gain at
0°. It can be observed that both arrays are capable of achieving
beam scanning over an angular range of approximately +£40°.
The proposed £40° beam scanning capability provides suffi-
cient spatial coverage to adapt to dynamic blockage and angular
variations in vehicular environments, thereby enhancing link
robustness in V2X scenarios. The scanning angle and corre-
sponding phase settings are shown in Table 2. The array factor
is formulated based on a uniformly spaced linear array model,

WWwWw.jpier.org



Ni et al.

@ 3 (b)
=)
2
210, [ oo
g 15 e:E)C’
2.5 -
< N—-—0=25°
5201 ---- 0=40°
£ 251
£
Z30L

-90 90

~ 0

/m

=

3

é 10 I 0 =-40
g e = 0=225°
S i _e:()o

.15

< —-—0=25°
§ 20, ---- 0=40°
<

§-25—

o

Z 30

FIGURE 10. Simulated beam scanning of the mm-wave antenna array. (a) E-plane (zoz plane) radiation patterns of the z-direction array. (b) H-plane

(yoz plane) radiation patterns of the y-direction array.

where the element spacing is fixed at 0.5\ at 28 GHz. Under
uniform amplitude excitation, the overall radiation pattern is
determined by the phase progression among elements.

The relationship between the phase increment Ay and beam
scanning angle # can be expressed by the array principle: A lin-
ear phase gradient steers the main beam away from broadside,
where larger phase steps result in larger scanning angles.

4. EXPERIMENTAL VERIFICATION

To experimentally verify the performance of the proposed dual-
band MIMO antenna, different prototypes are fabricated using
printed circuit board (PCB) technique and tested in an anechoic
chamber. The photograph of the prototypes is depicted in Fig-
ure 11. Four microwave elements are individually fed with
probes (SMA connectors), while six different 1-to-4 Wilkinson
power dividers (PD1 to PD6) are designed to test the steered
radiation patterns of the two orthogonal mm-wave arrays.

Antenna PDI (0°) PD3 (25°) PD5 (40°)
board ¢ T Z :
_L_| T T
i nTa noa nDo
[JCFCI"
D2 (0°) PD4 (25°) PD6 (40°)

— __Elé bj‘ Sy

‘ - e
Feeding - - = :
boardl s s

FIGURE 11. Photograph of the fabricated antenna prototypes for differ-
ent beam scanning. The top feeding boards are for the mm-wave ar-
ray along z-direction (scanning angles are 0°, 25°, and 40°), and the
bottom feeding boards are for the mm-wave array along y-direction
(scanning angles are 0°, 25°, and 40°), where PD denotes power di-
vider.

Figure 12(a) presents the reflection coefficients and gain in
the microwave band. The —10dB impedance bandwidth is
measured to be 10.1% (from 4.62 GHz to 5.11 GHz), in excel-
lent agreement with the simulated bandwidth of 10.3% (from
4.62 GHz to 5.12 GHz). The gain of the microwave element
varies from 1.8 to 2.6 dBi. Figure 12(b) indicates that mutual
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coupling among the four microwave elements remains below
—17 dB within the impedance bandwidth. The simulated and
measured total efficiencies in the microwave band show a good
agreement, as presented in Figure 12(c). Each antenna element
exhibits total efficiencies ranging from 51% to 55% in the mi-
crowave operating band. The envelope correlation coefficient
(ECC) is crucial for MIMO antennas and is a performance met-
ric that measures the degree of isolation or correlation between
communication channels. Here, the discrete method is em-
ployed to calculate the ECC, which is given as [28,29]:

ECCy; = )N/\/TDJ’Q
ZE

with N = + B (ESY) Wi,

D; = Z |EZ P 4 1B P Wimn, Winn = sin 0, AOAG.

The smaller the ECC value is, the less the correlation is between
antenna elements. The simulated and measured ECCs are
shown in Figure 12(d). Measured ECC for the microwave an-
tenna ranges from 0.05 to 0.11, significantly below the thresh-
old of < 0.5 [7], indicating favorable performance. The low
ECC is mainly attributed to the combined effect of suppressed
mutual coupling provided by the metallized cavities and the pat-
tern diversity introduced by the orthogonal arrangement of the
antenna elements. Other important quantities in MIMO sys-
tems, such as total active reflection coefficient (TARC), mean
effective gain (MEG), and diversity gain (DG) of the MIMO
antenna, have been calculated. When all four ports have the
same phase, TARC can be calculated as [30,31]:

2

/4.

4

TARC = \/ Z; >, Sk

MEG can be derived from the ECC using [32]:

1

4
1= (1
j=1
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FIGURE 12. Simulated and measured performances of the antenna system. (a) Reflection coefficients and gains. (b) Isolation. (c) Total efficiency.
(d) ECC, (e) TARC, (f) MEG, and (g) DG of the microwave MIMO antenna. (h) Reflection coefficients and gains of the two mm-wave antenna

arrays.

Finally, DG of the MIMO antenna can be calculated as [33]:

DG;; ~ 104/1 — [ECC;;|* [dB].

The calculated TARC, MEG, and DG in the microwave band of
the MIMO antenna are shown in Figures 12(e), (f), and (g), re-
spectively. The MIMO antenna system features a TARC below
—4 dB, and due to the structural symmetry, all the four elements
should exhibit the same MEG and DG. The results of Element 1,
shown in Figures 12(f)—(g), indicate that the element achieves
a MEG lying between —3.5dB and —2.5 dB. and a DG ranging
from 9.8 dB to 10.1 dB.

In Figures 13(a)—(d), simulated and measured radiation pat-
terns are presented at 4.7 GHz and 5 GHz for Element 1 and El-
ement 2 (see Figure 3) in the xoz and yoz planes and are found to
show good agreement. These complementary radiation patterns
suggest strong diversity performance, confirming the MIMO
system’s comprehensive spatial coverage capability.
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The simulated and measured reflection coefficients and gains
in mm-wave band are presented in Figure 12(h) with good
agreement identified. The measured |Sj;| with PD1 is be-
low —10dB from 25.6 GHz to 30.3 GHz with a bandwidth of
16.9% while the measured one with PD2 is from 25.8 GHz to
30.4 GHz, corresponding to a bandwidth of 16.4%. The gain of
the four-element mm-wave array along z-direction fluctuates in
the range of 8.6 to 10.5 dBi while the gain of the four-element
mm-wave array along y-direction fluctuates in the range of 8.5
to 9.6 dBi. The radiation patterns of the two mm-wave arrays
are also measured. In the same way as for Figure 9, the pat-
terns are normalized with respect to the maximum gain at 0°.
The simulated and measured radiation patterns in the F- and H -
planes at 28 GHz are plotted in Figures 13(e) and 13(f). It can
be observed that the measurements match well with the simula-
tions. mm-wave arrays along the x-axis and y-axis can achieve
good beam scanning performance and can achieve a scanning
over an angular range of £40°.
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FIGURE 13. Simulated and measured radiation patterns. (a) Microwave Element 1 at 4.7 GHz, and (b) 5 GHz. (c) Microwave Element 2 at 4.7 GHz,
and (d) 5 GHz. (e) mm-wave array along z-direction at 28 GHz, and (f) mm-wave array along y-direction at 28 GHz (E-plane on the left and H-plane

on the right).
TABLE 3. Performance comparison with the previous antenna designs.
. . MIMO electrical mm-wave Two-
fo BW Element electrical | Microwave Peak . . 3 . MW . .
Ref. . ) 3 . . dimension (Ag) beam-steering dimensional
(GHz) (%) dimension () efficiency gain . MIMO .
(Number of elements) ability scanning
[11] | 3.5/28 |2.9/13.8 - N.G 7.95/13.94| 0.95 x 0.43 x 0.017 (2) | +45° H-plane Yes No
[12] | 3.5/28 |7.4/12.1| 0.4 x 0.26 x 0.04 N.G 6.6/13.6 | 0.4 x0.70 x 0.04 (2) +30° H-plane Yes No
[13] | 3.5/26 [11.7/11.9| 0.41 x 0.3 x 0.03 N.G 5/12.9 No +45° E-plane No No
[17] | 6.5/28 [41.6/6.66| 0.62 x 0.43 x 0.14 |74%—-86.9%| 5.8/8.46 No No No No
[18] [3.5/10.2540.2/19.5| = x 0.16* x 0.33 88% 5.82/12.2 No No No No
[19] |5.915/28 | 3.7/10.9 | 1.27 x 1.27 x 0.015 | 87%-90% |4.79/11.34 No No No No
[20] | 3.5/28 |6.3/10.7| m x 0.7* x 0.012 N.G 10.65/18.5 No No No No
[22] | 3.5/28 |13.8/16.1| 0.63 x 0.32 x 0.04 N.G 6.85/13.7 | 1.12 x 0.32 x 0.04 (2) | +30° H-plane Yes No
[23] | 4.7/28 |15.8/12.8| 0.42 x 0.41 x 0.047 N.G 5.64/11.33 No +40° E-plane No No
+40° % E-plane
Thi +40°* H-pl
1 48528 |10.1/16.4/0.24 x 0.24 x 0.03|51%-55% | 2.6/10.5 |0.48 x 0.48 x 0.03(4) *EPERE No Yes
work +40°# E-plane
+40°# H-plane

Ao is the wavelength in the vacuum at microwave center frequency. * This is the simulation result obtained by the five-element

mm-wave array. * This is the simulation result obtained by the four-element mm-wave array.
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Table 3 presents a comparison between the proposed an-
tenna and other antennas reported in the literature. The anten-
nas described in [11, 12, 22] realize microwave MIMO struc-
tures. However, they have a significantly larger volume and
accommodate only two elements, while our proposed antenna
implements microwave MIMO in a very compact size. In [11-
13,22,23], beam scanning can be achieved, but their space
coverage is limited to one dimension. The proposed antenna
shows wide-angle beam scanning possibilities in two dimen-
sions. Thus, it is observed that considering the microwave
MIMO system with compact size and mm-wave beam scan-
ning capability with high spatial coverage, the proposed an-
tenna demonstrates superior overall performance.

Despite the promising performance, some limitations still ex-
ist. The beam scanning range is constrained to £40°, and the
performance degradation at higher frequencies leads to slightly
increased side lobe levels. In addition, the fabrication complex-
ity associated with the multilayer structure may pose challenges
for large-scale implementation.

5. CONCLUSION

A compact dual-band MIMO antenna system employing a
structure reuse technique has been proposed, analyzed, and
experimentally verified for microwave and mm-wave vehicle
terminal applications. By ingeniously reusing two orthogo-
nal rows of mm-wave cavity arrays as decoupling structures
for the microwave elements, the design achieves a highly inte-
grated four-element MIMO system within a compact footprint
of 30mm x 30 mm. This compact form factor makes the an-
tenna highly adaptable for integration into space-constrained
automotive modules, such as shark fin housings. The system
exhibits broad-beam coverage in the microwave band to en-
sure reliable control signaling and offers wide-angle 2D beam
scanning (+40°) in the mm-wave band to effectively overcome
vehicular shadowing effects. Measured results confirm supe-
rior performance with isolation exceeding 17 dB and an en-
velope correlation coefficient below 0.11. These characteris-
tics demonstrate that the proposed shared-aperture antenna is
a promising candidate for meeting the diverse and demanding
connectivity requirements of future 5G/6G V2X networks.
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