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Abstract: The limitations of conventional sensors have made array antennas increasingly crucial for
gathering information and communication applications in intelligent transportation and communica-
tion systems. Compact cylindrical arrays are particularly favored for their ability to achieve azimuth
angle scanning. However, the substantial mutual coupling effect between the elements on curved
surfaces and its implication for these arrays remain unclear, which is a key factor to consider when
such arrays are used for multibeam applications. This study investigates the effect of mutual coupling
in a dual-slant-polarized cylindrical array. The results showed that mutual coupling is predominantly
observed among the closely located elements, and it is essential for achieving an ultra-wide band-
width. The study also analyzes the impact of mutual coupling on the scan impedance and radiation
characteristics for multibeam applications and reveals that these arrays exhibit robust multibeam
capability, hence having great potential for use in sensing and communication applications.

Keywords: conformal array; cylindrical array; dual-polarization; mutual coupling

1. Introduction

Modern communication and sensing technologies such as remote sensing (RS) or
5G and next-generation communications heavily rely on antenna arrays to maximize
spectral efficiency and system performance. For instance, RS is a technology embedded in
interdisciplinary sciences, which aims to gather information and analyze objects without
making any kind of physical contact. Its idea had its origin in topographic mapping of
the Earth’s surface when the camera was first invented. The technology has flourished
in many sectors in addition to its original purpose of surface mapping mainly related to
geography. For instance, one widely known instrument based on this technology is the
Geographic Information System (GIS) [1-3]. The application of RS technologies has been
increasingly seen in transportation systems and vehicles due to the growing developments
in assisted and autonomous driving technologies [4]. RS sensors for data collection [5,6]
have witnessed tremendous developments in recent years.

RS sensors measure the properties of electromagnetic (EM) radiation reflected from an
object’s surface. Technology for developing microwave sensors is quite different from that
of optical-infrared (OIR) sensors [7]. Sensors based on microwaves have two advantages:
data about specific geographic locations can be gathered despite weather conditions, and
the targets’ parameters related to polarization can be acquired.

The ability of RS sensors to provide accurate and reliable data on weather and road
surface conditions was investigated in [8]. These conventional sensors based on infrared
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radiation or spectroscopic methods have shown a limited distance coverage (i.e., up to
15 m), and the accuracy is heavily dependent on various conditions. Future intelligent trans-
portation systems (ITSs) will need to collect various information about the surroundings of
the vehicle regardless of weather conditions in order to improve mobility, transport safety,
and comfort while also reducing the negative impacts on the environment. Phased arrays
with multi-dimensional electronic scanning capability have advantages for ITSs [9,10] and
RS systems [11]. Transportation systems can be improved with the use of the data un-
covered by wireless sensing in combination with high data rate wireless communications.
Moreover, recently, dual-function systems have been proposed to combine sensing and
communications on the same platform for vehicular networks further to improve both
energy efficiency and system performance [12].

The primary sensing technologies for ITS are summarized and compared in Table 1,
which demonstrates that sensing with EM waves, such as in integrated communication
and sensing systems, provides high accuracy and significant advantages over other meth-
ods in complex environments. Low-cost and compact antenna arrays and beamforming
technologies are necessary in modern vehicular systems to provide high-accuracy sensing
and high data rate communications.

Table 1. Primary sensing technologies for ITSs and RS systems.

Sensing Technology

Principle of
Operation

Disadvantages

Advantages

Cameras [13,14]

Image analysis

Affected by heavy rain, fog,
sun and other bad weather,
by the interference of light.

High horizontal resolution; can recognize lane
lines, speed limit signs, and other traffic
information, as well as pedestrians.

Acoustic
sensors [15,16]

Acoustic pressure
measurement

Complex computations are
necessary to eliminate
impact of other
sound sources.

Robust against light and weather variations;
monitoring of multiple traffic lanes is possible.

LIDARSs [17,18]

Detection of reflected
electromagnetic wave

The recognition of objects
depends on the
characteristics of objects in
the database; difficult to
identify lane lines. The
distance ranging and speed
measurement accuracy are
low. Optical devices are

High resolution; sensitive response speed; not
easily affected by ambient light; can recognize
the contour of the object.

easily polluted.
Licht intensit Sensitive to light and Monitoring of multiple traffic lanes is possible.
Light sensors [19,20] m%asurementy weather variations. Cleaning Enables pedestrian and bicycle detection.

is necessary.

Detection range is wide,

Passive infrared
sensors [21,22]

Infrared radiation
measurement

Does not have the ability of
angle detection; cannot
complete stationary ranging;
ranging is short
and vulnerable to
bad weather.

Can accurately identify organisms; low cost;
can work at night.

Ultrasonic
sensors [23,24]

Detection of reflected
sound waves

The angle cannot be
identified; the detection
range is short; the Doppler
effect is obvious; the
reliability is poor.

The hardware structure is simple; the cost is
low; short distance measurement of
high resolution.
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Table 1. Cont.

Principle of

Sensing Technology Operation Disadvantages Advantages
Integrated Measurement of Disturbed by road objects Str;);ila;’;—;ntlfier(eir;i:;;bolrllltr};,u?lgh}zp;tlal
communication and received signal greatly; cannot recognize I & 8 ’ 8

. ’ . reliability. Works 24/7; can work in bad
sensing [12] strength lane lines and road sign.

weather conditions.

Millimeter-wave
automotive
radar [25-28]

Measurement of
frequency and

Range and susceptibility to
adverse weather conditions;
complexity of signal
processing; limited range.

Accurate distance measurement with shorter
wavelength; improved object detection; high

waveform resolution; reduced interference.

The antenna or elements generally behave very differently when they are isolated or
located in an array. The impedance, radiation pattern, and efficiency of the antennas in an
array are dominated by the mutual coupling with the neighboring elements. The spacing
between the elements and the geometry of the array influence the mutual coupling [29].
Mutual coupling may be utilized to increase the bandwidth of the antenna arrays [30]. The
characteristics of mutual coupling in an array are complex, particularly for non-planar
arrays, for instance, cylindrical conformal arrays. Therefore, it is important to study and
understand mutual coupling and its benefits and disadvantages in non-planar arrays,
especially in the case of multibeam applications.

Unlike a planar antenna array, a cylindrical conformal array (CCA) can provide
omnidirectional coverage around the antenna array [30-32]. This feature is especially
desired for scientific applications, for example, Cylindrical Polarimetric Phased Array
Radar (CPPAR) is capable of maintaining broadside polarimetric purity at all azimuthal
directions [33]. The angular measurement errors of differential reflectivity on the order
of 0.1 dB were expected for polarimetric weather radar missions. This is a substantial
challenge to achieve for planar arrays due to azimuth scan losses and the significant
polarization bias that occurs when the main lobe is steered away from the principal planes
[34]. The sidelobe level in the cylindrical array is investigated and controlled by selecting
the appropriate angular variation of the noise amplitude [35]. The arrays on a cylinder can
be analyzed by employing Bessel functions to obtain solutions for active element patterns
and mutual coupling relationship between elements, which is typically represented by an
impedance matrix [36-38].

As the technology for ITSs is developed, the demand for the coverage of both a wider
range and a broader spectrum increases. In addition, polarimetric measurement with a high
polarization purity is critical to improve classification accuracy in certain conditions. The
dual slant-polarized cylindrical array based on the tightly coupled crossed disk antennas is
known to provide a high polarization purity.

In this study, an ultrawideband cylindrical array based on tightly coupled crossed
disk elements was investigated. The potential of such arrays for forming multiple beams
is explored by considering the subarrays of various sizes. The contributions of the paper
are as follows: (1) It shows that the enhanced coupling made a positive contribution to
improving impedance matching and radiation efficiency of the array; (2) It reveals that
mutual coupling in the cylindrical array is more concentrated in a local area on the array
aperture than in the counterpart planar array; (3) The characteristic of the mutual coupling
distribution in a cylindrical array of crossed disks is unique and has advantages over other
forms of arrays to produce multiple beams with a low profile in structure.

The remainder of this paper is organized as follows, in Section 2, the dual slant-
polarized cylindrical array for a study on the mutual coupling effect is described. Section 3
analyzes the effect of mutual coupling with respect to impedance matching and radia-
tion characteristics. The results and discussion are presented in Section 4, and finally, a
conclusion is drawn in Section 5.
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2. Theory of Cylindrical Arrays

When two or more antennas are placed close to each other, an interchange of energy
occurs. This happens whether the antennas are in transmitting or receiving mode. The en-
ergy exchange between the antenna elements in the array is caused by mutual coupling.
The mutual coupling changes the terminal impedance, antenna gain, beamwidth, and ef-
ficiency of the array. In order to investigate this effect more thoroughly on a cylindrical
surface with a more-complex element structure, a dipole array as shown in Figure 1 was
examined first. The mutual coupling between the element “1” with a length I and the
surrounding elements with a side-by-side configuration is expressed by [39]

Ry = %[Zcz‘(uo) = Ci(u1) — Gi(uz)], M
Xa = _&[251'(”0) = Si(u1) — Si(u2)], @
up = kd

ulzk(\/d2+lz+l> 3)
up = k(Va2 + 12 1)

where S;(x) and C;(x) are the sine and cosine integral functions and d is the distance
between the two dipoles of interest at the feed point.

Figure 1. Scan impedance analysis of the array consisting of 9 half-wavelength dipoles.

For the collinear configuration, the mutual impedance is expressed by

Ry = — e cos(vp)[—2C;(209) + Ci(v2) + Ci(v1) — In(v3)]
8’7 (4)
+ B sin(vo)[ZSi(Zvo) — S,‘(Uz) - Si(vl)]
Xa1 = — 2 cos(v0) [25;(200) — S;(02) — Si(w1)] -

+ o sin(00) [2C;(200) — Ci(v2) — C(01) — In(v3))
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0y = kh
o, = 2k(h+1)
0 = 2k(h — 1) ©6)

03 = (h2 - 12) /2

For the parallel-in-echelon configuration, the mutual impedance is expressed by

Re = — 8l7r cos(wp) [—2C;(wy) — 2C;(wy") + Ci(wy)
+Ci(wa") + Ci(ws) + Ci(ws")] @)
+ 8% wo) [2Si(w1) — 28;(w1") — Si(w2)
+5i(w2") — Si(ws) + Si(ws")]
Xe1 = — 21 cos(wp) [2Si(wy) + 25; (w1') — Si(w,)
—Si(w") — Si(ws) — Si(ws")] ®)
+ % sin(wy) [2C;(wq) — 2Ci(w1") — Ci(w»)
+Ci(w2") — Ci(ws) + Ci(w3")]
wy = kh
— k(v @+ 12 +h)
= k(Vd>+h2 — h)
_ k(W +(h—1 ©)
) = k(\Jd2 + (h— 1) -

N

)"+ (h—=1)
)= (h=1)
wy =k(\/d>+ (h+1)"+ (h+1)
w3’ = k(\/d2+ (h+1)* — (h+1)

The total antenna efficiency is used to take into account losses at the input termi-
nals and within the structure of the antenna. The total efficiency of the elements in the
array is related to the impedance matching status, partially dependent on the mutual
coupling effect. The total efficiency and the active input impedance of the element have the
following relationship:

)
)
)
)

Zin — Zo
Zin + Zo
where I is the voltage reflection coefficient at the input terminals of the antenna, Z;,, is
antenna input impedance, and Z, is the characteristic impedance of the transmission line.

= (10)

er=1—T (11)

where e, is reflection efficiency.
ep = €recty (12)

where ¢ is the total antenna efficiency, e, is the conduction efficiency, and ¢, is the dielectric
efficiency.
€0 = €.y = o4 (1 - \1"|2> (13)

where ¢.; = ece; is the antenna radiation efficiency [40]. It is usually implicit to compute
and measure; however, it can be obtained from full-wave simulations with high accuracy,
and it was adopted in this investigation.
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The calculated terminal impedance, mutual coupling coefficients, active input impedance,
and total radiation efficiency of the element “1” in the presence of the eight other elements
are given in Table 2. This indicates that, as the number of active elements increases, the real
part fluctuates around the characteristic value, and the absolute value of the imaginary part
of the input impedance tends to decrease; hence, the total radiation efficiency of the center
element also tends to decrease. The total radiation efficiency reaches 99% with all nine
elements becoming active. However, the operational bandwidth of such arrays is limited.
Hence, mutually coupled disk arrays were designed and studied; furthermore, they were
put on a curved surface for a low profile and accommodating the array carriers of uneven
surfaces; the unique features of such arrays were investigated based on disk arrays with
enhanced mutual coupling.

Table 2. The active input impedance of the center element in the dipole array.

Element No. Zu Z11Zs1 ZulZsi  ZalZnl ZsilZo Z Total Efficiency
in dB (%)

1 73 + 425 NA NA NA 73+425  —0.6444 (8621)

3 73 +j42.5 26.5 +{19.6 NA NA 1264817 17437 (66.93)

5 73 +j42.5 265+{19.6  —12.53 —29.93 NA 10094 +21.84  —0.6154 (86.79)

9 73 + 425 265+{19.6  —1253 — 2993 —11.89 —j7.85 5338 —j9.56  —0.0416 (99.05)

The designed array formed by mutually coupled disk pairs demonstrated broad
bandwidth characteristics. It is also bendable to make it deployable on curved surfaces.
This array structure was chosen for studying the mutual coupling effect because coupling
in this arrangement is essential for the array to obtain broad bandwidth. The cylindrical
array is in a dual slant-polarized configuration, and mutual coupling between the elements
was significant to yield a low profile. The wideband cylindrical array design is shown in
Figure 2. It consists of three layers: one active layer of tightly coupled crossed disks in the
middle and one metasurface on the outside, backed up by a ground plane in the core of
the cylinder with a smaller radius and hole inside. These three layers are concentric. Four
subarray configurations are also illustrated where 1, 3, 5, or 9 elements are included in the
subarray, respectively. The cross-section view of the cylindrical array is shown in Figure 3.

5 Elements 1 Element

3 Elements

9 Elements

Figure 2. The subarrays consisting of 1, 3, 5, or 9 elements are separately excited to investigate beam-
forming performance. Blue and orange element colours indicate the two orthogonal polarizations.
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Figure 3. View of the cylindrical array of tightly coupled crossed disks antennas, where “1”, “2”, “3”,
and “4” refer to the four dual-polarized (blue and orange) elements in a column.

3. The Method for Analysis

The effect of mutual coupling on impedance matching and radiation characteristics of
the elements in a cylindrical array has been examined in this study. The mutual coupling
between the center element and its surrounding elements in the cylindrical array and its
corresponding reference planar array are illustrated in Figure 4 for comparison, where
(3,3) represents the physical location of the center element. The element in the center with
4 other adjacent elements (two at each side in +45°, i.e., the orientation for co-polarization)
formed the center row of the 5 x 5 subarray. Three frequencies of 3 GHz, 4 GHz, and
5.9 GHz were studied for the element in the two forms of the array.

It is clearly shown in Figure 4 that mutual coupling between the elements in a planar
array is spreading over a greater electrical distance than the same elements in a cylindrical
form. In other words, the mutual coupling effect in a cylindrical array can be observed only
between a few surrounding elements rather than being observed across the 5 x 5 subarray.
This implies that a small subarray (with 3 x 3 elements in it) of the cylindrical array can
demonstrate the potential benefits of the entire array, in particular the operation frequency
bandwidth. This unique feature enables the cylindrical array to form agile multiple beams
with a relatively low profile. It was also noticed that the center element has a stronger
coupling with the elements in the same row-collinear position than the elements in the
parallel rows. Hence, irregular subarrays can be formed with more elements in the center
row to improve its radiation performance. Three aspects of array characteristics have been
investigated, including impedance matching, far-field radiation patterns, and multibeam
scan capability. They are all closely related to the mutual coupling effect, with each having
a different role in planar arrays being compared and analyzed.
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Figure 4. Comparison of mutual coupling between the center element and surrounding elements in
the cylindrical array and the reference planar array at different frequencies. (a) Planar array at 3 GHz;
(b) cylindrical array at 3 GHz; (c) planar array at 4 GHz ; (d) cylindrical array at 4 GHz; (e) planar
array—b5.9 GHz; (f) cylindrical array at 5.9 GHz. The mutual coupling between the elements in the

cylindrical array is based on the tightly coupled crossed disk elements.

In a cylindrical array, the mutual impedance Z,,;, between the element n and the
element m in the paraxial region can be calculated in closed form by analyzing the surface
tangential field at the position of the mth element excited by a hypothetical current source

(with the current mode, J,;) representing the element #; it is simply given by [41,42]

Zom = /S E, - Juds

(14)
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where E,, is the field due to the source J, and S, is the area occupied by the source J;.
The current modes were assumed to be sinusoidal current sources (with an infinitesimal
length, approximately 0.05A¢) along the polarized direction of the element. Relation
between E, and J, can be represented by a dyadic Green’s function. As the tangential
components of the dyadic Green’s function are periodic, hence, it can be approximated
by a Fourier series (FS). The oscillatory nature of the coupling as the separation changes
indicated that there are at least two types of field contributions adding in and out of phase.
This characteristic is demonstrated in Table 2 and Figure 4, where, for a fixed separation
between two elements, mutual coupling changes with frequency in a periodic manner.

3.1. Effect on Impedance Matching

The active reflection coefficient for the element m at a scan angle (6, @) for a finite
array has the following relation with the scattering parameters [40]:

N
ract’m(gol 900) = Z Sm’ng*]k(xnsmeocosq)o+ynsm60cos¢0) (15)
n=1

where (x4, y,) is the position of the element #, k is the wavenumber, S, , is the scattering
parameter demonstrating mutual coupling between two elements of m and 1, and N is the
total number of elements in the array for observation.

Figure 5 shows the active reflection coefficient of the center elements (the elements
“2” and “3” shown in Figure 3) in the cylindrical array, compared with the active reflection
coefficient of the unit cell for the reference planar array at the broadside scan. This indicates
that, with fewer elements in the cylindrical array configuration, the array elements can
work collaboratively over a broad frequency bandwidth, and more active elements are
needed in the case of a planar array.

0 T T T T
Unit Cell in planar form

-5 — Cylindrical array element 2, all other elements being active
— Cylindrical array element 3, all other elements being active

Active reflection coefficient (dB)

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Frequency (GHz)

Figure 5. The active reflection coefficients of the center elements “2” and “3” in the cylindrical array,
compared with the active reflection coefficient of the unit cell in an infinite reference planar array.

Figure 6 shows the active reflection coefficient of the center element in the subarrays
consisting of 1, 3, 5, and 9 elements, respectively. This clearly indicates that, as the number
of active element in the subarrays increases, the input impedance becomes more matched;
the active reflection coefficient is lower and better. The operational band of the antenna
array covered the frequency range from 1.7 GHz to 6 GHz. The efficiency, reflection
coefficients and input impedance at 1.7 GHz, 2.5 GHz, 4 GHz, and 5.9 GHz with 1, 3, 5, and
9 elements in the subarrays are presented in Table 3.
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Table 3. The input impedance of the center element and total efficiency of the subarrays.
Frequency Number of Mutual S-Parameters Zin Total Antenna Efficiency
Coupling Elements dB Q dB (%)
1 —3.9486 62.82 —j130.66 —2.2391 (59.72)
1.7 CHz 3 —3.9204 27.76 —j24.12 —2.2583 (59.45)
' 5 —8.0147 53.00 — j16.81 —0.7466 (84.20)
9 —30.1146 116.16 — j6.29 —0.0042 (99.90)
1 —8.3272 77.3413 — j67.655 —0.6904 (85.30)
25 GHz 3 —7.8620 76.310 +j72.498 —0.7759 (83.64)
' 5 —17.0512 140.95 +j30.367 —0.0865 (98.03)
9 —17.0527 139.46 — j31.102 —0.0865 (98.03)
1 —14.5749 95.351 —j32.346 —0.1542 (96.51)
4 GHz 3 —5.8523 362.52 — j47.795 —1.3070 (74.01)
5 —11.7313 194.92 — j33.444 —0.3018 (93.29)
9 —14.1703 161.27 —j37.123 —0.1695 (96.17)
1 —12.4752 81.31 +j29.03 —0.2528 (94.34)
59 GHy 3 —13.8363 91.36 —j32.73 —0.1834 (95.87)
' 5 —16.3371 99.60 — j26.86 —0.1021 (97.68)
9 —16.9269 91.5265 +j9.96 —0.0890 (97.97)
0

—-10

Reflection coefficient (dB)
|
o

|
o
=)

9 Elements

—25 1 1 1 1
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Frequency (GHz)

Figure 6. The active reflection coefficient for the subarrays consisting of a different number of active
elements, where 1, 3, 5, or 9 elements became active simultaneously. The center element of the
subarrays was observed in all scenarios.

3.2. Effect on the Radiation Pattern

The active element pattern of the array is considered when a single element is excited
when all other array elements are terminated with matched loads. In this case, the radiation
pattern of the array is significantly affected by the position of the element that is excited.
Moreover, all mutual coupling effects also influence the radiation pattern.

The array beam pattern is calculated by [43]

F(6) = EP - AF, (16)

where the array factor (AF) describes the spatial response of all array elements. For the
element pattern (EP), unlike the traditional element pattern in a planar array, the normal of
each array element is oriented in a different direction in a conformal array. The element
pattern can be defined by[43]

EP(6,¢) = 1y, £, (17)



Electronics 2024, 13, 373

11 of 17

where
n, = —, (18)

where t is the spatial unit vector and f; is the normal vector for the ith element position.

The radiation patterns of the subarrays consisting of different numbers of elements
were investigated. The patterns were synthesized under two different scenarios: (1) the
radiation patterns of the subarrays were generated while all the other elements in the
cylindrical array were terminated with matched loads; (2) the radiation patterns of the
subarrays were produced while all the rest elements were left open.

The radiation patterns for four subarray scenarios on the cylindrical surfaces are com-
pared in Figure 7. The number of elements in the subarrays was 1, 3, 5, and 9 respectively,
and the radiation patterns of the four frequencies are given. As expected, as the number
of elements in the subarray increases, the beamwidth becomes narrower. The pattern in
the XOY-plane is narrower than in the YOZ-plane, which reflects the dipole-like nature of
such antenna elements. The characteristics of the radiation patterns of subarrays are sum-
marized in Table 4, where the intermediate frequency of 4 GHz was selected. As expected,
the 3 dB beamwidth becomes gradually narrower in both planes as the number of active
elements increases. The scenario with three elements in the subarray shows a slightly odd
feature compared to other cases; this may be due to poor impedance matching, as shown in
Figure 6.

The total efficiencies of the subarrays formed by different numbers of elements are
shown in Figure 8. The trend is clear that the total efficiency of the subarrays increases
with the total number of active elements in the subarrays. This is in particular more
obvious at a low frequency, where mutual coupling between the adjacent elements plays a
more-significant role in improving impedance matching and, accordingly, the efficiency.
However, there is an exception in certain frequencies such as at 4 GHz, where a degraded
performance for the subarray with three elements is observed compared to that of a single
active element; this is due to the phenomenon that the negative mutual coupling effect
occurs, making the impedance matching worse. The deteriorated impedance matching
from a single element to a subarray with three elements is shown in Figure 6.

3.3. Multibeam Capabilities

As shown in Figure 4, a significant coupling concentrated among only a few close
elements is a unique characteristic of the cylindrical array based on the tightly coupled
disk antennas. This feature can be adapted to produce multiple beams by forming many
subarrays on the cylindrical surface. The number of beams the array can produce depends
on the impedance matching of the elements in the subarray, the total number of elements,
the dimension of the array, and the beam characteristic required.

It was demonstrated that a subarray with nine elements on the cylindrical surface
yields the best impedance matching for the center elements of the four subarrays studied.
In the cylindrical array with 80 elements (dual-polarized), as shown in Figure 3, 10 beams
were formed by establishing 10 subarrays; they were distributed uniformly in the horizontal
plane. The radiation patterns of the 10 subarrays (of nine elements in each subarray) are
shown in Figure 9. The characteristics of the radiation beams for the subarrays of different
sizes at 2.5 GHz are summarized in Table 4. For the subarray with a size of 3 x 3, a gain of
10.54 dB can be obtained from each subarray, and 10 subarrays on the cylindrical surface
can cover the entire horizontal space. The 3 dB beamwidth in the elevation plane is
broader than 40°. The realized gains of all subarrays showed little discrepancy among
them. Azimuth-scan-invariant beam characteristics are demonstrated.
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Figure 7. Simulated radiation patterns of 4 subarray scenarios on the cylindrical surfaces; a subarray
with 1, 3, 5, or 9 elements was excited, respectively: (a) 1.7 GHz, (b) 2.5 GHz, (c) 4 GHz, and
(d) 5.9 GHz.
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Figure 8. Total efficiency of the center element in the subarrays of different sizes, 1, 3, 5, and 9 elements
in the subarrays, respectively. Far-field radiation patterns at 4 frequencies of 1.7 GHz, 2.5 GHz, 4 GHz,
and 5.9 GHz were used for 4 different subarrays.
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Table 4. Characteristics of the radiation patterns for subarrays of various sizes.
Subarray Size XOY-Plane Beamwidth ~ YOZ-Plane Beamwidth Gain
(Number of Elements) (Degree) (Degree) (dBi)
1 51.6 81.1 7.81
3 48.6 37.8 7.16
5 68.3 61.5 8.80
9 33.6 419 10.54
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0
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(b)

Figure 9. The 10 independent beams formed in the horizontal plane of the cylindrical array; each

beam was formed with a subarray of 9 elements, which are distributed evenly around the cylinder.

(a) The 5 beams in the horizontal plane with an odd number. (b) The 5 beams in the horizontal plane

with an even number.

The choice of a multibeam configuration was driven by the specific needs of the
application, and this represents a trade-off between the complexity of the establishment
and the benefits gained from it. From the four scenarios investigated, it appeared that,
for subarrays formed by nine elements, 10 uniformly distributed subarrays can gather
information from every direction in the horizontal plane. The relatively wide beamwidth
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in the elevation plane can be made narrower with more elements becoming active in
that direction, and accordingly, the gains of the beams can be improved. More beams
can be formed by sharing array elements among subarrays to support more users in
communication or satellite systems; however, the subarrays’ configuration becomes more
complicated as power splitters are needed.

4. Results and Discussion

To demonstrate the performance of the cylindrical array in the presence of significant
mutual coupling and its advantages for multibeam capability, a compact cylindrical array
with a diameter of 50 mm was examined following the design illustrated in Figure 2.
There were 80 dual-slant-polarized elements on the cylindrical surface. The height of the
cylindrical array was 60 mm. The target operation frequency band ranged from 1.7 GHz
to 6 GHz. The key aspects of the performance of the tightly coupled cylindrical array
are compared with other existing array designs on convex surfaces in Table 5. The dual-
slant-polarized cylindrical array based on tightly coupled crossed disks demonstrated a
considerably wider bandwidth compared to other cylindrical arrays. The array investigated
presented a higher mutual coupling between the adjacent elements, reaching as high as
—9 dB. Moreover, it has a compact structure, making it ideal for multibeam applications
that also require a low-profile structure.

Table 5. Performance comparison of typical finite arrays on convex surfaces.

.. . . . Maximum Coupling  Efficiency Subarray Size
Finite Array Configuration Frequency Bandwidth (dB) (%) (mm)
[44] Spherical 8.7-11.2 GHz (25%) -30 NA 300 (diameter)
[45] Hemispherical 247 GHz —-35 NA 268.8 x 195.7 x 30.48
[46] Soccer-like spherical 1-2 GHz (67%) —15 NA 450 x 450 x 225
[47] Cylindrical 1.75-2.18 GHz (22%) -1 NA 240 x 100 x 39
This work Cylindrical 1.7-5.9 GHz (110%) -9 95 104 x 104 x 16

The proposed cylindrical array yielded impedance matching over a frequency band-
width of 110%. The broad impedance matching capability is related to the tight mutual
coupling in the array. This is clearly indicated in Figures 5 and 6. When more elements
are in the subarray and become active, the operation frequency bandwidth becomes wider.
The subarray consisting of nine elements demonstrated the largest frequency bandwidth
among the four subarray configurations. The active S11 of the center element is approxi-
mately below —15 dB.

Providing multiple beams is an essential feature for antenna arrays to improve the
scanning speed and increase the diversity gain. With a diameter of 50 mm, the proposed
cylindrical array can produce 10 beams horizontally covering the entire horizontal plane by
utilizing 10 subarrays with 80 elements of one polarization, and some of the elements were
shared between neighboring subarrays. At the center frequency of 4 GHz, the gain varied
between 7.81 dB and 10.54 dB, and 10 beams can be controlled to offer a fully agile coverage
for the horizontal scan, and coverage of over 40° in the elevation domain was observed.

The efficiency of the array was investigated by monitoring the far-field radiation
patterns under each subarray scenario at different frequencies. It was found that the
improvement in efficiency due to the mutual coupling effect outweighed the concern
about absorption-caused loss within the array. As illustrated in Table 3 and Figure 8,
the total antenna efficiency of the center element significantly increased from approximately
60% to over 95% in most of the frequencies across the band. It was also noticed that,
when the number of active elements increased, the total antenna efficiency rose, e.g., at
1.7 GHz, the total antenna efficiency changed from 59.72% for 1 active element to 99.9%
with 9 elements becoming active together. It was noticed that the efficiency at the low
frequency increased more rapidly as the number of active elements rose.
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Mutual coupling can affect the impedance of individual array elements, and changes
in impedance can lead to reflection and mismatch losses. Conventionally, one of the
main concerns of mutual coupling is that it may decrease the overall efficiency of arrays.
However, it was found from the cylindrical array that the enhanced mutual coupling
had a positive effect, improving the efficiency instead of decreasing it, in particular at a
low frequency.

It is worth mentioning that, despite high mutual coupling between the array elements
in the proposed cylindrical array, the negative effect on the radiation patterns was found
to be minimal, and smooth radiation patterns were obtained for subarrays of different
configuration, as shown in Figure 7. No anomalies in the radiation patterns were observed
from the low frequency of 1.7 GHz to the high frequency at 6 GHz; even the mutual
coupling was more pronounced at the low-frequency band.

Arrays with multibeam capability can be beneficial to ITSs, particularly in the context
of improving transportation efficiency and safety. Multibeam arrays could be used in sensor
systems to improve the accuracy and coverage of data collection, as they can transmit and
receive signals in multiple directions simultaneously, providing enhanced coverage and
resolution compared to a single-beam system, e.g., 10 beams can be steered to produce a
panorama view of the horizontal plane with a high resolution. The integration of multibeam
arrays with ITSs would depend on specific use cases and technological advancements.
These concepts represent the ongoing efforts to make transportation systems more efficient,
safe, and technologically advanced.

5. Conclusions

The effect of mutual coupling in the CCA based on a tightly coupled disk antenna was
investigated. It was revealed that enhanced mutual coupling was essential to obtain the
ultra-wide bandwidth desired from such arrays. The efficiency of the subarray increased
due to the mutual coupling as it contributed to improving the impedance matching. Hence,
more energy was transported by the subarrays. A significant mutual coupling exists only
between the elements that are physically close to each other, and this feature can be used
to form multiple beams simultaneously spanning the entire azimuthal plane out of the
cylindrical array. The array configuration shows a great prospect in ITS, where data from
omnidirectional monitoring and a broader spectrum is required.

Multibeam cylindrical arrays are a versatile and powerful solution for applications
that require simultaneous coverage of multiple directions. Their use is driven by the
need for increased spectrum efficiency, adaptability, and improved performance in various
applications such as RS, communication, and astronomy. The wideband operability of
the examined cylindrical array in the presence of enhanced mutual coupling make it a
more-effective option for these applications.
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Abbreviations

The following acronyms are used in this manuscript:

AF Array factor
CCA Cylindrical conformal array
CPPAR  Cylindrical polarimetric phased array radar

EM Electromagnetics

EP Element pattern

GIS Geographic Information System
ITS Intelligent transportation system
OIR Optical-infrared

RS Remote sensing
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