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ABSTRACT This paper presents a novel and insightful approach to beamforming a 2 x 2 antenna array
using the theory of characteristic modes. The array comprises four rectangular patch antenna elements
designed on an FR-4 substrate resonating at 2.4 GHz. The characteristic mode analysis (CMA) presented
a fascinating physical insight into the surface current directions and the radiation characteristics of the
array structure. The excitation of a specific characteristic mode led to the design of a dual-beam antenna
array. After feed excitation, characteristic mode analysis (CMA) was employed to understand multi-
beam pattern reconfigurability in the multi-port structure. The information of distinct and orthogonal
modal characteristic fields guides the beamforming of multibeam arrays. Modal characteristic fields
of specific modes were identified using a modal weighting coefficient that may combine upon port
phase change for beamforming at a certain scan angle. The potential of multi-dimensional coverage
of a multibeam array is presented by selecting the different phase combinations of feeding ports. The
paper discusses the strengths and limitations of beam scanning due to the combination of modes.
This physical insight is beneficial for future pattern reconfigurable antenna array design procedures.
Measurements on a realized prototype are in a good agreement with simulations, proving the proposed

concept.

INDEX TERMS Antenna arrays, beamforming, characteristic modes.

I. INTRODUCTION

ECONFIGURABLE antenna arrays have gained signif-

icant attention due to their adaptive ability in different
complex scenarios by changing the frequency, pattern,
and polarization [1], [2], [3], [4], [5], [6]. Among them,
pattern reconfigurable antenna arrays are commonly known
for increasing spectral efficiency and providing a more
reliable radio communication link. These features make them
desirable for emerging applications like radars and 5G/6G
wireless communications. Moreover, It is relatively more
straightforward to establish a steady data link and deal with
environmental uncertainties and impairments by controlling
the radiation pattern [7]. In addition, pattern reconfigurable
antennas may minimize the interferences by positioning a
null pattern in the direction of the unwanted signal or
noise. Hence, they help improve the signal-to-interference
ratio and the system performance [8]. The importance will
further enhance if the array can point at multiple users
simultaneously, i.e., multi/dual beam antenna array [9]. The

multibeam reconfigurable antenna arrays will be of great
importance for future applications where multidimensional
coverage and fast communication rate will be required [10].

Characteristic mode analysis (CMA) has become a highly
relevant and powerful analytical tool in the field of antenna
design and analysis [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21] due to its two main features. Firstly, the
characteristic modes can give a physical insight into the res-
onant structure without excitation, which provides flexibility
to choose optimal feed, leading to the systematic design
of the antennas [14]. Secondly, the characteristic fields of
the characteristic modes are orthogonal, providing great help
for designing MIMO antennas [16], pattern reconfigurable
antennas [17], and super directive antennas [19]. In [15],
it was shown how the information of multiple significant
modes helps to improve the envelope correlation coefficient
for the MIMO antenna. In addition, knowledge of the
coupling between excitation and significant modes enables
a designer to synthesize the desired antenna pattern [25].

(© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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Reactive loading is successfully applied in [23] to control the
radiation pattern mounted on the platform radiator. In [26],
a systematic method for pattern synthesis is presented where
a desired pattern was obtained based on the maximum
correlation between modes and the desired pattern. The fact
that the phases of the feedings can control the excitation
or suppression of the modes helped in a desired up-tilted
pattern beam for the RFID (Radio Frequency IDentification)
antenna in [27]. The drawback is that only the maximum
radiation is ensured without considering the patterns in other
directions.

Similarly, the null of the antenna pattern can be steered
by shifting the relative phases of different modes using
capacitive exciters [8]. Most pattern synthesis methods in
literature depend on the optimization process to explore the
desired combination of modes [26]. Instead, it was shown
in [18] that the inherent pattern and phase properties within
different modes can offer a better understanding of the
radiation mechanism. In addition, characteristic modes with
distinctive radiation patterns and phase characteristics within
a frequency band can be combined in pairs to generate
frequency scanning beams [5]. An interesting beamforming
concept for the multibeam antenna is presented in [28],
showing how orthogonal modal radiation patterns can be
combined for beamforming at the desired scan angle.
However, the antenna design still needs to be discussed in
detail.

This paper presents a detailed beamforming analysis of
a dual beam antenna array using characteristic modes by
changing the feeding phases. It has shown how modal electric
fields helped in the intuitive beamforming of dual beam
arrays. This simple, low-cost dual-beam antenna array was
designed and fabricated using characteristic modes. The
information on natural characteristic modes and significant
modes from the modal weighting coefficient helped identify
the modal radiation patterns that may participate in the
beamforming. Three cases have been discussed to describe
the potential multidimensional coverage of multibeam arrays.
In each case, the phase change of the feeding ports was
used to select two significant modes combined to generate a
beam at a particular angle. The paper discussed the array’s
coverage in azimuth and elevation plane and its limitations
in each plane.

Il. STRUCTURE OF THE ANTENNA ARRAY

The array’s configuration under analysis is shown in Fig. 1.
The array consists of four identical elements of rectangular
microstrip patches in a 2x2 rectangular lattice. The flat
metal pieces of the array elements are simulated as perfect
electric conductor (PEC) above an infinite ground plane
and etched on top of a printed circuit board with an FR-
4 substrate(lossless) (¢, = 4.3) and with a thickness of
1.6 mm. The spacing between array elements is 0.451(A is
the wavelength at 2.4 GHz). The unit cell’s length(L) and
width(W) are 29.37 mm and 38.27 mm, respectively.

FIGURE 1. Configuration of a 2 x 2 array before feed excitation.

lll. CHARACTERISTIC MODE ANALYSIS OF THE
ANTENNA ARRAY

In this paper, we used Altair FEKO 2021/2022 for sim-
ulations. The CMs analysis allows obtaining a set of
orthogonal current modes (Jn) distribution that depends only
on the antenna geometry and is independent of any external
excitation [13]. Once these current modes (J,,) are known, the
total current distribution (Jio) over the investigated structure
can be decomposed as a liner superposition of these modes

N
Jior =) andu(0, 9) (1)
n=1
where «, is the complex MWC (modal weighting coefficient)
of the n™ mode excited by the antenna array. The far-field
pattern of the antenna array can be expressed as a linear
superposition of the characteristic fields:

N
FO,9) =) ayE0, ¢) )

n=1

where o, is the complex MWC of the n™ mode, and E, is
the corresponding electric field. Intuitively, o, stands for the
contribution of each mode to the total radiation pattern.

A. CHARACTERISTIC MODES BEFORE FEED
EXCITATION

The characteristic mode analysis(CMA) of the 2 x 2 array
was performed. The 2 x 2 array was simulated without feed.
The antenna array’s modal significance(MS) is shown in
Fig. 4(a), which shows eight natural characteristic modes of
the structure. The first four modes are excited at 1.86 GHz,
and the last four reached their peak at 2.4 GHz. The array’s
surface currents and electric field at their peak frequencies
are shown in Figs. 2 and 3. The total surface current can be
expressed as:

Jiot = arJ1 +a2Jr + a3tz + aads
+ asts + agte + a7J7 + )3 3)

where MS>0.707 at 1.86 GHz for Ji, J», J3 and J4 and
MS=>0.707 at 2.4 GHz for Js, Jg, J7 and Jg.
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FIGURE 2. Surface currents(J,) and CM fields of natural CMs at 1.86 GHz.

Four types of radiation patterns can be seen. The first type
is the one main directional lobe for J; and J;. One main lobe
occurs when all patches have surface currents in the same
direction (See Fig. 2(a) and (b) and Fig. 3(e) and (f)). The
current direction is vertical for J; and horizontal for J7. The
second type of dual lobe pattern occurs when two of the
four elements have the same current direction. In Fig. 2(f)
and Fig. 3 (d), it can be seen for J3 and J¢ that two lobes
occurred in the direction of the x-axis when elements 1 and
2 have the same direction of current and element 3 and
4 have the same direction but opposite to the direction of 1
and 2. The difference between J3 and Jg’s current modes is
that J3’s current is in vertical or x-axis direction, and mode
6’s are in horizontal direction. The 3rd type of radiation
pattern is when two opposite lobes are produced in the y-axis
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FIGURE 3. Surface currents(J,) and CM fields of natural CMs at the resonant
frequency.

direction for J4 and Js (See Fig. 2(h) and Fig. 3 (b)). This
phenomenon occurs when elements on the side of the lobe
have a current in the same direction, such as elements 1 and
3 showing a current in the same direction and elements 2
and 4 showing a current in the same direction. J4 exhibited
currents in the vertical direction, while J5 exhibited currents
in the horizontal direction. The fourth type of pattern occurred
when all patches showed current in different directions from
each other, resulting in four lobe radiation patterns. J, and
Jg showed this behavior in Fig. 2(d) and Fig. 3(h). It can
be observed that currents in J, are vertical, and in Jg are
horizontal. It can be concluded that eight modes exhibited
four types of radiation patterns with vertical and horizontal
currents. That means the array can produce four types of
radiation patterns upon proper excitation.
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FIGURE 4. Modal Significance of the antenna array (a) before excitation (natural
characteristic modes) (b) after excitation.

Considering the array is mounted on an infinite ground
plane, based on the cavity model [9], the radiation of the
antenna array of each current mode can be modeled as

™ Jjkdxsinfcos¢p —jkdysinfcosp ]
e 2 e 2
Ejl = E]7 = Jjkdysinfsing —jkdysinfsing
e 2 e 2
11
X 4
HE @
™ Jjkdxsinfcos¢ —jkdysinfcos¢ ]
e 2 e 2
EJ3 = E]() = JkdysinBsing —jkdysinfsing
e 2 e 2
1 0
X 5
[_1 0 (5)
Jkdxsinfcoseg —jkdxsinfcosp
e 2 e 2
EJ4 = E]5 = Jjkdysin0sing —jkdysindsing
e 2 e 2
0 1
X 6
[o —1 ©
Jkdy sinfcos¢ —jkdysinfcosp
e 2 e 2
E]2 == E]g - Jjkdysinfsing —jkdysinfsing
e 2 e 2

A

where k = ZT”, 0 and ¢ determine the radiation angle in the
2D plane, d, is the distance between elements in the x-axis

TABLE 1. Modal behavior of current modes and radiation patterns before feed
excitation.

Modes| Radiation Pattern Types Current
direction(axis)of
elements {1,2,3,4}

N One lobe directed to 0 = 0° | {x,x,x,x}

I, Four lobe perpendicular to | {x,-x,-x,x}

each other

J3 Two lobes in x-axis {x,x,-X,-x}

J4 Two lobes in y-axis {-x.x,-x,x}

Js Two lobes in y-axis {-y.y,-y.y}

T Two lobes in x-axis {y.y,-y-y}

J; One lobe directed to 8 = 0° | {-y,-y,-y,-y}

Jg Four lobe perpendicular to | {y,-y,-y.y}

each other

direction and d,, is the y-axis direction. Intuitively, it can be
seen from the above equations that

1) The first type is the usual type of excitation when all
feeds are in the same direction and the radiation lobe
is pointing towards 6=0°.

2) Jz and Jg lobes can be excited when the phase shift
between element 1 and element 3 is 180° and element
1, and element 2 are zero, which causes a dual beam
in the x-axis direction.

3) J4 and Js can be excited when the phase shift between
elements 1 and 3 is zero, and the phase shift between
elements 1 and 2 is 180°.

4) J, and Jg can be excited when all feeds are opposite
each other, exciting different currents for each patch.

Table 3 summarizes the whole scenario. The dual beam,

which is the outcome of excitation of J3, J4, Js5, and Jg, can
produce a greater number of beams than a single beam array.
In the next section, a dual beam antenna array was designed
by exciting a mode (J5) with a dual beam in the direction
of the y-axis.

IV. DUAL BEAM ANTENNA ARRAY
After excitation, the effect of antenna feed can be shown
through input admittance at the feed point (P).

Vi, (P
YulPl=) Y, =) 1‘1+—i%)(1 — jhn) ®)

where Y, is the modal admittance. The subscript (P) denotes
the current sampling point at the antenna port, and o can be
expressed as

Vi
a, = —2— )]
1+jr,

Hence, Y,, will become

Yin =Y ctuu(P) (10)

which shows the dependence of input admittance on the
feed excitation and modal weighting coefficient. In the above
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FIGURE 5. Configuration of the array after feed excitation.

structure, it can be observed that the natural mode with a
dual beam in the y direction, i.e., J5, can be excited by
placing the feeds in the direction of currents. Hence, the
feed position for elements 1 and 3 is opposite to elements 2
and 4. The opposite feed position will put elements 2 and 4
at the 180° phase with elements 1 and 3 as shown in Fig. 5.
The simple probe feeding technique will allow the desired
feeding network to be added for the beam scanning in theta
and phi directions. The array factor of a 2x2 planar array
can be written as

AF = ejkdxsin(eo)cos(¢o)+ﬂx + ejkdysin(eo)sin(¢o)+ﬁy (11)
where progressive phase shift of 2D planar array 8, and g,
can be calculated as given

By = —kd,sinbycospg
By

where d, = dy = 0.45A. For the current case, i.e., By, = 180°
Bx = 0°, the dual-beam was produced as shown in Fig. 10
at a scan angle 6, = +/ — 55 degrees and ¢, = 90 degrees.
The dual beam’s beamwidth is 61°, showing a peak gain
8 dBi. The antenna array showed stable gain with a cross-
polarization level as low as —60 dB.

After feed excitation, The total surface current can be
expressed as

12)
13)

—kdysinfysingo

Jiot = o1J1 + aoJy + a3tz + asJs + agde

+ agtg + ago + ap2J12 (14)

Subsequently, the far field produced can be expanded using
related characteristic mode fields by

ZEnOtn ~ a1E1 + arEy + oa3E3 + a4Eq + agEg

+ agEg + agEg + a12E12 (15)

However, it has been observed that significant modes that
have shown MS>0.707 at resonant frequency are Jg, Jg,
Jo, and Jy» (see Fig. 4(b)). After excitation, the J5 natural
mode corresponds to Jg, J¢ (natural) corresponds to Jg, J7
(natural) corresponds to Jg, and Jg (natural) corresponds to
J12. These four modes show a similar pattern for the direction
of currents as their corresponding natural modes, and all

(a) J¢ current (b) Jg E-field

(c) Jg current (d) Jg E-field

(f) Jo E-field

(g) J12 current

(h) Jy, E-field

FIGURE 6. Surface currents and CM fields of the array after excitation at the
resonant frequency.

four types of radiation patterns are shown in Fig. 6. After
excitation, a slight shift in resonant frequency was observed
for characteristic modes, as the maximum modal significance
was at approximately 2.5 GHz.

A comprehensive characteristic mode analysis was per-
formed by changing the phase of the ports in simulations.
It has also been observed that multiple modes contribute
as a phase of the input ports has been changed. The
modal behavior was explained using the modal weighting
coefficient, surface currents, and electric fields. Based on the
scan angle, three cases of beamforming were discussed as
follows:
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A. CASE |

In the first case, the initial phase of elements 1 and 2 is 0
degrees, producing a dual beam at an angle of § = 4/ —55°
and ¢ = 90°. The overall phase of the ports is shown in
Fig. 9, and the phase of both elements incremented by 30
degrees. The phase change excited the Ji», contributing to
the overall radiation pattern and altering the scan angle of
the dual beam in phi direction for 6 degrees approx for every
30-degree increments (See Fig. 10). Fig. 10(b) showed the
deterioration in the cross-polarization with phase change. The
cross-pol was less than —10 dB till the input phase was 60
degrees. It can be observed that The contribution of J6 and
J12 with phase change can be seen from the modal weighting
coefficient plot in Fig. 8. The total far-field produced can
be expressed as

Y Enay ~ acEs + anEn (16)

As the ports 1 and 2’s phase increases, the antenna’s radiation
pattern becomes a combination of Jj» and Jg such that Jj;
becomes the dominant mode and J¢ loses its significance.
However, the reflection coefficient for all ports showed
deterioration in the impedance matching. The reflection
coefficient of ports 1 and 2 is less than —10 dB till the
phase of the ports was 60°, as shown in Fig. 7. The gain
remains stable at 8 dBi for all scan angles. Similar results
were obtained when the phase of elements 3 and 4 was
incremented by 30 degrees, except the scan angle changed
in the opposite direction. Case I outputs are summarized in
Table 2.

Co(0°)
"""" Cross(0°)
Co(30°)
=== = Cross(30°)
Co(60°)
Cross(60°)
Co(90°)
— Cross(90°)
Co(120°)
Cross(120°)
Co(150°)
-~~~ Cross(150°)

150

180

FIGURE 10. Radiation pattern and beam steering of the antenna array for Case |
(a) Linear polar plot @(# = 55°) (b) Co-pol and cross-pol components in dB@ (6 = 55°)
(c) 3D radiation pattern.

TABLE 2. Beam position with port phase change for Case I.

Phase Phase Radiation Pattern (0,¢) | Gain(dBi)
Ports{1,3} Ports{2,4} (degrees)
{0°,0°} {0°,0°} Dual beam(55°,90°) 8dBi
{30°,0°} {30°,0°} Dual beam(55°,96°) 8dBi
{60°,0°} {60°,0°} Dual beam(55°,103°) | 8dBi
{90°,0°} {90°,0°} Dual beam(55°,110°) 8dBi
{120°,0°} {120°,0°} Dual beam(55°,116°) 8.4dBi
{150°,0°} {150°,0°} Dual beam(55°,122°) 8.2dBi
B. CASE Il

In the second case, the phase of elements 1 and 2 was
adjusted to be 180 degrees to keep the overall phase of all
elements at O degrees (shown in Fig. 13) that excite Jo‘s
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TABLE 3. Beam position with port phase change for Case Il

Phase  Ports | Phase Ports | Radiation Gain(dBi)
{1,3} {24} Pattern(0, ¢)
{0°,0°} {180°,180°} | Single lobe di- | 10.5
rected to(0°,0°)
{30°,0°} {210°,180°} | (—7°,0°) 10.5
{60°,0°} {240°,180°} | (—13°,0°) 10.6
{90°,0°} {270°,180°} | (—19°,0°) 10.6
{120°,0°} {300°,180°} | (—26°,0°) 10.58
{150°,0°} {330°,180°} | (—32°,0°) 10.036
TABLE 4. Beam position with port phase change for Case lIl.
Phase(Ports 1.3) Phase(Ports 2. 4) Radiation Gain(dBi) FIGURE 13. Overall phase of the ports for Case Il
Pattern(6, ¢)
90°,—-90° —90°,90° Dual 8.7
beam(38°,360°) A Col0°)
90° +30°,—90° | —90° +30°,90° | Dual 8.7 0 00 —
0° |\ N\ [s ) o e Cross(30°)
beam(39°,347°) 50° ey
90° + 60°,—90° —90° + 60°,90° Dual 8.7 90° bro -~~~ Cross(60°)
120° Co(90°)
beam(42°,335°) 10|~ T AL Cross(90°)
90° + 90°,—-90° —90° + 90°,90° Dual 8.7 Co(120%)
120 240 Cross(120°) é\’
beam(46°,326°) | | T Co(150°)
90° +120°,—90° | —90° + 120°,90° | Dual 85 150 20 Crosisey *
beam(52°,318°) 0 o
90° +150°,—-90° | —90° + 150°,90° | Dual 8.45 (@) (W)
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FIGURE 11. Reflection coefficient of multiports of the array for Case II.
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FIGURE 12. Modal weighting coefficients of the antenna array for Case II.

single lobe pointing towards 6 = 0°. To steer the beam in
the —x direction, the phases of element one and element
two were incremented by 30 degrees, which excited Jg. To

(©)

FIGURE 14. Radiation pattern and beam steering of the antenna array for Case Il
(a) Linear polar plot @(¢ = 0°) (b) Co-pol and cross-pol components in dB@(¢ = 0°)
(c) 3D radiation pattern.

scan the beam angle in the other direction, elements 3 and 4
phases must be adjusted. The presence of Jg helped to steer
the beam in +x and —x directions. The far-field produced
can be expanded using related characteristic mode fields by

ZE,,oen ~ agEs + ayEo a7)

The contribution of Jg and Jg is also shown in Fig. 12.
It can be seen that mode 9 is dominant for O degrees,
but Jg becomes dominant as the port phase changes. The
overall gain is 10 dBi for all angles, more than Case I
(See Fig. 14). It can also be seen from Fig. 14(b) that
cross-polarization is less than —60 dB for all phase changes,
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FIGURE 16. Modal weighting coefficient of the antenna array for Case lll.

FIGURE 17. Overall phase of the ports for Case Il

showing good cross-polarization discrimination(XPD) at the
resonant frequency. The reflection coefficient of portl and
port2 showed more deterioration than port3 and port4 (See
Fig. 11). The reflection coefficient of ports 1 and 2 is less
than —10dB till the phase of the ports was 120°. Similar
results were obtained when the phase of elements 3 and 4 was
incremented by 30 degrees, except the scan angle changed
in the opposite direction. Case II outputs are summarized in
Table 2.

C. CASE Il

In the third case, the phase of elements 1 and 3 was adjusted
to be 90 degrees, and elements 2 and 4 were adjusted to be
—90 degrees (See Fig. 17). The idea was to try to steer the
beam in theta direction by exciting Jg mode. It can seen from

Co(0°)
===~ Cross(0°)
Co(30°)

= == Cross(30°)
Co(60°)
Cross(60°)
Co(90°)
- ==~ Cross(90°)
Co(120°)
Cross(120°) [\
— Co(150°)
''''''' Cross(150°)

FIGURE 18. Radiation pattern and beam steering of the antenna array for Case Ill
(a) Linear polar plot (b) Co-pol and cross-pol components in dB (c) 3D radiation
pattern.

the modal weighting coefficient plot in Fig. 16 that J§ was
excited initially, then J12 participated and became dominant
as the phase was incremented by 30 degrees. The far-field
produced can be expanded using related characteristic mode
fields by

> Enan ~ agEg + anEn (18)
The beam steered in both theta and phi direction as shown
in Fig. 18. It was also observed in Fig. 15 that impedance
matching was poor, i.e., —8 dB for that case, owing to the
rectangular shape of the element. The overall gain is 8.7 dBi
for all angles. The antenna array’s cross-pol is more sensitive
to phase change in this case than in the other two cases, as
shown in Fig. 18(b). With phase change, cross-polarization
discrimination varied from 30 dB to 10 dB. A step-by-step
design procedure is summarized in Fig. 19. It can also be
concluded from characteristic mode analysis that the dual
beam can be steered in both azimuth and elevation planes
using phase change in the feed port. Still, it certainly has
limitations over steering due to deterioration in impedance
matching. Here are a few takeaways from the design and
analysis.

1) The array structure is simple. The array is low-cost. It
is easy to adapt a simple feeding structure.

2) The dual beam antenna array offers enhanced coverage
in both directions

3) The dual beam array steering capability in all direc-
tions can be further improved by improving its mutual
coupling.
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TABLE 5. Comparison of Beamforming Techniques.

Beamforming Type

Methodology

Features

Hybrid Beamforming [29]

A technique that suppresses the spatial interference that enhances
the signal-to-interference-plus-noise ratio (SINR) by forming an
interference-canceling beam. A deep spatial notch was created by
spatially combining the array factors (AFs) of the main beam and the
interference-canceling beam without main beam power degradation.

+ software based +handle large antenna
arrays + number of beams can be changed
dynamically with no change in hardware. -

Computationally extensive - Costly

Adaptive
[30]

Beamforming

The proposed scheme consists of a DNN( deep neural network)
based beamformer and a subspace tracking-based multiple signal
classification (MUSIC) estimator. Specifically, the DNN generates the
beamformer using soft AoA( angle of Arrival) estimates from the
previous time block, and the MUSIC estimator exploits the measured
signal to estimate the AoAs in the current time block.

+ suitable for dynamic beam applications
such as UAVs, etc. +change directional sen-
sitivity without physically moving an array
of receivers -computationally extensive -
Expensive

Switched Beamforming|[

[1]

Generate ten (10) switched-beams in 2-D space when series fed
elements are excited from respective ports through 3 dB quadrature
couplers

+hardware based + low cost + less compu-
tationally extensive - fixed number of beams

Beamforming Using Char-
acteristic Modes[This pa-
per]

The information of distinct and orthogonal modal characteristic fields
guides the beamforming of multibeam arrays. Modal characteristic
fields of specific modes were identified using a modal weighting
coefficient that may combine upon port phase change for beamforming
at a certain scan angle. The potential of multi-dimensional coverage

of a multibeam array is presented by selecting the different phase

+ less computationally extensive + low cost
+ potential for multidimensional coverage
with a simpler array - fixed number of
beams

Antennas and Propagation

combinations of feeding ports.

Identify natural modes using Modal
Significance at resonant frequency

urrents at the resonant frequency to identify the particular

modes.to excite

Dual beam in
x-direction

[ Adjust the feed placement

[ Analyze corresponding Characteristic fields and surface ]
c

4
][ Quadruple beams ]

Single beam in

1 3
[ Dual beam in y-
boresight direction

direction

]4_

to excite the modes

No

Observe the MWC, S11,
radiation pattern
Mode is excited ?

Identify the characteristic fields that may
potentially combine upon steering

[Adjust the phase of the feeding port accordingly to steer the beam in desired direction]

FIGURE 19. A systematic procedure of the array beamforming using characteristic
modes.

4) Its ability to generate the beams in different directions
makes it a suitable candidate for adapting diverse
application scenarios.

5) The steering can be predicted and controlled by ana-
lyzing the radiation patterns of natural characteristic
modes.

V. MEASUREMENT RESULTS

The characteristic mode analysis of the 2 x 2 array was
performed using an infinite ground plane. After beamforming
analysis, the antenna array was designed on the finite
ground plane. The losses due to the finite ground plane

(a) Simulated (b) Fabricated

FIGURE 20. Optimized Design of the antenna array (Dimensions: ¢, = 4.3,
tan(8) = 0.03, L = W = 27.5mm, Lg = Wg = 75mm).

deteriorated the reflection coefficient, and the antenna array
needed some optimization. After optimization, the antenna
array was fabricated in TCNJ’s Microwave and Wireless
Communication lab using LPKF S104, as shown in Fig. 20.
The measured and simulated antenna reflection coefficients
are shown in Fig. 21(a). The measured and simulated mutual
coupling is also shown in Fig. 21(b). Overall, there is
a reasonable agreement between measured and simulated
results. However, a slight shift was observed in mutual
coupling plots, possibly due to human error during in-
house fabrication and experimental imperfections. It can be
observed that the mutual coupling between elements 1 and
3 is poorer than it is between other elements.

The radiation pattern measurements were also performed
at 2.5 GHz in the Star Lab 18 GHz measurement system in
TCNIJ (The College of New Jersey). The measured radiation
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FIGURE 21. Simulated vs measured results of the antenna array.
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Ephi(Measured)
Etheta(Simulated)
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(b) Radiation Pattern @2.5 GHz

(a) Pattern measurement in Star-
Lab

FIGURE 22. Simulated vs measured results of the antenna array.

pattern agreed well with the simulated results, as shown in
Fig. 22. The radiation pattern showed dual beam behavior for
¢ = 90°, but higher cross-pol was observed, which can be
expected in the practical measurements. The measurements
proved that a particular current mode can be effectively
excited to produce multibeam behavior in the simple antenna
array. The feed network for phase change will be added in
future work. Table V compares this beamforming technique
with current methods. The table compares the methodology
and features of all techniques.

VI. CONCLUSION

A beamforming analysis of a simple dual-beam antenna
array was presented. The basic idea is to manipulate the
coupling of different modes. The information on natural
characteristic modes and modal weighting coefficient helped
identify the modal fields that may potentially participate
in the beamforming of the antenna array. By investigating
their respective radiation patterns, the potential coupling
of modes was analyzed for beamforming in theta and phi
directions. Furthermore, CMA offers valuable guidelines on
selectively exciting the desired modes. Three cases have been
discussed by selecting the different phase combinations of
feeding ports to describe the potential of multi-dimensional
coverage of a multibeam array. The measured results of
the fabricated prototype showed that the proposed dual-
beam antenna array is physically realizable. The paper
also discussed the limitations of the antenna array and the
potential areas to optimize the structure. The proposed design
is a good candidate for future applications where multiple

beams can be scanned from a simple, low-cost structure in
theta and phi directions.
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