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Abstract - In this paper, a new method based on char-
acteristic mode analysis for designing wide-beam anten-
nas is proposed. According to theory of characteristic
modes, the total radiation pattern is the linear combina-
tion of modal currents. The phase of the excitation co-
efficient is demonstrated to be the characteristic angle.
To get a wide-beam pattern, a fundamental mode and an
even mode are selected to be excited and combined. The
method is verified by the proposed antenna. First, two
modes are selected based on characteristic mode analy-
sis. Then the modes are excited separately using different
feeding networks. Lastly, a 1-to-3 power divider is pro-
posed to combine the feeding networks. The proposed
antenna has a 3-dB beamwidth of over 200° in both 45°
and 135° planes. The results have shown that the pro-
posed antenna is suitable for a wide range of detection
applications.

Keywords — Beamwidth, characteristic modes, wide-
beam antennas.

L. INTRODUCTION

Microstrip antennas have been widely used in many
communication systems such as mobile phones, satellite
navigation systems, vehicular communication systems,
and radar systems. In some cases, a wide beamwidth
(half-power beamwidth, HPBW) is required to imple-
ment particular applications. For instance, in satellite
navigation systems, each satellite is required to cover
120° in order to receive the satellite signal quickly [1].
Also, antennas on vehicles should be aware of its nearby
situations; thus, the beamwidth needs to be larger than
150° in the horizontal plane [2]. Detection systems
are used for vital signs testing after disasters like earth-
quakes and fires as well as human body induction for
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smart lights. Those applications need a wide detection
range; so the antennas of the system need to be wide-
beam.

There are many ways to enhance the 3-dB HPBW.
In [3]], the beamwidth of the microstrip patch is broad-
ened by induced vertical currents on the vertical metal
walls between the substrate and the ground. The ver-
tical currents can generate a horizontal omnidirectional
beam; thus, the outer side of the beam is enhanced. In
recent years, some structures based on loading vias on
microstrip patches have been proposed in the literature.
As reported in [4], the HPBW is improved by decreasing
the width of the equivalent slot between the microstrip
patches. Based on a similar approach, beamwidth on
both E- and H-planes can be extended by adding par-
asitic patches on both sides of the patch [5]. In [6], a
microstrip patch with a blind-via fence has improved the
beamwidth a little. In [7]], the beamwidth and bandwidth
are improved by placing three metallic posts inside the
dielectric resonator. For a magnetoelectric tapered-slot
antenna proposed in [8], ME modes of multiple slots in
the TSA are used to improve the HPBW. Above all, there
are plenty of ways to achieve a wide beamwidth, but the
design techniques are based on instincts and inspirations
of antenna developers, and none of the antennas are de-
signed by clear and structural steps.

Characteristic mode analysis (CMA) is a method of
modal decompositions originally proposed by Garbacz
[9] and established as a complete theory based on the
method of moments (MoM) by Harrington and Mautz
[LOL[11]]. Due to limited computing speed, the theory had
not been regarded as an antenna designing tool until 21st
century. In 2007, Cabedo-Fabres [12] summarized her
works on CMA and showed that CMA can be used as
an insight of physical understanding to design antennas.
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Later, researchers have found that CMA can be used
to design various types of antennas such as wideband
antennas [13} [14], circularly polarized antennas [15],
high-gain antennas [16], multi-band antennas [[L7H19],
and high polarization purity antennas [20]. Among the
possible structures of antennas, metasurfaces are highly
suitable for CMA [14} 17,119} 20]. However, no work re-
lated to wide-beam antenna design using CMA has been
reported. As there are many advantages in its nature,
CMA is a good candidate for designing wide-beam an-
tennas rigorously.

In this paper, a wide-beam metasurface antenna is
designed using CMA. A novel method called modal pat-
tern combination is proposed to design wide-beam an-
tennas with physical insights of the antenna operating
mechanisms. Section II introduces theory of characteris-
tic modes (TCM) and the proposed theory of modal pat-
tern combination is derived by analyzing the basic pa-
rameters of characteristic modes. A simple example of
rectangular patch antenna is provided to show a practical
prospect of the proposed theory. Section III describes
the proposed wide-beam antenna from CMA to feeding
network design. Finally, Section IV concludes the paper.

II. THEORY OF MODAL PATTERN
COMBINATION
A. Theory of characteristic modes
The core of the TCM is to solve the generalized
eigenvalue problem [10]:
X(Jn):lnR(Jn)- (1)
The solution of the generalized eigenvalue problem
is the doublet (A,, J,). The resulting current of the
antenna structure with a specific excitation can be ex-
pressed as a linear combination of the characteristic cur-
rents J,,. According to the TCM [10]:
=Y Vil n =Y aJ )
A, =TT
where coefficient , is called the modal weighting co-
efficient (MWC) of mode n. The denominator is only
relevant to the eigenvalues A, of the modes; so it does
not depend on the excitations and can be considered as
the intrinsic characteristic of the modes. Thus, the modal
significance (MS) is defined as

1
1+ jA,
The numerator V' of @, is called the modal excita-

tion coefficient (MEC) of mode n, which is defined as

Vie f Jo-E'ds, 4)
N

where E' is the incident E field that excites the antenna
structure. Thus, the MEC is relevant to the excitation. If
the excitation E' is orthogonal to a mode, then the mode
is suppressed; otherwise, the mode is excited.

MS, =

. 3)

ZHAO, LI, CHEN, ZHAO, QI: A WIDE-BEAM METASURFACE ANTENNA USING PATTERN COMBINATION OF CHARACTERISTIC MODES

MWC is obviously a complex quantity; it has
both magnitude and phase. The previously discussed
definitions are all about the magnitude of the excitation
properties, but the phase properties are also important
in CMA.

B. The phase of the modal weighting coefficients

To solve the integral equation in reality, the general-
ized eigenvalue problem (T)) is transferred into a matrix
generalized eigenvalue problem. As the antenna struc-
ture is meshed, the characteristic currents can be ex-
pressed as the linear combination of the basis functions
W; (usually RWG functions [21])

Jo=Y LiW;. 6))
j

After the decomposition, the task of solving eqn (T))
can be turned into solving [[11]

(X111, = 2[R 1], (6)

where
[R] = [< W;,RW; >]. (7)
[X] = [< Wi, XW; >]. ®)

Eqn () is a symmetric weighted matrix eigenvalue
equation [11]]. The solution of the equation is real; there-
fore, the calculated modal currents are real. In real im-
plementations, the incident field E' is always a real value
on the mesh elements of the antenna structure. As a re-
sult, the MECs given by eqn (@) are real.

Then it is concluded that the phase of the MWCs
depends only on its nominator. We can express it as a
phasor:

1 .
1 +J)\n _ m.e]‘arctankn. (9)

The characteristic angle (CA) of a mode is de-
fined as

CA = 7 — arctanA,,. (10)
Thus, we can rewrite the MWC as
MWC, = a, = —V!-MS-¢/ A, (11)

So, the phase of the MWCs is the same as CAs of
the same mode. This result is very important in the com-
bination of modal patterns.

C. Modal pattern combination
The modal E field E,, of mode 7 is given by [[10]
E,= ‘(Tu;peﬂ”Fn (6,0), (12)
where F}, (6, ¢) are the modal radiation patterns. The co-
efficient of eqn (I2)) does not change with a given struc-
ture and a given excitation. When we compute the com-
bination of the modal E fields

—ij jkr
E=) o,E, = ——¢’ o, F, (0 13
;nn 47'U‘e ;nn( 7(P)> (13)
the modal radiation patterns F, (6, ¢) are correspond-

ingly combined with the same weighting coefficients.
According to [10], the weighting coefficients of modal E
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fields are the same as the weighting coefficients of char-
acteristic currents, i.e., the MWCs @,.

Thus, we can get the desired radiation pattern by
controlling the MWCs.

D. Modal pattern combination of a rectangular patch
antenna

It is useful to begin with a simple structure, as a
square patch has many typical characteristic modes. The
simulated model is shown in Figure[I] For simplicity, in-
finite substrate length is used in the simulation to avoid
dielectric modes. CMA is performed on the patch using
the commercial software Altair FEKO [22] and results
are shown in Figures PH4l CA is directly related to the
eigenvalue. It has the advantage of preserving the phase
information of the modes compared to the MS. The res-
onant point of a mode is on the 180° horizontal line of
the graph and the resonant bandwidth (MS = 0.707) of
a mode is defined within the region 135° = CA = 225°.
Figure [2| shows the CAs of the square patch. The two

Fig. 1. Simulation configuration of the square patch. The
size of the patch L, = 6.6mm.
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Fig. 2. Characteristic angle of the square patch.
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(c) P

(d) Py (e) Ps

Fig. 3. Modal patterns of the square patch.

(d) Jy

Fig. 4. Modal currents of the square patch.

fundamental modes, mode 1 and mode 2, are a pair of de-
generated modes that resonate at 9.52 GHz. Other modes
are higher-order modes each with a null point at the cen-
ter of its modal pattern, as shown in Figure@

As a wide beamwidth is required, exciting one of the
existing modes is not enough. The HPBW of mode 1/2
is only 134.1° in the E-plane and 83.9° in the H-plane.
Thus, a modal combination is needed to achieve a wider
beamwidth. Several possible combinations of modal pat-
terns are shown in Figure[5} These combined patterns are
calculated by a FEKO Lua script that performs the scalar

(@) PL+ P>

(b) P1 + P

(©) PL+ Ps

Fig. 5. Some combined modal patterns of the square
patch.
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Fig. 6. Normalized E-plane and H-plane patterns
of P+ Ps.

linear combination of modal patterns. In Figure[5[a), we
can see that the combined pattern of the two degenerated
fundamental modes P and P, is simply a rotation of the
modal pattern. This result can be seen as the pattern gen-
erated by a combined vector current distribution of the
modal currents J; and J.

On the other hand, the combination of a fundamental
mode with a perfect unidirectional pattern and a higher-
order mode with an omnidirectional pattern leads to a
pattern with wide beamwidth, as shown in Figures [5(b)
and (c). Obviously the HPBWs of P + Ps in both E-plane
and H-plane are wider than P; + P;, as the maximal direc-
tion of the omnidirectional pattern of Ps is closer to the
horizontal plane. The simulated E- and H-plane patterns
are shown in Figure [f] The HPBW of E- and H-plane
patterns are 170.2° and 156.2°, with increases of 36.1°
and 72.3° in both E- and H-planes, respectively. Due to
the simulation configuration of infinite ground, the radia-
tion patterns are restricted above the ground plane; thus,
the HPBW cannot exceed 180°.

To summarize, with the combination of an omnidi-
rectional pattern, a pattern with a wider beamwidth can
be achieved. The only problem is to excite both the fun-
damental and the higher-order omnidirectional modes at
the same time. It is difficult to excite both mode 1 and
mode 5 properly, as mode 5 resonates at a far high fre-
quency. Thus, the antenna structure should be changed to
let both modes resonate at the desired frequency. In Sec-
tion III, we propose a wide-beam metasurface antenna
using the illustrated method.

II1. WIDE-BEAM METASURFACE
ANTENNA DESIGN

A. Characteristic mode analysis

To design a wide-beam antenna, a metasurface com-
posed of 3x3 square patches is used as the radiating
structure, as shown in Figurem The CMA is performed
on the metasurface over an infinite grounded substrate.
All the modal characteristics are calculated under the
commercial software Altair FEKO [22]]. Some important
modal patterns of the metasurface are shown in Figure|[8]

Modes 1 and 2 are degenerated fundamental modes
of the 3x3 metasurface. They are horizontally polarized
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Fig. 7. Characteristic angle plot of the 3 X3 metasurface.
L, = 6.4 mm, Wy =1.2 mm.
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Fig. 8. Some modal patterns of the 33 metasurface.

(TM319) and vertically polarized, respectively (TMy30).
mode 3 is a mode with converging or diverging currents,
whose pattern is omnidirectional but not as uniformly as
the corresponding mode of a square patch. Mode 4 is
also an omnidirectional mode, but its modal current is
more irregular and harder to exploit. Other modes are
less important in generating a radiation pattern with high
quality. For example, the two third-order modes shown
in Figures [§(e) and (f) have relatively larger sidelobes
which can only cause distortions in the resulting pattern.
As discussed earlier in Section II, a wide-beam pattern
is achieved by combining a unidirectional mode and an
omnidirectional one. In this case, mode 1 (or mode 2)
and mode 3 are chosen to be excited. The combination
effect can be shown in Figure[9] The resulting HPBWs in
E- and H-planes are 141.3° and 140.7°. Thus, the meta-
surface is suitable for a wide-beam antenna.

The corresponding characteristic currents of the
metasurface are shown in Figure [I0] To excite two
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(b) P3 () P+ P3

Fig. 9. Modal pattern combination of the 3x3
metasurface.

S I
EEE NNN NS
EEE EEE 2

(a) J1 (b) J2
=< = = =
Zy EWE
HEZ SHE

(d) Ja (e) Js

{41

'y

S0

N

N

(c) J3

L

|

- i

=

aE

=
—_—

.

0 Jio

Fig. 10. Some modal currents of the 3 x3 metasurface.

modes at the same time, we use the superposition princi-
ple. First, the feeding networks that excite single mode 1
and mode 3 are designed separately, and then a divider is
designed to combine two feeding networks. These works
are expressed in detail in the following sections.

B. Design of unidirectional mode antenna

The modal currents of mode 1 in Figure[I0fa) are to
be excited. The currents on nine subpatches are all par-
allel to the x-axis, along one edge of each patch. There-
fore, the coupling slot is placed under the center of the
metasurface perpendicular to the currents, in order to ex-
cite the fundamental mode. From Figure [T1] the com-
parison between the modal and the excited currents and
patterns show that mode 1 is successfully excited. The
simulated gain of the antenna is 9.77 dBi at 6 = 0°, but
when |0] >60°, the gain is under 0 dBi, which can hardly
be used in wide-beam applications.

C. Design of omnidirectional mode antenna

However, the higher-order omnidirectional mode is
harder to exploit. The surface currents of mode 3 are
not uniform, and they all point to the center. Compared
to the surface currents of other modes, the current direc-
tions on the four corner patches are unique. Aiming at
the corner patches of the metasurface, the feeding slot is
designed to be a ring cut into four pieces. Due to the

ACES JOURNAL, Vol. 37, No. 1, January 2022

Fig. 11. The comparison between excited currents and
modal currents of unidirectional mode 1. (a) Excited
currents. (b) Modal currents J;. (c) Excited pattern.
(d) Modal pattern P;.

relative symmetric positions of the corner patches, the
modal currents on the corner patches are nearly identical
in magnitude. So, the exciting magnitude and phase of
the feeding network should be the same. For simplicity, a
simulation model with two ports and two 1-to-2 dividers
are used, as shown in Figure [T2(c).

The simulation results of the excited omnidirec-
tional mode are shown in Figure [T3] The results have
shown that the omnidirectional mode is excited success-
fully by the feeding network. Note that the pattern of the
excited mode can have beams greater than 90° and less
than —90° because of finite ground.

D. Design of wide-beam antenna with combined
modes

As analyzed in Section II, a wide-beam pattern can
be achieved by combining mode 1 and mode 3. Thus, the
desired wide-beam pattern can be obtained by combin-
ing the feeding networks in Sections III.B and III.C. To
combine the two feeding networks, an unequal three-way
power divider is needed. The proposed feeding network
is shown in Figure [I4[b). The omnidirectional pattern is
excited by four symmetric slots with the same magnitude
and phase; therefore, the two corresponding ports should
have the same magnitude and phase output. The power
divider is evolved from a normal two-way divider with
a coupled microstrip between the branches, as shown in
Figure [4(a). Power flows into Port 2 by coupling be-
tween Port 2 and Port 3/4. To further enhance the power
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Fig. 12. Simulation configuration and gain of the meta-
surface antenna with mode 1 and mode 3 excited individ-
ually. (a) Simulation configuration of the excited mode 1.
(b) Gain of the excited mode 1. (c) Simulation configu-
ration of the excited mode 3. (d) Gain of the excited
mode 3.

flowing into Port 2, a connection is added to Port 2, as
shown in Figure [[4(b). The simulated S parameters of
the divider are shown in Figure[I5] The magnitude ratio
between Sp1 and S3; is 1.1:1 and the phase difference is
relatively stable within 9—11 GHz.

The configuration of the proposed antenna is shown
in Figure [T6] The feeding network is a combination of
the three-way unequal power divider and the feeding net-
works of the individually excited modes. According to
the superposition principle, the result of the combined
feeding network can be seen as a linear combination of
the two antennas in Sections III.B and III.C. The am-
plitude of the combination is determined by the unequal
power divider and the phase difference between ports can
be tuned by the lengths of the feeding branches. The re-
turn losses of the combined antenna compared with sin-
gle mode antennas are shown in Figure[T7]

The simulated radiation pattern is shown in
Figure[I8] The 3-dB beamwidth of the 45° and 135°
planes are 200.9° and 200.6°, respectively.  The
beamwidth of E- and H-planes suffered some loss be-
cause of the coupling and unideal characteristics of
the combination. On the other hand, the beamwidths
in 45° and 135° planes are increased but with an
asymmetric pattern. The |Sy;| bandwidth is 9.81—10.27
GHz (4.6%). The maximum gain of the wide-beam
antenna is 4.25 dBi, which is slightly larger than the
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(c) (d)

Fig. 13. The comparison between excited currents and
modal currents of unidirectional mode 3. (a) Excited cur-
rents. (b) Modal currents J3. (c) Excited pattern. (d)
Modal pattern Ps.

Fig. 14. Power divider configuration of the proposed an-
tenna. (a) Divider 1. (b) Proposed divider.
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Fig. 15. S parameters of the unequal power divider. (a)
Magnitudes of S11, S21, S31, and S41. (b) Phase differ-
ence between S»; and S3; with varied length /5 of the
microstrip line connected to port 2.

omnidirectional antenna. Overall, a wide-beam pattern
is successfully obtained.
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Table 1 Comparisons among the proposed metasurface antenna and related antennas

Ref Type Size( 7\3) HPBW (E-/H-plane) | Ground size (mm?) HPBW/ground
size E-/H-plane) (°/mm?)
(L] MS ring {0.54 x 0.54 x 0.11 140°/— 7T X 68 X 68 0.0096/—
(3] MS 0.63 x 0.63 x 0.21 236°/124° 27 x 27 0.324/0.170
[4] MS 1.17 x 1.87 x 0.03 140°/— 125 x 200 0.0056/—
(5] MS 0.52 x 0.52 x 0.03 135°/132° 32.1 x 32.1 0.131/0.128
(6] MS 0.19 x 0.19 x 0.07 107°/105° 170 x 170 0.0037,/0.0036
[7] DRA 2.0 x 2.0 x 0.16 168°/177° 40 x 40 0.105/0.111
(8] ME TSA|0.73 x 0.67 x 0.03 135°/— — -
This work | MTS 1.4 x 1.4 x 0.07 [200°/200°(45°/135°) 42 x 42 0.113/0.113(45°/135°)
[T 51
L] 0
e
BN .
@ ® 8 |l L
£ 104 ) mmee- Phi = 0 deg (H
s ! — - -Phi= V!
Fig. 16. Simulation configuration of the proposed an- &) P h gl}?—45 deg ‘l:l;
K K X J S : ........... i=90 deg W
tenna. (a) 3D view. (b) Top view. (c) Bottom view. 154 \y; \ :, Phi = 135 deg || -i ':
Vol ik
04 2204 < :' '
L. -1|50 -1I00 —SIO (I) 5I0 l(IJO 150
\'\,\ Theta (deg)
__-10 ____‘_\P\‘—é”/ e
% "\.( - ST "-\ Fig. 18. Gain of the proposed antenna.
= AN
w2 /7 !
P ‘.‘ : Mode 1
-201 / i j == -Mode3 antenna (DRA) in [[7]], metasurface structures based on
,/ 1 Combined (proposed) microstrips are easy to fabricate and have smaller size.
/ bi
! Y IV. CONCLUSION
30+ : : A low-profile wide-beam metasurface antenna for
10 1 detection purpose has been proposed.  The 3-dB
Frequency (GHz) beamwidth of the 45° and 135° planes are 200.9° and

Fig. 17. Return loss (S11) of the metasurface antenna.

Comparisons among the proposed antenna and re-
lated wide-beam antennas are given in Table [T, As
shown in the table, low-profile structures using mi-
crostrip structures with grounding vias in [4H6] and
magneto-electric tapered slot antenna in [8] can hardly
generate a wide-beam pattern above 140°. Structures
with wider beamwidths in [3| [7] have higher profiles
h > 0.1A. The resulting HPBW is larger than most of
the structures. Compared with the dielectric resonator

200.6°, respectively. The maximum gain of the wide-
beam antenna is 4.25 dBi. The results have shown that
the proposed antenna is capable of detection applications

near 10 GHz.
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