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ABSTRACT A conical cavity-backed antenna with embedded multiple quarter-wave resonators (multiple
QWRs) is proposed. The 3-dB axial ratio bandwidth (ARBW) of a cavity-backed antenna is limited by
cavity resonance, undesired cavity current, and circular polarization (CP) behavior of the radiator. As a
result, the cavity-backed antenna exhibits a high AR level and narrows the 3-dB ARBW, even though a high
antenna gain and front-to-back ratio remain. In this study, a simple crossed-dipole was used to excite a conical
cavity with four embedded multiple QWRs. The multiple QWR consists of two metallic plates and a cavity
rim wall, which generate an additional current to support CP radiation. A conical cavity with embedded
multiple QWRs can reduce the AR level and enlarge the 3-dB ARBW by preventing cavity resonance which
creates a strong electric field inside the cavity, minimizing the effect of the undesired cavity current that
radiates the cross-polarized wave, and further adding the CP mode to the antenna. The prototype realized a
wide impedance bandwidth of 93.83% (1.72-4.76 GHz) and wide axial ratio bandwidth of 83.75% (1.86—
4.54 GHz). The maximum gain was 9.9 dBic at 4.18 GHz. For the case where the radiator cannot be changed,
this study demonstrates a cavity approach utilizing a microwave structure (multiple QWR) to reduce the AR

level and maximize the 3-dB ARBW of a cavity-backed antenna without radiator modification.

INDEX TERMS Cavity-backed antenna, quarter-wave resonator, circular polarization, crossed-dipole.

I. INTRODUCTION

Many wireless communication applications use circularly
polarized (CP) antennas for radio-frequency identification
(RFID), mobile communication, satellite communication,
and global navigation satellite systems (GNSS). Over the last
decade, wireless communication systems have reached the
limit of linearly polarized (LP) antennas for multiband and
multifunctional applications. The major advantages of CP
antennas over LP antennas are their reduced susceptibility
to multipath interference, good polarization matching, and
strong immunity to the Faraday effect.

A CP wave is composed of two orthogonal electric field
components with an equivalent amplitude and a 90° phase dif-
ference [1]. A crossed-dipole antenna is widely used for CP
radiation, which employs two half-wavelength dipoles that
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are placed orthogonally and fed by equal amplitudes in phase
quadrature difference [2]. For simplicity, a vacant quarter
phase-delay ring is used to create a single-feed crossed-
dipole [3]. Because the crossed-dipole exhibits bidirectional
radiation, a low directional gain is inevitable.

A CP antenna with a high gain, unidirectional radiation,
and high front-to-back ratio is essential in modern wireless
communication; thus, a perfect electrical conductor (PEC)
is used as a reflector to back the crossed-dipole [4]. More-
over, an open metallic cavity is utilized, which resulted in
a cavity-backed antenna with high gain and environmen-
tal isolation. To obtain a wide 3-dB axial ratio bandwidth
(ARBW), the advanced radiators (crossed-dipole) and com-
plicated feeding networks have been investigated.

Many modified crossed-dipoles have been published for
wide 3-dB ARBW, such as crossed-dipoles with open
stubs (49% ARBW) [5], asymmetric bowtie-shaped crossed-
dipoles (51% ARBW) [6], triple-arm crossed-dipoles (51.4%
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ARBW) [7], L-shaped crossed-dipoles (67.5% ARBW) [8],
and elliptical crossed-dipoles (96.6% ARBW) [9]. A parasitic
element has been introduced to generate additional reso-
nances at the crossed-dipole. Several element shapes have
been used, such as bowtie-shaped elements (58.6% ARBW)
[10], triangular patches (63.4% ARBW) [11], truncated-
corner patches (72.2% ARBW) [12], rectangular strips
(90.9% ARBW) [13], square-slot patches (94.4% ARBW)
[14], and sequentially rotated vertical metallic plates (106.1%
ARBW) [15].

Other techniques have also been reported in the literature.
A wideband feeding network acquired 48.6% ARBW [16].
Two baluns contributed 62.4% ARBW [17]. A crossed-dipole
loaded with a magneto-electric (ME) dipole provided ARBW
0f 26.8% [18] and 45.3% [19]. The cross-slotted square patch
for the magnetic current obtained 59.1% ARBW [20]. The
rectangular dual cavity realized an ARBW of 66.7% [21].
The advanced crossed-dipole and composite cavity achieved
a 120.1% ARBW [22].

However, this investigation focuses on cavity studies.
Even though the cavity-backed structure provides a high
gain and high front-to-back ratio, the 3-dB ARBW of the
cavity-backed antenna is limited due to cavity resonance,
undesired cavity current, and the radiator’s CP behavior.
These factors significantly increase AR levels. Therefore, for
a situation where the radiator cannot be changed, a conical
cavity-backed antenna with embedded multiple quarter-wave
resonators (multiple QWRs) is proposed. A conical cavity
with embedded multiple QWRs can enhance the antenna
gain, prevent cavity resonance, minimize the effect of unde-
sired cavity current, and add CP mode to the antenna, max-
imizing the 3-dB ARBW of the cavity-backed antenna. The
prototype achieved a wide impedance bandwidth IMBW) of
93.83% at |S11]| of less than —10 dB and a wide 3-dB ARBW
of 83.75%. The maximum gain was 9.9 dBic at 4.18 GHz.

Il. ANTENNA STRUCTURE
The proposed antenna has a conical cavity with embedded
multiple QWRs in the S-band. Fig. 1 shows the radiator
(crossed-dipole) geometry of the antenna. It is constructed
using two straightforward dipoles that are etched orthogo-
nally on the top and bottom of 1.524 mm thick RO4003c
material (48 mm x 48 mm, & = 3.38, and tan§ = 0.0027).
A vacant quarter ring connects the dipole arms such that a CP
wave is produced because of a 90° phase delay between the
two dipoles. The radiator is fed directly by a 50-ohm coaxial
cable. A right-handed CP (RHCP) is generated in the +z
direction; otherwise, a left-handed CP (LHCP) is generated.
A conical cavity with four embedded multiple QWRs is
shown in Fig. 2. A multiple QWR consists of two metallic
plates and a cavity rim wall. The cavity is manufactured from
aluminum. The cavity-backed antenna is assembled with the
radiator positioned at the center and Ap/4 distance above the
bottom of the cavity (A is the wavelength at the CP minimum
frequency of 2 GHz). All geometrical parameters are listed in
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FIGURE 1. The radiator (crossed-dipole): (a) top view and (b) side view.

FIGURE 2. The proposed antenna: (a) side view and (b) 3D view (without
the radiator).

TABLE 1. Geometrical parameters of the proposed antenna.

Parameter Value [mm] Parameter Value [mm]
w 38 a 50
/ 24 b 35
r1 1.9 12 18
I 3 Wi 1 2
" 33 W 6
K 3 d=h=h 36

Table 1. The overall dimensions of the proposed antenna are
1.06A. x 1.06A. x 0.38A¢ (A is the wavelength at the CP
center frequency of 3.2 GHz).

Fig. 3 displays four different antenna models (Antenna
I-IV) representing the antenna evolution. In particular, the
models were developed without modifying the radiator; thus,
the reflection coefficient remained unchanged across the
S-band, as shown in Fig. 4. Fig. 5 shows a comparison of the
simulated AR for each antenna model. Antenna I is a circular
cavity-backed antenna (Fig. 3 (a)). The AR level of Antenna
I increases to a high at 3.9 GHz due to cavity resonance.
Antenna II is a conical cavity-backed antenna (Fig. 3 (b)).
The conical shape shifts the effect of the cavity resonance
to 4.7 GHz. Antenna III is a conical cavity-backed antenna
with embedded QWRs (Fig. 3 (c)). The QWR is introduced
to generate an additional current to resolve the high AR
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(b)

FIGURE 3. The antenna evolution: (a) Antenna I with circular cavity, (b)
Antenna Il with conical cavity, (c) Antenna Il with conical cavity
embedded QWRs, and (d) Antenna IV with conical cavity embedded
multiple QWRs.
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FIGURE 4. The simulated reflection coefficient for each antenna model.

(>3 dB) issue, caused by the undesired cavity current at
higher frequencies. Antenna IV is the proposed antenna,
which is a conical cavity-backed antenna with embedded
multiple QWRs (Fig. 3 (d)). The multiple QWR can further
enhance the 3-dB ARBW by adding a CP mode at 4.5 GHz
to the antenna.

Ill. DESIGN AND MECHANISM

Although cavity-backed structures have advantages in terms
of high gain, high front-to-back ratio, and environmental
isolation, the 3-dB ARBW is limited due to cavity resonance,
undesired cavity current, and radiator’s CP behavior. These
factors can cause high AR levels (>3 dB) in the boresight
direction. Cavity resonance creates a strong electric field
inside the cavity, resulting in a high AR level at the resonant
frequency of the cavity resonator. At higher frequencies,
the radiator induces an undesired cavity current with cross-
polarized (XPOL) radiation, resulting in a high AR level.
A high AR can also be a problem at higher frequencies
because of the radiator’s CP behavior; the CP radiator typ-
ically generates CP waves at lower frequencies but not at
higher frequencies. For the case where the radiator cannot be
changed, this section demonstrates a cavity design procedure

VOLUME 11, 2023

+ Antenna [
= = = Antenna Il
= = Antenna III FREEN
Antenna IV LA

Axial ratio [dB]
IS
1

T T —T T T T T
1.0 15 20 25 30 35 40 45 50

Frequency [GHz]

FIGURE 5. The simulated axial ratio for each antenna model.

that lowers the AR level and maximizes the 3-dB ARBW of
a cavity-backed antenna without adjusting the radiator.

A. ANTENNA |

Antenna I is constructed using a crossed-dipole and an open
circular metallic cavity. Although the circular cavity is a
part of the antenna system, it can also be considered as a
cavity resonator. The resonant frequency (f;) of a circular
cavity resonator can be determined by applying the following
equations to the transverse magnetic (TM) and transverse
electric (TE) modes [23]:

2

™ __ 2 qra
(enpg = 2ma./eun ap (T) M
1 qray?
TE _
(ehnpg = 2ma./epn X + (7) )

where a is the cavity radius, d is the cavity height, xnp
denotes the constant values for the TM mode, x{lp denotes
the constant values for the TE mode [23], ¢ is permittivity,
W is permeability, n =0,1,2,...,p=1,2,3,...,and ¢ =
0, 1,2, ... respectively.

Strong cavity resonance contributes to a strong electric
field inside the cavity, resulting in a high AR level in the
propagation direction. The resonant frequencies (f;) of the
TMo10, TM110, and TE {1 modes were calculated for differ-
ent cavity radii (a), as shown in Fig. 6. The 50-mm radius
is for the initial circular cavity because of the S-band in the
range. Theoretically, the CP properties of Antenna I may be
degraded by TMyjo (2.2 GHz) and TMy9 (3.6 GHz). Fig. 7
shows the electric field distribution of Antenna I which is
obtained by using the HFSS electromagnetic field simulator.
The results reveal that TMo at 3.9 GHz generates a strong
electric field. Therefore, the circular cavity must be modified
into a conical cavity to minimize the effect of the strong
electric field due to cavity resonance.

B. ANTENNA 11

Antenna IT is a conical cavity excited by a crossed-dipole. The
conical structure is a combination of several circular radii.
Therefore, the narrow part of the conical cavity can shift the
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FIGURE 6. The calculated resonant frequency (fr) of circular cavity
resonator for different cavity radius (a).

FIGURE 7. The electric field distribution of Antenna I (@ = 50 mm) in xz
plane: (a) TMg;¢ at 3.2 GHz and (b) TM;¢ at 3.9 GHz.
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FIGURE 8. The simulated axial ratio of Antenna Il for different conical
radius (b).

effect of the cavity resonance to a higher frequency. Fig. 8
presents a comparison of the simulated AR for different con-
ical radius (b). The shifting of the cavity resonant frequency
(fr) can be identified by the shifting of the peak AR point,
as shown by b. The optimal value of b is 35 mm, at which
point the cavity resonance left the operating band. Fig. 9
shows the electric field distribution of Antenna II at 3.2 and
3.9 GHz, verifying that the strong electric field due to cavity
resonance was minimized.

To reduce the AR level and enhance the 3-dB ARBW of
the cavity-backed antenna, the radiator and cavity currents of
Antenna II were analyzed using the surface current density
(Jsurf)- The position of Jgf along the propagation direction (z-
axis) is very important in this step. Therefore, Jguf is simply
classified into the aperture-Jg,t (z = 0, at the radiator level)
and reflector-Jguf (z < 0, below the radiator level).
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FIGURE 10. The current distribution of Antenna II: (a) 2 GHz, (b) 3 GHz,
and (c) 4.5 GHz.

Fig. 10 illustrates the radiator and cavity currents of
Antenna II. The cavity current can be represented by either
the aperture-Jgu or reflector-Jg,f, but the radiator current is
only represented by the aperture-Jgf. In Fig. 10, the aperture-
Jsurt and reflector-Jgy s are denoted by dashed and solid
arrow styles respectively, in order to independently realize CP
operation since their observation planes are different in the
propagation direction (z-axis). The CP condition is obtained
when the two vectors are equal in magnitude and have a 90°
phase difference. Even both of aperture-Jg,r and reflector-
Jsurf cannot be directly combined, but a synthesis is available
in case that reflector-Jg,,r is sufficiently high. In Fig. 10 (c),
the high AR issue at 4.5 GHz comes from two sources: the
undesired cavity current produced by the radiator and the
radiator’s CP behavior. If the radiator cannot be changed and
adjusted, the study proposes to solve the high AR issue due to
the undesired cavity current by utilizing a cavity-embedded
microwave structure. The radiator’s CP behavior will then be
addressed.

C. ANTENNA Il

To minimize the effect of the undesired cavity current,
a quarter-wave resonator (QWR) is proposed to be embedded
inside the conical cavity. A transmission line can be used
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FIGURE 11. The quarter-wave resonator (QWR) at the resonant frequency:
(a) transmission line model, (b) current intensity, (c) current distribution
of symmetrical QWR, and (d) current distribution of asymmetrical QWR.

to describe the QWR as the simplest microwave resonator
[24]. In a transmission line model, both the source and load
impedances (Zs and Z;) can be considered, as shown in
Fig. 11. At resonance, both Zg and Zj are reactive loads
(capacitive or inductive). Therefore, no energy is delivered
to the load, but the energy reflects and bounces between the
two ends, indicating a standing wave. For the transverse reso-
nance condition in a one-dimensional problem, the following
equation can be used to determine the resonance condition:

1 = [glpe ¥Peh ©)
—1 = ¢ %Pl 4)
Beh = pm/2, pisodd &)

where I's and I'y are the reflection coefficients at the
source and the load ends, respectively, B is some effective
wavenumber for a z-propagating wave in a mixed medium,
and £ is the height or length of the transmission line.

In Fig. 11, a coupled vertical metallic plate with one
closed end is considered as a microwave resonator using the
transmission line principle. Due to the open and short-end
configuration, the product of I's and I'p, is —1. This structure
corresponds to a quarter-wavelength on the transmission line
when p is set to 1 (the lowest mode). Any resonator with a
height or length equal to a quarter-wavelength is a QWR.
The electric current in an absolutely open circuit must be
zero; however, it should not be zero when the structure is
terminated by a short. Because the QWR generates additional
current over the short end at the resonant frequency, the con-
ical cavity with embedded QWR has the ability to minimize
the effect of the undesired cavity current, resolving high AR
issues.

According to Antenna II, the AR level tends to be low
at 3 GHz (Fig. 8 (b = 35 mm)), where the radiator can
perfectly generate CP waves, and the undesired cavity current
is very small (Fig. 10 (b)), but high at 4.5 GHz. Although
the additional current of the QWR may increase the AR level
at 3 GHz (the fundamental frequency of the radiator), it can
resolve the high AR issue at 4.5 GHz instead. Antenna III is
a conical cavity-backed antenna with four embedded QWRs.
The four QWRs are physically composed of four sequentially
rotating metallic plates together with the cavity rim wall.
Because the four QWRs are arranged in a sequential rotation,
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the direction of the additional current should be opposite to
that of the undesired cavity current.

The relationship between the magnitude of the additional
current and the undesired cavity current was examined to
realize AR level reduction at 4.5 GHz. Fig. 12 shows the
difference in the average magnitude of Jg, between zones
I (avg|Jsurflzonel) and O (avg|Jsurflzoneo) in config. 1 (wy =
12 mm and /; = 12 mm), 2 (w; = 15 mm and /{ = 6 mm),
and 3 (w; = 12 mm and /; = 0 mm) at 3 and 4.5 GHz. The
difference is written as:

diff = anUsurf'zoneI - an|Jsurf|zoneO (6)

Thus, the small difference (diff ~ 0) implies that the addi-
tional and undesired currents cancel each other out in the
radiation.

Fig. 13 shows the simulated AR in config. 1, 2, and 3. This
study reveals that the AR level is reduced because of the QWR
at 4.5 GHz. Furthermore, the small difference (diff &~ 0) of
config. 2 and 3 (Fig. 12 (b)) decreases AR level by 12 dB
at 4.5 GHz. Since the config. 2 (Fig. 12 (a)) unintentionally
obtains the excessive additional current (diff > 0) at 3 GHz,
the optimal configuration of the QWR is the config. 3 (w; =
12 mm and /; = 0 mm), where diff is sufficiently small for
both 3 and 4.5 GHz. Antenna III enhanced the 3-dB ARBW
from 32.26% (Antenna II) to 73.02% (2-4.3 GHz).

The AR reduction due to the QWR was analyzed using the
radiated electric field pattern because the AR is calculated
from the magnitude of the radiated electric field, as refers
to (7). The radiated electric field was calculated using the
equivalence principle [25]. The original fields that existed
over a surface enclosing only the cavity section were used
[26]. Fig. 14 compares the magnitudes of the radiated cross-
polarized (|ExpoL|) and co-polarized (| EcopoL |) electric field
produced by the cavity at 4.5 GHz of Antenna II (without
QWR) and Antenna IIT (with QWR). The cavity of Antenna
1T (with QWR) significantly reduces |Expor| and improves
|EcopoL| lowering the AR level at 4.5 GHz.

AR = (|EcopoL| + |ExpoLl)/(|EcopoL| — |ExpoLl)  (7)

Fig. 15 illustrates the current distribution of Antenna III
with config. 3. In Fig. 15 (a) and (b), even the QWR generates
additional current unintentionally at 2 and 3 GHz; however,
this can be ignored because it has a small impact compared
with the radiator current. As shown in Fig. 15 (¢), an addi-
tional current at 4.5 GHz arises against the undesired cavity
current.

The high AR problem at 4.5 GHz due to the undesired cav-
ity current produced by the radiator was investigated. If the
radiator cannot be modified, the QWR inside the cavity cre-
ates an additional current against the undesired cavity current,
reducing the XPOL radiation of the cavity and decreasing
the AR level at 4.5 GHz. At this frequency of Antenna III,
the CP wave is only produced by the reflector-Jy,f without a
synthesis between aperture-Jq,r and reflector-Jg,f. The AR
level at 4.5 GHz remains above the 3-dB level because of
the radiator’s CP behavior, which usually generates CP waves
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FIGURE 14. The simulated radiated electric field pattern produced by the
cavity at 4.5 GHz of Antenna Il (without QWR) and Antenna Il (with QWR)
in xz plane: (a) XPOL radiated electric field and (b) CoPOL radiated
electric field.
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FIGURE 13. The simulated axial ratio of Antenna il for different w, and
I, as config. 1, 2, and 3.

perfectly at lower frequencies but not at higher frequencies.
To maximize the 3-dB ARBW without modifying the radia-
tor, the conical cavity with embedded QWRs must be further
modified utilizing a multiple QWR. This can add the CP
mode to the antenna to resolve the high AR issue due to the
radiator’s CP behavior.

D. ANTENNA IV

In general, the CP mode can be easily added to the radiator by
inserting a parasitic element, but this can result in impedance
mismatching or frequency shifting; therefore, the antenna
system must be further modified in relation to the change in
the radiator. This study proposes a method for adding a CP
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FIGURE 15. The current distribution of Antenna Il with config. 3:
(a) 2 GHz, (b) 3 GHz, and (c) 4.5 GHz.

mode utilizing the cavity approach. Antenna IV is fabricated
by inserting four metallic plates into Antenna III, resulting in
a conical cavity-backed antenna with four embedded multiple
QWRs. The four multiple QWRs are a combination of eight
metallic plates and a cavity rim wall. The multiple QWR
can be divided into two parts: QWR| and QWR», as shown
in Fig. 16. The objective of QWR| is similar to that of the
QWR in Antenna III. The goal of QWR; is to add the CP
mode at 4.5 GHz without disturbing the other frequencies
(particularly the radiator’s fundamental frequency of 3 GHz).
For this purpose, QWR, must provide sufficient or moderate
additional current at 4.5 GHz, but it must not provide addi-
tional current at 3 GHz. Fig. 16 shows the average magnitude
of Jgurt in zone I (avg|Jsurf|zonerr) of Antenna IV in config.
A (wy=4mmand/, =20 mm), B(w, =6 mmand /, =
18 mm), C (wp = 6 mm and , = 12 mm), D (wp, =5 mm and
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TABLE 2. Performance comparison with reported circularly polarized cavity-backed antennas.

IMBW ARBW Gai CP center
Ref. Method (Su|<-10dB) (AR<3dB) [ dBaliIcl] frequency Overall size [1°]
[%] [%] (f) [GHz]
[5]  Radiator (rectangular-shaped adding open stub) 67.7 49 92 2.56 0.89%0.89%0.2
[6] Radiator (asymmetric bowtie-shaped) 57 51 9.6 2.75 1x1x0.25
[71  Radiator (triple-arm) 89.1 51.4 11.7 4.37 1.34x1.34%0.26
[8]  Radiator (L-shaped) 92.8 67.5 12.4 8 1.81x1.81%0.21
[91  Radiator (elliptical shaped) 106.5 96.6 12 1.93 1.42x1.42%0.32
[10]  Element (bowtie-shaped patch) 68.9 58.6 9.4 29 0.79%0.79%0.27
[11]  Element (triangle-shaped patch) 78.3 63.4 4.5 1.42 0.46%0.46x0.1
[12]  Element (truncated-corner patch) 99.2 72.7 10 2.2 1.11x1.11x0.28
[13]  Element (rectangular strip) 93.1 90.9 8.6 43 1.07x1.07x0.4
[14]  Element (square-slot patch) 95.5 94.4 6.8 1.8 0.88%0.88x0.21
[15] Element (vertical plate) 115.2 106.1 7 1.96 0.59%0.59%0.23
[16] Feeding (wideband network) 54.7 48.6 35 1.43 0.33x0.33x0.17
[17]  Feeding (two baluns feeding) 70.6 62.4 4.8 2.79 0.65%0.65%0.35
[18] ME dipole (loaded metallic horizontal plates and posts) 59.8 26.8 8 1.6 0.64x0.64%0.16
[19] ME dipole (loaded metallic vertical and horizontal plates) 72.1 453 8.1 1.87 0.75%0.75%0.18
[20]  ME dipole (loaded crossed-slotted patch) 80 59.1 12.1 5.92 1.1x1.1x0.22
[21]  Cavity (dual square cavity) 79.4 66.7 9.7 3 0.86x0.86%0.36
[22] Radiator (triangle and fan-shaped) and Cavity (composite) 125.2 120.1 12.2 44 1.85%1.85%0.41
This  Cavity (conical cavity with embedded multiple QWRs) 93.83 83.75 9.9 32 1.06x1.06x0.38
avg “]surf | zonell 24 Ant m
" ] +++ Antenna
avg‘JS"jS[Nm ! A - - - config.A w, =4 mm, /, = 20 mm
I 18 1 config.B w, =6 mm, /, = 18 mm
4 o) 15_- = = config.C w,=6 mm, /,= 12 mm
=
- 3 S 124
@ E l E ]
~ 5 J current at 3 GHz
1 < 0 7
. :
0 4
0 T T T T T T T T T
QWR, 1.0 1.5 2.0 2.5 30 35 40 45 5.0
Frequency [GHz]
aveldlA/ne] FIGURE 17. The simulated axial ratio of Antenna IV for different w, and
I>5 I, as config. A, B, and C.
4+ QWR,
\ 24
(b) E' zone I ] config. B w, =6 mm, /, = 18 mm
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< 61
FIGURE 16. The average magnitude of surface current density inside zone 1
11 of Antenna IV for different w, and /,: (a) 3 GHz and (b) 4.5 GHz. 34
0 T L T T — 1 T T

Ih = 16 mm), and E (wp = 7 mm and /, = 20 mm) at 3 and

4.5 GHz.
Fig. 17 shows a comparison of the simulated AR in config.
A, B, and C. Config. A can limit the additional current

at 3 GHz, but it has excessive additional current at 4.5 GHz,
preventing the addition of the CP mode at 4.5 GHz. Con-
fig. C unintentionally contributes to an additional current
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I, as config. B, D, and E.

T T T
20 25 30 35 40 45 5.0
Frequency [GHz]

FIGURE 18. The simulated axial ratio of Antenna IV for different w, and

at 3 GHz, raising AR level at 3 GHz. There are several
configurations that meet with the above requirement of a
small additional current at 3 GHz and moderate at 4.5 GHz,
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FIGURE 19. The current distribution of Antenna IV with config. B:
(a) 2 GHz, (b) 3 GHz, and (c) 4.5 GHz.

FIGURE 20. The photographs of the proposed antenna.

for instance, config. B (w; = 6 mm and /, = 18 mm), D
(wp =5 mm and [, = 16 mm), and E (w, = 7 mm and
I = 20 mm). In Fig. 18, the simulated AR of config. B,
D, and E show no significant differences in the CP proper-
ties. Therefore, config. B is the optimal configuration of the
multiple QWR (wy = 6 mm and /; = 18 mm) for ease of
fabrication. Consequently, a conical cavity with embedded
multiple QWRs can add the CP mode to the antenna at a
specific frequency without disturbing the other frequencies.
Antenna IV decreased AR level to <3 dB at 4.5 GHz and
achieved the wide 3-dB ARBW of 81.25% (1.9-4.5 GHz).
Fig. 19 shows the current distribution in Antenna IV. Because
QWR; generates an additional current close to the radiator
level unlike QWR;. In Fig. 19 (c), both aperture-Jg,t and
reflector-Jg,+ radiate CP wave in the high frequency range.
The 3-dB ARBW of Antenna IV has been expanded by this
band compared to that of Antenna III. Thus, the CP radiation
in this expanded AR band of Antenna IV is a synthesis of two
current distributions on the aperture-Jg,t and reflector-Jgy,s.
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FIGURE 21. The simulated and measured reflection coefficient (|S;;]) and
axial ratio of the proposed antenna.
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FIGURE 22. The simulated and measured gain of the proposed antenna.

IV. DESIGN GUIDELINES

Based on the study described above, the design guidelines
for a conical cavity-backed antenna with embedded multiple
QWRs are summarized as follows:

1) RADIATOR
We designed a bidirectional radiator that generated a CP wave
in the desired operating band.

2) CIRCULAR CAVITY

The dimensions of the circular cavity were determined by
avoiding cavity resonance and installing the radiator above
the bottom of the circular cavity by Ay/4.

3) CONICAL CAVITY

The circular cavity was modified into a conical shape by
properly adjusting the conical radius (b) until the peak AR
point left the band.

4) CONICAL CAVITY WITH EMBEDDED QWRS

Four metallic plates were sequentially rotated into the conical
cavity, and a parametric study of w; and /; was conducted
to determine the smallest difference between avg|Jgurf|zonel
and avg|Jsurf|zoneo at frequencies where the undesired cavity
current arises significantly.
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FIGURE 23. The simulated and measured normalized radiation pattern of
the proposed antenna: (a) 2 GHz, (b) 3 GHz, and (c) 4.5 GHz.

4.5 GHz

5) CONICAL CAVITY WITH EMBEDDED MULTIPLE QWRS
Four metallic plates were inserted into the conical cavity
embedded QWRs, and then a parametric study of wp and
I, was performed to obtain moderate avg|Jsyf|zonelr at a
frequency that adds the CP mode (normally at the higher
frequency) and the remaining low avg|Jgurf|zonelr at other
frequencies (especially the radiator fundamental frequency).
Therefore, the aperture-Jg,f Which is created by QWR, could
be an advantage.

V. EXPERIMENTS

A prototype of a conical cavity-backed antenna with embed-
ded multiple QWRs (Antenna IV) was fabricated. Its pho-
tographs are shown in Fig. 20. Experiments were performed,
and Fig. 21 presents the results of the reflection coeffi-
cient and AR. The simulated and measured IMBW (|S1;| <
—10 dB) were 92.06% (1.7-4.6 GHz) and 93.83% (1.72—
4.76 GHz), respectively, and the simulated and measured
ARBW (AR < 3 dB) were 81.25% (1.9-4.5 GHz) and
83.75% (1.86-4.54 GHz), respectively. The degradation of
the measured reflection coefficient between 2.2 to 3.3 GHz
could be attributed fabricating errors.

The antenna gain results are presented in Fig. 22. The
simulated and measured gain showed maximum values of
10.14 dBic (4.5 GHz) and 9.9 dBic (4.18 GHz), respectively.
The measured gain exhibited an error at a lower frequency
because of the cutoff frequency of the reference antenna.
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Fig. 23 shows the normalized radiation patterns of the pro-
posed antenna at 2, 3, and 4.5 GHz. To demonstrate the
advantages of this study, Table 2 compares the performance
of the proposed antenna and those in other studies. This study
maximizes the 3-dB ARBW of a cavity-backed antenna using
a pure-cavity approach without radiator adjustment. Other
studies have attempted to increase the 3-dB ARBW using
techniques that require highly accurate fabrication, such as
advanced radiators and complicated feeding networks, which
increase the complexity and difficulty of manufacturing.

VI. CONCLUSION

The 3-dB ARBW of a cavity-backed antenna is limited
because of the high AR (>3 dB) issue due to cavity reso-
nance, undesired cavity current, and radiator’s CP behavior.
At the resonant frequency of the cavity resonator, a strong
electric field is created, resulting in a high AR level. The
undesired cavity current also increases the AR level by
producing an unwanted XPOL wave. In addition, high AR
remains a problem because the CP behavior of the radiator is
limited at higher frequencies. For the situation where the radi-
ator cannot be changed, this study proposes a cavity approach
to maximize the 3-dB ARBW. The study utilizes a conical
cavity-backed antenna with embedded multiple QWRs. The
conical shape of the cavity prevents cavity resonance in the
operating band, thereby reducing the AR at the resonant
frequency of the cavity resonator. Furthermore, the multiple
QWR generates an additional current that cancels the unde-
sired cavity current and adds the CP mode to the antenna,
resulting in an AR level reduction at higher frequencies.
The prototype achieved a wide IMBW (|S11| < —10 dB) of
93.83% and wide 3-dB ARBW of 83.75%. The maximum
gain was 9.9 dBic (4.18 GHz).
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