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ABSTRACT: This paper presents a tri-split-ring resonator (TSRR) integrated with a rectangular dielectric resonator antenna (RDRA)
using an E-shaped microstrip feed line. The RDRA, measuring 15 x 14 x 14 mm?® and constructed on an FR4 substrate of 46 x 46 x
1.6 mm?, features a gain of 10.9 dBi and a fractional bandwidth of 22.05% (5.85 GHz—7.3 GHz) with radiation efficiency over 82%. It
supports fundamental modes 7E111 at 6.12 GHz, along with lower- and higher-order modes TEs2 at 6.13 GHz, TE3s3 at 6.14 GHz, and
TEs333 at 6.2 GHz. Simulated and measured results show close agreement across the operating band. The proposed antenna has several
applications, including point-to-point microwave links (5.925 GHz—7.125 GHz), satellite communication in the C-band, and defense and

military communication.

1. INTRODUCTION

In the current 5G wireless communications system, anten-
nas are crucial. Seaquake communications call for com-
pact, wideband, high-data-rate, and high-efficiency antennas.
Dielectric-resonator antennas [1] are simpler and less expen-
sive to fabricate tnan microstrip patch antennas (at higher fre-
quencies). The best possible radiator in 1980, according to
Long et al. [2], was a DRA rather than a microstrip patch or
a dipole antenna. Dielectric Resonator Antennas (DRAs) [3]
are attracting increased attention because of their alluring char-
acteristics, such as negligible conduction losses, high gain, and
radiation efficiency. DRA features several notable and appeal-
ing physical properties, including 3D construction flexibility,
lightweight, cheap cost, ease of excitation, and increased per-
formance in terms of gain and bandwidth (BW) [4]. According
to a literature review, there are conventional methods that can
be used to increase bandwidth and gain. These methods in-
clude conformal strips, parasitic strips, folded metallic patches,
antenna offset wells, vertical strips, square spiral strips, com-
plementary rectangular split-ring resonators (CRSRR), para-
sitic conducting strips, metamaterial low-profile stacked DRAs,
and dual pairs of microstrip lines [5-16]. A rectangular DRA
(RDRA) featuring a parasitic strip and a triangular ring-shaped
aperture operates effectively in dual bands, achieving gains of
5.1dBi and 5.25 dBi, making it appropriate for WiMAX and
WLAN applications in the frequency ranges of 3.4-3.58 GHz
and 5.1-5.9 GHz [17]. A hexagonal dielectric resonator with a
square microstrip ring operates in triple bands, achieving 10 dB
impedance bandwidths of 17.4%, 28.13%, and 2.97%, with re-
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spective gains of 5, 5.28, and 2.36 dBic [18]. A single-fed wide-
band DRA achieved a peak gain of 4.73 dBic by sequentially
spinning four metallic plates [19]. An RDRA powered by an E-
shaped parasitic patch [20] has a 10 dB impedance bandwidth
of 21% at a frequency of 4.02 GHz and a gain of 6.5dB. An
RDRA with a unique conformal H-shaped metal strip [21] ex-
hibits a 27.7% impedance bandwidth (3.67 GHz—4.73 GHz) and
a gain of 6.8 dBi. A DRA array, featuring a rectangular dielec-
tric resonator antenna array [22] and an air-bridgeless coplanar
waveguide power divider, provides a wide response with a mea-
sured impedance bandwidth of 14.8%. An RDRA [23] featur-
ing a T-shaped feeding strip and parasitic patch, stimulated by a
coaxial probe, achieves a 10 dB impedance bandwidth of 17.3%
and a gain of 6.32 dBi, suitable for WiMAX, satellite, and Sub-
6 5 GHz band communications. This study describes a method
for energizing a dielectric resonator [24] using a metallic cir-
cular patch antenna in the millimeter wave frequency range,
which includes a rectangular slot and an across-slot aperture.
The gain of the single-element non-metallic dielectric resonator
antenna is increased from 6.38 dB to 8.04 dB. An RDRA with
a patch strip activated by a coaxial probe achieved a 10dB
impedance bandwidth of 48% and a gain of above 6 dBi [25].
[llahi et al. proposed an RDRA [26] featuring a conformal
strip design, yielding an impedance bandwidth of 17% between
4.05 GHz and 4.81 GHz, with a gain of 6.2 dBi, suitable for
5G NR Sub-6 GHz applications. Additionally, an RDRA [27]
utilizing F-shaped metal strips achieves impedance-matching
bandwidths of 35.4%, 1.74%, and 1.85%, with peak gains of
6.8 dBic, 7.6 dBic, and 8.5dBic. A hybrid RDRA presents a
modified microstrip octagonal feed [28] and a plus-shaped slot-
ted ground plane, achieving a 5.5 dBi gain suitable for WLAN,
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FIGURE 1. The geometric view of TSRR. (a) TSRR top view without RDRA. (b) Isometric view of RDRA with conformal strips C1, C2, C3, and

square ring.

TABLE 1. Parameters and dimensions (mm) of the proposed antenna tri-split-ring resonator.

Parameter | Dimension | Parameter | Dimension | Parameter | Dimension | Parameter | Dimension
H, 15 St 1.6 Ws 3 W2 3
2R 14 FWw 29 L1 7 W3 3
SW 10 FL 2 W1 2 G1 2.2
SL 6 TL=TW 16 L2 8 G2 2.2

Sz = Sy 46 RL = RW 13 L3 8 G3 2.2

WIMAX, and WAIC applications. Additionally, an RDRA
with aring slot [29] exhibits triple-band radiation efficiencies of
90%, 87%, and 84%, alongside 10 dB impedance bandwidths
of 3.4%, 7.7%, and 1.9%, with corresponding gains of 7.3 dBi,
6.5dBi, and 5.8dBi. A stacked rectangular dielectric res-
onator antenna incorporating a surface mounted short rectangle
(SMSR) [30] and an E-shaped microstrip feed achieved a 10 dB
impedance bandwidth of 21.5% and a gain of 10.5 dB, making
it suitable for wireless communication applications. The rect-
angular DR in [31] is powered by a quarter-wave transformer
and has an extended rectangle-shaped feed line with split-ring
resonators (SRRs) for multiband wireless applications. A cylin-
drical dielectric resonator antenna (CDRA) [32] array featur-
ing a quarter-wavelength transformer and power divider net-
work exhibits impedance bandwidths of 18%, 17%, and 22%
across three bands, achieving peak gains of 2.43 dBi, 7.72 dBi,
and 8.39 dBi, making it suitable for GPS navigation, Wi-Fi,
Bluetooth, and satellite applications. A triple-band CDRA ar-
ray [33] with bandwidths of 1.14 GHz, 0.26 GHz, and 0.22 GHz
achieved gains of 8.01 dBi, 7.4 dBi, and 9 dBi for WiFi, wire-
less LAN, and satellite applications.

This design combines TSRR, square ring loading, and multi-
side conformal strip excitation to produce a broad fractional
bandwidth of 22.05% width and excellent impedance matching
(—47 dB). It may be employed in single parasitic strips, stacked
structures, or simple ring slots. The suggested antenna achieves
a better gain of 10.9 dBi in a small 15 x 14 x 14 mm?3 DRA con-
figuration, surpassing most documented single-element RDRA
designs in the comparison table. A key contribution is the
systematic excitation and transformation of modes 7E;1; to
higher order TE333 from the fundamental to higher-order modes
through conformal strips and square ring loading, enabling
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bandwidth and gain enhancement. Therefore, the work is
more novel than exciting designs because it uniquely integrates
metamaterial-inspired TSRR loading with controlled higher-
order mode excitation to simultaneously improve feeding ef-
ficiency, bandwidth, and gain in the C-band.

2. DESIGN AND CONFIGURATION OF ANTENNA

The proposed tri-split-ring resonator (TSRR) integrates a novel
RDRA excited by a square ring with conformal strips, as illus-
trated in two stages in this section. Fig. 1(a) shows the TSRR
without RDRA. In the first stage, an E-shaped microstrip feed
line is placed on the ground plane without RDRA. An isomet-
ric view of the RDRA integrated TSRR with conformal strips
and a square ring on RDRA is shown in Fig. 1(b). The band-
width enhancement is carried out by introducing the vertical
conformal strip (C1) at the microstrip feed, the right conformal
strip (C2), and the left conformal strip (C3) at an optimal lo-
cation near the rectangular DRA. A square copper ring on the
RDRA, along with three conformal strips and TSRR, enhances
antenna impedance bandwidth, gain, and radiation efficiency
while enabling higher-order modes through an economical ex-
citation method. The RDRA is situated on an FR4 substrate
with permittivity €, = 4.4, loss tangent tan § = 0.02, and thick-
ness st = 1.6 mm. Design parameters are detailed in Table 1,
and the resonance frequency is determined using a specified
equation [33]
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FIGURE 2. E-field distribution without conformal strips TSRR and RDRA of the antenna for the mode TE111. (a) Y-Z plane phi = 0°. (b) X-Z

plane phi = 0° at 6.12 GHz. (c) Sketch of E-fields.
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FIGURE 3. E-field distribution without conformal strips TSRR and RDRA of the antenna for the mode 7E1s2. (a) X-Z plane Phi = 0°. (b) X-Y

plane Phi = 0° at 6.13 GHz. (c) A sketch of electric fields.

3. GENERATION OF HIGHER-ORDER MODES BY CON-
FORMAL STRIP EXCITATION CONFIGURATION-1

The rectangular dielectric resonance antenna (RDRA) is com-
posed of alumina, offering a higher dielectric constant than
the FR4 substrate, which restricts electromagnetic radiation.
The E-shaped microstrip feed generates electric fields, seen in
Figs. 2(a) and (b), which interact with the FR4 substrate and
tri-split-ring resonator edges, resulting in standing waves with
resonant mode patterns at 6.12 GHz and vector representation,
as shown in Fig. 2(c) depicts the vector representation of the F-
field. The electric field exhibits variations without conformal
strips, following one-half cycle along the X, Y, and Z axes,
characterized as the fundamental mode TE111.
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3.1. Configuration-2

A microstrip feed featuring an E-shaped design excites a rect-
angular dielectric resonator antenna. In Stage 2, a vertical con-
formal strip (C1) is added in front of the DRA and connected
to the microstrip feed, enhancing coupling and matching. This
setup facilitates energy transfer from the microstrip feed to C1,
potentially altering field distributions and improving radiation
or creating new resonant modes. The first harmonic (lower or-
der mode) is excited at 6.13 GHz, as shown in Figs. 3(a) and (b),
which represent the direction of the electric field, and Fig. 3(c),
which shows the vector representation of the E-field. The elec-
tric field variation due to strip C1, with one half cycle along the
X-axis, uniform along the Y -axis, and two half cycles along
the Z-axis, identified as the TE 55 mode.
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FIGURE 4. E-field distribution without conformal strips TSRR and RDRA of the antenna for the mode 7TE3s3. (a) X-Z plane Phi = 0°. (b) X-Y
plane Phi = 0° at 6.14 GHz. (c) A sketch of electric fields.
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FIGURE 5. E-field distribution without conformal strips TSRR and RDRA of the antenna for the mode TE333. (a) X-Z plane Phi = 0°. (b) X-Y
plane Phi = 0° at 6.2 GHz. (c) A sketch of electric fields.
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FIGURE 6. The proposed antenna’s surface current variation of TSRR without rectangular DRA. (a) Top view (XY') Phi = 0°. (b) Top view (XY)
Phi = 90° at 6.2 GHz.
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FIGURE 7. 3D far-field radiation pattern (directivity) of proposed antenna at 6.2 GHz.

TABLE 2. Evolution of antenna parameters comparison.

Stage Position of Description fr %IMBW | S, Modes
the
conformal (GHz) (dB)
strip
Stagel o = C}fﬁ;ﬁn ‘lets}l?il]l)ts 612 | 439% | 2094 | TE;,
RDRA with
conformal C1
Stage2 @) and micro-strip 6.13 5.52% | 2328 | TEis;
. feed(front side)
RDRA with
Conformal
stripsC1,C2
Stage3 ) csa—i = i——‘«z, |and C3 (front side, 6.14 12.86% | 21.13 | TEzs3
;T‘"’ right side and left
o side)
RDRA with
=t Conformal
trips C1, C2
Stage4 gh 12 e 62 | 22.05% | 474 | TEss
=L .
- Square ring
(Proposed
Design)

3.2. Configuration-3 changes along the X -axis, a uniform field along the Y -axis, and

three half-cycle variations along the Z-axis for the TE353 mode.

This configuration involves placing conformal strips on the
right (C2) and left (C3) sides of the RDRA, alongside the front
vertical strip (C1). This arrangement effectively couples elec-
tromagnetic energy into the DRA, surpassing the energy cou-
pling of probe-fed designs. The tri-split-ring resonator es-
tablishes localized fields, modifying the DRA’s fundamental
modes, the antenna’s emission pattern, and impedance band-
width. The second harmonic is excited at 6.14 GHz, as shown
in Figs. 4(a) and (b), which represent the direction of the elec-
tric field, and Fig. 4(c), which shows the vector representation
ofthe E-field. The electric field variations with three half-cycle
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3.3. Configuration-4

A square ring on the rectangular DRA modifies the E-field dis-
tribution through its electromagnetic modes. Conformal strips
C1, C2, and C3 enhance energy within the ring, creating com-
plex field patterns that improve RDRA performance by increas-
ing impedance bandwidth and gain. In stage 4, these elements
enhance higher-order modes at 6.2 GHz, generating stronger
electric fields in the DRA, in particular the TE333 mode, as
shown in Figs. 5(a), (b), which represent the direction of the
electric field, and Fig. 5(c), which shows the vector representa-
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FIGURE 9. Measurement setup for (a) reflection coefficient, (b) gain and 2D radiation pattern.
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FIGURE 10.
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tion of the E-field. The positions of the conformal strip without
and with conformal strips and the square ring of an antenna’s
parameters are compared as shown in Table 2.

Figure 6 depicts the surface current fluctuations of the pro-
posed antenna, with top views at Phi = 0° and 90°, reveal-
ing that the current is mostly channelled toward an E-shaped
microstrip feed. Due to fringing effects, the slots’ corners and
edges have greater current densities, especially at 6.2 GHz. Fur-
thermore, Fig. 7 shows the antenna’s three-dimensional far-
field emission pattern and a maximum directivity of 7.9 dB at
the same frequency.
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(a) Evolution of simulated reflection coefficient. (b) Comparison of simulated and measured reflection coefficients of the proposed

4. RESULTS AND DISCUSSIONS

The fabricated prototype of the proposed antenna is shown in
Fig. 8. The measurement setup depicted in Fig. 9(a) contains an
Anritsu vector network analyzer (Model No. VNA MS2037C)
for S} analysis. The gain and 2D radiation patterns of the an-
tenna are examined in an anechoic room using a typical waveg-
uide horn antenna (1 GHz—40 GHz) and a Keysight signal gen-
erator (N5173 B), as shown in Fig. 9(b).

The simulated reflection coefficient analysis of the proposed
antenna shows various impedance bandwidths: 4.39% with-
out conformal strips, 5.52% with one strip, and 12.86% with
three strips, and the corresponding return losses are 20.94 dB,
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TABLE 3. Simulated and measured parameters of TSRR.

Antenna parameters Simulated Measured
Impedance bandwidth 5.85GHz-7.3GHz | 5.82 GHz-7.3 GHz
Resonance frequency (f) GHz 6.2 6.15
%Impedance bandwidth 22.05 22.56
Return loss at f,- (dB) 47 46
E-plane Co-pol and X -pol (dB) 89.93°&80.46° 91.95°&81.48°
H-plane Co-pol and X -pol (dB) 46.62°&42.91° 47.92°&43.93°
Gain (dBi) 10.9 10.8

TABLE 4. Comparison of the proposed TSRR with RDRA performances with previous reported DRAs.

Ref. No | Type of Size of Excitation Band fr Mode % Impedance Gain RE(n)
n
/Year antenna DRA (mm3) technique (GHz) BW (dBi) (%)
TE31,
[25]/2021 | RDRA |26.1 x 25.4 x 14.3 Patch strip Triple | 2.88,5.2,5.69 | TEX,, | 46.24,6.3,2.5 [6.25,9.44,9.3 NA
TE3»3
Uniquely shaped TE:
[26)2022 | RDRA [26.1 x 25.4 x 14.3| ~ Y SIPC qiole] 453 o13 17 6.2 NA
conformal strip TEY 5,
TE111
[29]/2023 | RDRA 1.7 x 3.8 x 3.8 Micro-strip feed | Triple | 17.5,23,28.5 | TEy, | 3.4,7.7,1.9 7.3,6.8,5.8 |90,87, 84
TE3 )
[30]/2024 | RDRA 15 x 14 x 14 Micro-strip feed | Single 6.2 NA 20.1 10.7 914
rt 1.62,3.03 92,5 1.5,1.9
[31]/2025| RDRA | 5x20x 10 Quarter wave | o+ NA NA
transformer 4.4,6.56 8.3,5.6 2.3,2.1
. . TElll
Micro-strip feed
Present ) . TE1s2
i RDRA 15 x 14 x 14 with conformal | Single 6.2 5 22.05 10.9 > 82
wor
strip 803
TE333
0 simulated co-pol 0 i_ —ﬁ‘ilr:act?(;-p;(l)l
€ ge 330 — 30 - -rs?:ﬁ:tr::g::_:so-lpol (b) LU } sim cross-pol
5 .= =measured cross-pol 0 = —mea cross-pol
10 | 300 60 10| 300
o -20 o2
A2 Ko
g -30 ‘ g -30
8 -40 |270 | 90 8 -40 (270 90
;02: -30 \ g -30
© h 5
& -20 & 20
10 | 240 120 10 240 120

o

-
o

23.28dB, and 21.13 dB respectively. The proposed antenna
resonates at 6.2 GHz with a bandwidth of 22.05% and its return
loss 0f47.4 dB as shown in Fig. 10(a). The comparison between
measured and simulated reflection coefficients is depicted in
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FIGURE 11. Radiation pattern at 6.2 GHz, (a) E-field, (b) H-field.

Fig. 10(b). The impedance bandwidths of simulation and mea-
surement are 22.05% and 22.56%, respectively. The measured
values reveal minor variances owing to manufacturing flaws
and connection soldering. The measured and simulated radi-
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FIGURE 12. Comparison of simulated and measured gains and simu-
lated radiation efficiency.

ation patterns for E-field and H-field at 6.2 GHz are shown
in Fig. 11, in which co-polarization is approximately 10dB
difference with respect to cross-polarization for both fields.
The measured E-plane and H-plane beamwidths are given by
91.95° and 47.92°, respectively, with simulated and observed
3 dB beamwidths being equivalent. The simulated and mea-
sured gains of the TSRR with RDRA in the bore sight direction
(¢ = 0° and ¢ = 0°) are depicted in Fig. 12. The maximum
gain has been increased by activating the rectangle DRA with
three conformal strips and a square ring. The suggested antenna
has a simulated gain range of 9.4 dBi to 10.9dBi in the fre-
quency band (5.85 GHz—7.3 GHz), whereas the measured gain
varies from 7.0dBi to 10.8 dBi. The simulated radiation effi-
ciency of the proposed antenna is more than 82% throughout
teh operating band, as shown in Fig. 12. The simulated and
measured parameters of the TSRR are mentioned in Table 3.
Table 4 shows a comparison of previous research works to the
proposed TSRR.

5. CONCLUSION

This paper introduces a tri-split-ring resonator (TSRR) inte-
grated with a novel rectangular dielectric resonator antenna
(RDRA) excited by a conformal strip. The design allows for
mode conversion from fundamental 7F71; modes to higher-
order TE333 modes. The TSRR with RDRA operates in the fre-
quency range of 5.85-7.3 GHz, offering a fractional impedance
bandwidth of 22.56%, a gain of 10.8 dBi, a reflection coeffi-
cient of —46 dB, and a radiation efficiency exceeding 82%. The
antenna features 3 dB beamwidths 0f 91.95° in the E plane and
47.92° in the H plane. Measured results match simulated pre-
dictions closely, indicating the design’s suitability for C-band
satellite communication applications.
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