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ABSTRACT This work encompasses a novel highly compact Split Ring Resonator (SRR) based quad-band
Dielectric Resonator Antenna (DRA) for 4G and 5G applications. The proposed antenna comprises of
an extended rectangular feedline and a rectangular DR in combination with two SRRs. The DRA uses
the extended rectangular microstrip feedline for providing better impedance matching and enhanced
performance. Remarkably, the introduction of SRRs on either side of the feedline enables the DRA to
resonate at four distinct frequency bands, i.e., 1.62 GHz, 3.03 GHz and 4.7 GHz and 6.56 GHz respectively.
The two lower operating bands with narrow band response are due to SRRs while two upper bands with
wide band characteristics are due to rectangular DR. The simulated performance of the rectangular DRA
is validated through measurements, performed on a fabricated prototype. At the corresponding resonance
frequencies, the suggested design exhibits —10 dB impedance bandwidths of 9.2%, 5%, 8.3%, and 5.6%.
With a notable peak gain of 2.3 dBi and an efficiency of 93%, the suggested design has excellent radiation
pattern stability. To the best of authors knowledge, this is the first design where SRRs are incorporated
with rectangular DR to achieve multiband operations. The simulated and measured findings show a strong
agreement, highlighting the SRR-based DRA appropriateness for multiband wireless applications (such
as satellite television, radio astronomy, Bluetooth, WiFi, and 6G), while demonstrating its significant
contribution to the field.

INDEX TERMS SRR, DRA, multiband, 4G, 5G, bluetooth and Wi-Fi.

I. INTRODUCTION

Due to the recent major advancements in wireless commu-
nication technologies, multifunctional antennas are widely
used in a variety of wireless gadgets. To facilitate common
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users, a variety of wireless communication standards with
different working frequency bands are in use. These include
wireless local area networks (WLAN), third generation (3G)
and fourth generation (4G) mobile communication networks,
long-term evolution (LTE), and worldwide interoperability
for microwave access (WiMAX). In addition, the fifth-
generation (5G) communication systems, already in use
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in many countries provide exceptional advantages, such
as higher data rate, lower latency, wider bandwidth, high
gain and low energy consumption. Therefore, antennas
with multiband characteristics are highly preferred for next
generation communication systems [1].

Numerous methods have been put forth in the literature,
which enable single element DRAs with multiband charac-
teristics. A straightforward and efficient method of achieving
multiband functioning is to stack numerous DRs with varying
permittivity [2]. Varying size and permittivity of each DR,
provides independent control over the resonant frequencies
of each band. Additional resonant frequencies are also
produced by adding metallic strips or slots to the DRA [2].
Coupling with the DR, the parasitic elements produce new
resonant modes generating multiband responses. In case of
narrow bandwidth, aperture-coupled feeding can be opted
to enhance the bandwidth while reducing spurious radiation
of DRAs [1]. Several resonant frequencies are obtained
by carefully planning the aperture’s size and shape. The
high radiation efficiency, low dielectric losses, tunable
bandwidth, small size, and variety of feeding techniques have
garnered more attention towards dielectric resonator antennas
(DRASs) [3]. In order to produce multiband characteristics,
various DRAs with various frameworks and feeding methods
have recently been proposed. These methods include the
use of parasitic elements with a resonating structure [4],
multimode excitation techniques (which allow the generation
of fundamental and higher order modes at various required
bandwidths) [5], [6], [7], [8], and hybrid DRAs, which
combine DRs with patch or monopole antennas [9], [10],
[11], [12].

The hybrid DRA technique is one of the widely used
methods for generating multiband responses. For multiband
applications, a hybrid Z-shaped cylindrical DRA has been
suggested in [9]. Additionally, a multiband DRA fed by a
slot with a Minkowski fractal structure has been suggested
in [11]. Due to low radiation and dispersion losses, choosing
a coplanar waveguide (CPW) feeding network is also an
excellent way to get wide and multiband responses [13], [14],
[15]. DRAs with a variety of shapes, such as cylindrical [4],
[5], [12] and rectangular [15], [16], [17], have previously
been reported for wide and multiband applications.

In [18], a mountable multiband dielectric resonator is
investigated for wireless communication. The 50 x 50 x
1.6 mm?® sized design contains resonant frequencies with
ranges 5.04-6.13 GHz, 6.87-7.97 GHz, and 8.58-9.63 GHz.
The suggested design features an extremely large DR
geometry, along with a complicated structure. Additionally,
a rectangular shaped hybrid DRA with 60 x 60 x 1.6 mm?
volume for multiband operations has been proposed in [19].
The stated design has a rectangular DR. Due to enormous DR
size and extremely low radiation efficiency, the recommended
antenna design is not helpful for real-time applications.
A frequency reconfigurable dielectric resonator antenna for
multiband operation is examined in [20]. The reported design
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has a geometry of 47 x 50 mm?, resonating at 2.06 GHz
and 5.51 GHz with a return loss of —30 dB and —15 dB,
respectively. The proposed design offers only two operating
bands with a very complex geometry. Various DRA designs
with modified structures including multiple DRAs [8], [9]
with wideband response, C-shaped DRAs [13], [23], and
fractal DRAs [7], [21], [22] are also reported in the literature.
However, this choice may increase the production and cost
of DRAs. On the other hand, RDRA providing an ease
in fabrication and two degrees of freedom is a viable
solution. The majority of DRAs that have been published
are either large or lack multiband coverage. This reduces
their significance for many wireless applications. Therefore,
simple, small, high performance multiband DRAs need to be
investigated for advanced communication systems.

Numerous techniques for improving the performance and
working of multiband antennas have been investigated.
Amongst them, one is Defected Ground Structure (DGS)
[24]. In this technique, different shaped slots are created
in the ground plane to enhance bandwidth and gain. These
slots are rectangular, square or L shaped as described
in [25], [26], and [27]. Each slot is having different length,
which alternates the current flow, corresponding to different
operating frequency. Shape and orientation of the slots also
plays pivotal role in determining the operating frequency and
performance of an antenna. Along DGS, complementary split
ring resonators (CSSRs) and split ring resonators (SRRs)
have been widely explored for achieving high gain and
multiband operations. In [28], a hemispherical shaped DRA,
based on metamaterial is employed to increase the gain. The
design resonates at 3.6 GHz with 60 x 60 x 1.6 mm?> overall
size. Gain augmentation is achieved by incorporating an array
of 5 x 5 unit cells with the DR. The design has augmented
the gain but no increment in number of operating bands is
witnessed. In [29] a hexagon shaped SRR metamaterial is
employed for reducing mutual coupling in MIMO antenna
system. The 40 x 40 mm? geometry of the suggested
design has an enhanced isolation of —30 dB. The proposed
architecture achieves a single operating band at 5.2 GHz. The
work in [30] reports a circular dielectric resonator antenna
fed by microstrip line. The design is 40 x 40 x 1.6 mm? in
size and has a central frequency at 5.2 GHz. Gain is increased
by using an EBG surface of 75 x 75 mm? below the antenna
element. The proposed antenna system with metamaterial has
a single band with complex architecture.

It is significant to know that in the absence of addi-
tional technique, alone RDRA arrangement cannot provide
miniaturization and multiband operations. Despite significant
progress in multiband antennas, limitations remain across
designing the miniaturized RDRA for multiband wireless
applications. Notably, achieving sufficient miniaturization
and multiple operating bands while keeping the gain
acceptable for wireless applications proves challenging. This
tradeoff between miniaturization, multiband performance,
and design simplicity restricts the widespread adoption of
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RDRA in wireless technology. The novelty of our design
lies in intelligently using the SRRs in combination with
RDR to create a less complex structure with the provision
of multiband operation and highly compact size. The design
is highly miniaturized as compared to other published
multiband antennas. From a performance perspective, our
design has four resonance frequencies, high gain, minimum
group delay and stable link budget analysis. These features
and multiband characteristics make the design novel and
useful for the desired wireless applications.

This paper proposes a comprehensive solution to address
issues related to multiband operation, and acceptable per-
formance within a compact-sized design. A single port
miniaturized SRR based RDRA design having dimensions
of 56 x 55 x 6.6 mm? is proposed for multiband wireless
applications. To reduce the antenna size, the proposed RDRA
utilizes the SRRs. On the other hand, DR cutting into different
shapes commonly employed in the miniaturization of RDRA
are avoided thereby making the design fabrication easy and
low-cost. Furthermore, the suggested design uses coplanar
waveguide (CPW) feedline, which makes all the component
of the proposed design available on the same surface. The
performance of the proposed antenna has been evaluated
in terms of antenna parameters (S-parameters, radiation
patterns, group delay, and link budget analysis). These
parameters are found to be within the acceptable ranges.
To the best of the authors’ knowledge, the proposed design
is the first compact SRR based RDRA design proposed
for miniaturization and multiband applications. Compared to
existing multiband antennas, the proposed design exhibits a
significantly smaller footprint while maintaining acceptable
performance.

From the literature it is evident that there is a lack of
research on the use of SRRs in combination with dielectric
resonator antennas for achieving multiband operations at
sub 6 GHz band. Thus, the aim of our work is to combine
SRR with RDR for achieving a low cost, compact, multiband
RDRA. The following are the major contributions of the
proposed work:

1. To the best of authors knowledge, SRRs have been
used for the first time with RDR to generate multiband
operations.

2. To the best of authors knowledge, this is the compact

multiband DRA with four operating bands.

Detailed analysis of DR and SRR design is presented.

4. To the best of authors knowledge, for the first time link
budget analysis is presented for multiband DRA.

5. A comparison of the simulated results from CST and
equivalent circuit from ADS is presented.

6. A detailed comparison between recently published
works and proposed design is detailed, confirming the
novelty of the proposed design.

b

The remaining work is organized as follows: The design
process of the proposed antenna is presented in Section II.
Section III deals with the parametric analysis. Section IV
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evaluates the measurement and simulation outcomes.
Section V analyzes the link budget, and Section VI concludes
the work.

Il. DESIGN AND METHODOLOGY

A. ANTENNA CONFIGURATION

Fig. 1 (a) and (b) shows the proposed antenna design top
and split side views respectively. The suggested DRA is
placed on an economical FR4 substrate that has a loss tangent
of 0.025 and a dielectric constant of 4.3. The complete
dimensions of the substrate are Ls x Ws x hs, where
Ls, Ws, and hs stand for the substrate’s length, width, and
height, respectively. Rectangular DR, which is an important
part of the proposed design is placed atop the extended
feedline. DR is made of ceramic material with ¢, = 10.
The DR have dimensions of Ly x Wy x Hg which are
the length, width, and height of the DR respectively. The
DR is excited by quarter wave transformer followed by an
extended rectangular shaped feedline. For better impedance
matching, the feedline with 2.9 mm width is optimized at
50€2 impedance. To excite the DR with multiband responses,
the single feedline is symmetrically expanded below the DR.
Moreover, the height of the DR is kept 5 mm, which portrays
the proposed design compactness at lowest cut-off frequency.
For the multiband operations, a pair of square loop shaped
split ring resonators (L-SRRs) are introduced symmetrically
along the feedline. The detailed dimensions of the proposed
design are listed in Table 1.

B. DESIGN PROCEDURE

The proposed DRA is based on certain design equations,
which are detailed in this section. The design equations
are based on two important entities, the first one is DR
and the second one is SRR. The first set of equations are
incorporated to characterize the DR dimensions. The second
set of equations are associated with the design of the split ring
resonator.

1) DESIGN EQUATIONS FOR DIELECTRIC RESONATOR
ANTENNA

The DRA design follows dielectric waveguide model (DWM)
as both structures have many common features. As DRA
has no separate theory, thus theoretical resonance frequency
of a dielectric resonator antenna is calculated using DWM
equations as follows [31], [32]:

T

ky = I, (D
T
ky = W, 2)
ked
k. tan (XT) = Jieoer — DiZ — 12 3)
ki + ky+k? = €oerkgy @

c
= ——— JkZ + k2 +k? 5
Ir 2n¢€06,‘/x+ Stk ©)
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FIGURE 1. Detailed structure of proposed antenna (a) Front view (b) Exploded view.

TABLE 1. Optimized dimensions of proposed design.

Dimension Dimension
Di . (mm) (mm)
Parameter mension Parameter Parameter
(mm)
Ws 56 Ly 55 H, 1.6
a 3 H; 5 p 14
b 43.5 Ly 26 q 10
C 20 Wy 2.8 Gpl 2.6
Ly 20 BL 22.5 Gp2 1
Wa 10 Bw 8.5 wi 1

where c is the speed of light ; €, is the relative permittivity
of the DRA and fr is the operating frequency. k, ky, and k,
represent the wave numbers across Lg, Wg and Hgq which are
the length and width and height of the rectangular dielectric
resonator antenna respectively. By using equation (5), the
resonant frequency of rectangular DR is calculated and found
to be 3.9 GHz. Depending on the type of feed line and hybrid
nature of the DR, the initial resonance frequency may be
shifted as compared to the calculated one.

2) DESIGN EQUATIONS FOR SPLIT RING RESONATOR
The structure and dimensions of the square split double ring
resonator is shown in Fig. 1(b) and Table 1 respectively.
It consists of two square rings with a gap between them. Here
p and g denote the widths of the outer and inner sides of the
square respectively. W1 denotes the width of the conductor.
The dielectric width between the inner and the outer square
is g = 1 mm while Gp/I and G,2 denote the SRR split gaps.
Current flow originates from the ring’s ability to conduct
when a magnetic field is applied perpendicular to the ring
plane. Mutual capacitances result from the dielectric gaps
between the rings and the current passing through them,
which allows the rings to function as an inductor. As a result,
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a parallel LC tank circuit will be an equivalent representation
of the SRR [32].
We can calculate the resonant frequency as:

1
2nA/LC

where C is the equivalent capacitance and L is the effective
inductance due to both rings.

Jo= (6)

4.86
I — Ho

0.98
P—WI1—g) |:ln (T) + 1.84,0] 7)

where,
p is the filling factor of the inductance and is given by:

W1+
p=—t ®)
p—Wl—g
The effective capacitance is given by
3
C= P—E(W1+g)Cpuz ©)
where,
2363
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FIGURE 2. (a) Topology of square SRR (b) Equivalent circuit model.

Cpui 1s the per unit length capacitance between the rings
which is given as:

K (VI=%)

K (k) (10

Coul = €08eff
where,
gefr is the effective dielectric constant which can be
expressed as:

1
e = 2 (1)

K(k) denotes the complete elliptical integral of the first kind
with k expressed as:

g
k=—2
g+2Wl

Using above expressions, the lumped model equivalent circuit
of the SRR is designed which is shown in Fig. 2.

Due to the SRR’s high electrical conductivity, induction is
mitigated by the capacitance that exists across the rings. The
SRR is a kind of metamaterial architectures that generates
a negative permeability (-u) upon exposure to an axial
magnetic field, among the several forms of left-handed
materials (LHM) [33].

12)

3) DESIGN EVOLUTION

The detailed design process of the SRR-based DRA is
demonstrated in Fig. 3. Four important steps are involved in
completing the specified configuration, each of which adds to
the desired antenna performance. Fig. 4 shows the simulated
reflection coefficients for each step.

As shown in Fig. 3 (a), step 1 concentrates on the excitation
of the rectangle DR with a simple microstrip feedline. As seen
in Fig. 4, the DR resonates with the basic operating modes
and has a single resonant frequency with comparatively
high impedance matching at 2.1 GHz. To excite the DR
symmetrically, the feedline is evenly divided and expanded
below the DR in step 2. This step generates two wide bands.
Step 3 includes adding an SSR on one side of the feedline,
which introduces an extra band, enabling the design to
resonate at three bands. To enhance the impedance matching
and add an extra band, step 4 introduces another SRR
on the right side of the feedline. As both SRRs are have
similar structure and positioned symmetrically, thus addition
of second SRR helps to add another band with enhanced
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impedance matching. At this stage, the DRA exhibits four
operating bands. The lower bands with narrow band response
are due to SRRs and higher bands with wideband responses
are due to the hybrid DR. Interestingly the extended patch
below the DR also acts as an independent resonant structure.
Fig. 4(b), shows that without DR the patch accompanied by
SRRs generate three operating bands while adding DR not
only add another band but also improve the overall gain of
the resonance frequencies as shown in Fig. 4(c).

4) EQUIVALENT CIRCUIT
The equivalent circuit determination for the proposed multi-
band DRA is based on important parameters such as feeding
mechanism, shape and substrate of DRA, and number of
SRRs. The lumped circuit model is the alternative way
to express the similar behavior of the DRA through an
equivalent circuit consists of inductance (L), Capacitance (C)
and Resistance (R). The equivalent circuit of DRA and SRR is
presented as a parallel combination of RLC circuit elements
as shown in Fig. 5. In case of multiband DRA, the equivalent
circuit is based on multiple cascaded RLC circuits. SRRs are
excited through mutual coupling and resonate independently.
The transmission line inductance (L) and capacitance (Cy)
at resonance frequency is calculated using equation 6, 13
and 14. The remaining lumped circuit elements are calculated
using equations 15 and 16. The imaginary values helpful in
determining the lumped elements calculation are imported
from CST (Computer Simulation Technology). Once all
these circuit elements are calculated, ADS (Advanced Design
System) simulation tool is used to validate the S11 from
CST. Fig. 3b shows that S11 from CST and ADS are in
close agreement. The values calculated for the DRA and SRR
circuit are as: Lo = 0.202 nH, Co = 0.13 pF, R1 =42.14 @,
L1 =0.98nH, C1 = 6.56 pF, R2 =32.8 Q, L2 = 1.631 nH,
C2 =4.126 pF, R3 =33.22 @, L3 = 0.233 nH, C3 = 2.6 pF,
R4 =44.17 Q,L4 = 0.61 nH, C4 =2.71 pF, R5 = 62.33 Q,
L5 =0.23 nH, C5 = 0.94413 pF.

The values of equivalent capacitance and inductances can
be calculated using the following equations 13-22 [43].

Wy
Ly = 100h| 4/ =5 —4.21 (13)

W,
Co=W [(9.58, +1.25) Tf 1526 + 7} (14)

_ img(Z1y)
L= (15)
C= [(2nf)2L]_l (16)

where Z1 is the port impedance for S1; and Wy is the width
of feedline. Now this port impedance for a specific resonance
frequency is detailed as:

First, convert the S11 into input impedance as:

(14 S11,19)

Zin, 1 = Z
S )

where,i=1,2,3and4 (17)
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FIGURE 3. Design evolution steps.
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FIGURE 4. (a) Shows the proposed antenna results in each successive steps, (b) shows the S11 response without and with DR and (c) shows the gain of

the proposed design without and with DR.
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Frequency(GHz)
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FIGURE 5. (a) Equivalent circuit (b) Simulated S11 results comparison of CST and ADS.

For ease in understanding, equation 17 has an alternative
representation as:

., 2 + jZotan(B1)]

in — N 18
%1Zo + jZLtan(BD)] (18)

where,

B is the propagation constant and [ is the feedline length.
In the next step we separate the input impedance into real and
imaginary values as:

Zina l = Rina l +inn9 l (19)
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where R;,, i is the radiation resistance of the ith resonance
frequency and jXj,, i is the reactance of the ith resonance
frequency.

If the value of jXj,, i is positive, the reactance is inductive
which can be calculated as:

X. .
in,i (20)

wj

Xini = wili = Li =

And in case jX;,, i is negative then the reactance is capacitive
which can be calculated as:

1
Xin,i=—E$Ci=—

2n

wiXin,i
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FIGURE 6. Proposed antenna results in each successive steps.
(a) Reflection coefficient (b) Gain vs frequency.

and finally, resonance frequency for each branch can be
calculated as:

1
2/ LiCi

For all four-resonance frequencies, the four parallel RLC
circuits will then be cascaded to make the equivalent circuit.
It is also important to note that SSRs are also equivalent to
RLC circuits but have no physical connection with feedline
thus they add their part through capacitive coupling which is
shown in Fig. 5(a).

fi= (22)

Ill. PARAMETRIC STUDY

A thorough parametric study is carried out to evaluate the
influence of different critical parameters on the simulated
outcomes of the suggested design. These parameters encom-
pass DR height (Hy), length of the SRR (p), width of the
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-30 v T w ” 7
1 2 3 4 5 6 7
Frequency(GHz)

FIGURE 7. Impact of permittivity “¢,” of the material.

SRR (Wy), vertical width of the ground plane (a) and the
length of the feedline (Ly).

A. EFFECT OF ANTENNA DESIGN PARAMETERS ON
REFLECTION COEFFICIENT

The overall compactness of the design is mostly dependent
on the height of the DR. The impact of varying DR height
on the reflection coefficients is seen in Fig. 6 (a). The
findings unequivocally show that a rise in the DR height
causes the top operational band to migrate downward. This
change is consistent with the DR’s analytical formula,
confirming its effect on the operational frequency range.
Furthermore, the trend shown for the upper band supports
the DRA’s predicted behavior. This analysis also shows that
higher band is highly controlled by the DR dimensions as
compared to the other bands which are largely unaffected
by varying the DR dimensions. For the suggested DRA,
a height of 5 mm is determined to be the ideal value based
on the |S11| response and the materials availability. This
selection guarantees an appropriate harmony between the
desired operating frequency range and compactness. Fig. 6(b)
explains the impact of DR height on the gain of the proposed
design. From the figure, it is clear that increasing the DR
height increases the gain due to increase in effective area
of the DR. The maximum gain is attained at the DR height
of 5 mm. Any further increment in DR height results in a
decrease of the proposed design gain.

Fig. 7 describes the impact of the material permittivity
on reflection coefficients. It is evident that selecting the
DR with relative permittivity 10 achieves more bands with
better impedance matching. A right shift in frequencies is
also noticed due to inverse relation of frequencies with the
permittivity of the DR. Materials with high permittivity are
more expensive, thus selecting DR with low permittivity
helps to keep the design low cost.

Fig. 8(a) presents the influence of SRR outer loop area
on the reflection coefficients while Fig. 8(b) represents the
influence of SRR outer loop area on the gain of the design.
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FIGURE 8. Impact of SRR outer loop area “p” on (a) reflection coefficient
(b) on Gain of the proposed design.

The visualization makes it clear that changing the area has
an impact on the operating bands as well as impedance
matching. The DRA performs better when the SRR area
is increased as it improves the impedance matching. The
SRR with an area (p x p) of 14 mm? give the lager
number of functioning bands with good impedance matching.
Reduced impedance matching is the outcome of any further
increase in the area of SRR. By ensuring an efficient link
between the SRR and the DR, this ideal value promotes
better performance. Furthermore, the effect of SRR area is
also shown on the gain performance. From the Fig. 8(b),
it is evident that with a compact SRR area, the design has
a low gain performance on resonating frequencies. Gradually
increasing SRR area until p is 14 mm, has improved the gain
of the proposed design at resonance frequencies to 1.4 dBi,
1.8 dBi, 2 dBiand 2.1 dBi respectively. Any further increment
in the area of SRR (p), reduce the design gain performance.
Fig. 9 also examines the impact of the ground plane vertical
width, which causes the operational band to move towards
lower frequencies. The surface current distribution during
coupling influences the DRA’s overall resonant behavior.
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FIGURE 9. Impact of vertical width of ground plane “a” on reflection
coefficient.

After taking into account the available space and the value
of the reflection coefficients a width of 3 mm is chosen.

Similarly, Fig. 10(a) and (b) details the impact of the
SRR loop width on the impedance matching and gain
of the operating bands respectively. Fig. 10(a) shows that
SRR width has a minor impact on impedance matching
and any shift in the operating bands. Fig 10(b) explains
the impact of SRR width on the gain of the design. It is
shown that by gradually increasing the SRR loop width from
0.8 mm to 1 mm, enhances the gain at resonance frequencies.
A maximum gain augmentation is noticed at 1 mm thickness
of SRR patch. Fig. 11 shows the impact of changing feedline
length on the reflection coefficients. Increasing the length
of the feedline modifies the resonant behavior of the DRA.
The design shows the larger number of operating bands with
appropriate impedance matching at 26 mm feedline length.
This ideal length achieves good impedance matching over the
entire operating band and guarantees the intended multiband
performance.

Fig. 12 shows the impact of changing DRA position over
the extended rectangular feed line structure “Dp,”. It is
seen from that, the bandwidth span increases slightly as we
increase the value of this parameter.

IV. SIMULATED AND MEASURED RESULTS

This section details the suggested design final simulation
and measurement data, offering a thorough assessment of
its performance. Reflection coefficients, mutual impedances,
gain and efficiency, current distribution, and radiation pat-
terns throughout the operating bands are among the important
evaluated variables.

A. EXPERIMENTAL SETUP

CST Microwaves Studio software is used to fully model,
simulate, and assess the suggested SRRs based DRA
design. Thus, performance of the antenna system may be
accurately assisted using this electromagnetic modeling tool.
Experimental measurements are carried out on the fabricated
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FIGURE 10. Impact of width of SRR loop “W,"” (a) on reflection
coefficients, (b) on the gain of the proposed design.
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FIGURE 11. Impact of feedline length “L;” on reflection coefficient.

prototype, which verifies the simulated results. For an accu-
rate assessment of the antenna’s performance, an anechoic
chamber, an environment devoid of outside reflections and
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FIGURE 12. Impact of position of DRA over feedline “Dm" on reflection
coefficient.

interference is employed. A Vector Network Analyzer (VNA)
is used for the measurements and accurate characterization
of the reflection coefficients, gain, and other significant
characteristics. Fig. 13(a) depicts the fabricated prototype
without DR, Fig. 13(b) shows the fabricated prototype with
the DR while Fig. 13 (c) shows the fabricated prototype in the
anechoic chamber setup for measuring the results.

B. SCATTERING PARAMETERS
Scattering parameters which include reflection coefficients of
the proposed design are evaluated through simulation and
measurement, as shown in Fig. 14. The simulated operating
bands are 1.57—1.71 GHz, 2.95—3.1 GHz, 4.6—4.9 GHz
and 6.46—6.6 GHz with 9.2%,5%,8.3%,5.6% fractional
bandwidth respectively. Due to constructive interference
within the measuring facility, the measured percentage
bandwidth is slightly enhanced with 9.4%, 6%, 9% and
5.77 % respectively. Overall, there is a close agreement
between the simulated and measured results, indicating the
validity of the design. However, some minor discrepancies
in impedance matching are observed. This can be attributed
to fabrication inaccuracies and imperfections in the measur-
ing environment. Despite these discrepancies, the general
agreement between the simulated and measured reflection
coefficients validates the design’s performance.

C. SIMULATED AND MEASURED GAIN

The performance and effectiveness of an antenna capacity to
radiate and transmit power are strongly influenced by its gain
and efficiency characteristics. Fig. 15 shows the evaluation
of the gain of the proposed design over different operating
bands using simulation and measurement. The simulated
gain of proposed design at 1.62 GHz, 3.03 GHz, 4.7 GHz
and 6.5 GHz are 1.4 dBi, 1.8 dBi, 2.1dBi and 2dBi while
measured value of gain are 1.5 dBi, 1.9 dBi, 2.3 dBi and
2.1 dBi, respectively.
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FIGURE 13. Fabricated design top view (a) without DRA (b) with DRA (c) fabricated design in anechoic chamber measurement
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FIGURE 14. Simulated and Measured reflection coefficients of the
proposed design.

Overall, the simulated gain values for the lower and higher
operating bands closely agree with the measured results.
Fabrication tolerances and measurement errors are just two
reasons for this mismatch in the simulated and measured
results. In addition, the high values of the measured gain
may attribute to the constructive interference in the anechoic
chamber. The broad consistency between the simulated and
measured gains, despite this little variation, shows that
the design is successful in providing the desired radiation
properties. Table 2 summarizes the simulated and measured
gain as well as percentage bandwidth at all operating
frequencies.

D. CURRENT DISTRIBUTION

Overall design consists of two resonant structures (hybrid
DR and SRRs). The surface current distribution helps which
portion of SRR has active current distribution and what are
the operating modes with in the DR at the specific resonance
frequencies. Thus, it highly helps to control those resonance
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FIGURE 15. Simulated and measured gain of the proposed design over
the operating bands.

frequencies by varying the variables of the SRR and DR.
The lower frequencies are due to the current distribution
on the SRRs. It is important to note that based on DWM
theory details, the higher frequency resonances are attributed
to the multiple operating TE modes with in the DR [36].
Fig. 16 highlights the current distribution patterns at specific
frequencies both on the SRRS and DR. At 1.62 GHz,
as shown in Fig. 16(a), the current is uniformly distributed
along the inner SSR, while it is concentrated on the lower
parts of the outer SSR. At 3.03 GHz, as shown in Fig. 16(b),
the current is focused on upper part of the inner and outer
SSRs. This current distribution pattern indicates a balanced
current flow within the design, contributing to the desired
resonance at this frequency. Two resonance frequencies i-e
4.7 and 6.56 GHz are due to the two active operating modes
with in the DR. At 4.7 GHz (Fig. 16(c)), the electric field
distribution in XY and YZ surfaces of DRA confirms TE;
operating mode while at 6.56 GHz (Fig. 16(d)), XY and YZ
surface of the DR electric field orientation confirms quasi
TEj1s operating mode.
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FIGURE 16. Surface current distribution at (a) 1.62GHz (b) 3.03GHz and electric field distribution on the DR at (c) 4.7 GHz,
(d) 6.56GHz.

TABLE 2. Detail of simulated and measured gain.

Sr. no. Resonance  Operating Bandwidth ~ Simulated ~ Measured
Frequency  bandwidth (%) Gain(dBi) Gain(dBi)
(GHz) (GHz)

1 1.62 1.57—1.71 9.2 1.4 1.5

2 3.03 2.95—3.1 5 1.8 1.9

3 4.7 4.6—4.9 8.3 2.1 23

4 6.56 6.46—6.6 53 2.0 2.1

E. FAR FIELD RADIATION PATTEREN

Fig. 17(a-d) details the far-field radiation patterns in terms
of electric field (XY-plane) and magnetic field (YZ-plane)
respectively. There is a strong correlation between the
omnidirectional nature of the radiation patterns observed in
simulations and measurements. It is important to note that
imperfect production processes and unfavorable testing envi-
ronments could cause minor variations at 3.03 GHz between
simulated and measured radiation patterns. The antenna’s
performance at specific frequencies may vary slightly as a
result of these considerations. The fabricated prototype is
shown in Fig. 13(c), arranged inside the measuring device
for measuring far-field radiation patterns, guaranteeing
accurate evaluation of the radiation characteristics of the
antenna.
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Although majority of the simulated and measured results
are in close agreement, however additional potential source
of deviation between the simulated by measured results arise
due to environmental factors and limitations in the exper-
imental setup. These include reflection from surrounding
objects, temperature and humidity variation, manufacturing
variability. Moreover, instrumentation limitations, calibration
issues, cable losses and connectors orientation are some
additional reasons for this deviation. Controlling these factors
may further enhance the correlation between the simulated
and measured results.

F. SIMULATED TIME DOMAIN ANALYSIS

When designing and analyzing the proposed antenna system,
group delay is crucial, particularly for applications that
require high precision and minimal signal distortion. Group
delay, which can have an impact on communication system
performance, is the term used to describe the spatial delay that
a signal experiences as it travels through the antenna. Group
delay is defined as the derivative of the phase response of the
system with respect to angular frequency [37]:

d¢ (w)
dw

where 7g(w) is the group delay, ¢(w) is the phase response
and o is the angular frequency. For DRA operating in
the sub-6 GHz range, the group delay is typically in the
order of nanoseconds (ns). Our analysis primarily focuses
on orientations that are representative of typical deployment
scenarios, providing a realistic perspective on the expected

7 (@) = — (23)
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FIGURE 17. Radiation pattern E-Field(left) and H-Field(right) of the

proposed design at (a) 1.62GHz, (b) 3.03GHz, (c) 4.7 GHz and (d) 6.56GHz
respectively.

performance. For many applications, such as those in wireless
communication and satellite links, the main beam direction
is typically aligned with the primary signal path, making
these orientations most relevant. As such, the provided data
accurately reflects the antenna’s practical performance under
standard conditions.

Fig. 18 shows two orientations: face-to-face and side-by-
side. For both the orientations, the designs were isolated at
a distance of 382 mm (2 times A at 1.57 GHz) to create a
far field atmosphere. As shown in the figure, ant-1 acts as a
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FIGURE 18. Shows the design orientations and simulated results of the
calculated group delay.
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FIGURE 19. Virtual LOS environment demonstrating the path loss and link
budget estimation for a communication system.

transmitter and ant-2 as a receiver. It is seen that at 1.62 GHz,
3.03 GHz, 4.7 GHz and 6.56 GHz resonance frequencies,
the values of group delay are 3 ns, 2.1 ns, 2 ns and 2.7 ns
respectively, which implies minimal distortion.

V. LINK BUDGET ANALYSIS

This section explains the link budget analysis at various
data rates, demonstrating the designed antenna wireless
communication capacity, at various resonance frequencies.
Transmitting stored data, changing device settings, and
getting real-time data for crucial monitoring are all possible
with a strongly established communication link. For far-field
communication, the link margin needs to be greater than
0 dB [38]. As a result, the effectiveness of the proposed
antenna is assessed in a virtual line-of-sight (LOS) free-
space environment, as shown in Fig. 19. A positive value
for link margin is required; common values might be
anything between 3 to 20 dB [38]. A suitable link margin
gives the system some resilience against uncontrollable
factors that can impair system performance and quality of
service, such as weather-related signal fading, mobile user
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FIGURE 22. Calculated link margin for 4.7 GHz over varied bit rates.
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mobility, multipath propagation issues, and other unforeseen
events [39]. The RX antenna is continuously moved from
1 m to 80 m, whereas the TX antenna stays fixed in this test
scenario. This displacement makes it possible to evaluate link
budget requirements and research path loss [40], [41], [42].

Fig. 20 illustrates the link margin of the proposed antenna
system. It is important to note that path loss exponent ‘n’
over varied bit rates is 1.5 for free space, 2 for line of sight
communication and 3 for non-line of sight communication.
The link margin is calculated for three bit rates, which are
0.1 Gbps, 2 Gbps, and 5 Gbps. The corresponding link margin

C C verses distance plot is obtained for 1.62 GHz frequency as
Link Margin (dB) = Link N Required A (24)  shownin Fig. 20. This figure shows that a 5 Gbps data rate can
? ? Ep only be supported up to 60 m for free space communication
LM (dB) = P; + G; — Ly + G, — N, — N with a link margin of 20 dB. At 2 Gbps, which is a lower data
0 rate, the distance increases to over 60 m. Additionally, with a
— 10log o B (25)
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0.1 Gbps lower data rate, communication is still feasible at a
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FIGURE 23. Calculated link margin for 6.56 GHz over varied bit rates.
TABLE 3. Comparison table of the proposed antenna with the related state of the art work.
Size(mm®) Size (A%) Freq. Range (GHz) No. of BW (%) Gain (dBi) Link Budget Time
Ref bands Analysis Domain
Analysis
[5] 40x40x14.6 | 0.36x0.36x0.13 | 2.5-2.76,3.38-3.54,4.9-5.3, 5 9.9,4.6, 1.2,3.1,2.4,3, NA No
5.5-5.61, 5.78-5.98 78,234 2.3
[8] 36%37x1.6 0.4x0.45%0.01 3.45-3.55,5.97-6.1 2 2.8,2.84 3.83,0.57 NA No
[9] 83*56*1.56 0.6x0.42x0.01 2.27-2.65,3.41-3.60,5.40- 3 14,5.4 3.8,3.7,3.6 NA No
5.7
[20] 47x50 0.61x0.65 3.95-4.24,5.18-5.85, 2 7,12 2.3 NA NA
[24] 70%51.6x1.8 0.8x0.6%0.02 3.5,45,58 3 3,23,4 1.1,34,5.1 NA No
[25] 20x30x%1.5 0.25%0.37%0.02 3.85,4.71 2 25,3 2.35,2.69 NA No
[27] 56x49x%1.6 0.45x%0.4x0.02 2.4,34,527 3 2.3,4.6, 4.2,4.6,3.7 NA No
1.28
[43] 32x32x14.8 0.3x0.3x0.12 2.25,2.8,4.5,5.6-6.75 4 3.7,8.5,5.3,1 NA No
8
[44] 14x30%8 0.23x0.5%0.13 3.24-4.34,4.54-5.28, 5.64- 3 29,15,6.2 13,2, NA No
6.00 1.6
[45] 30 x16.7 0.18x0.33 2.48-4.33 1 56 2.36 NA No
[46] 23x10.8 0.27x0.13 3.3-3.6 1 23 2.26 NA No
[47] 35x10 0.31x0.09 2.31-2.67,4.90-5.56 2 14.46, 14.76 0.85,1.67 NA No
This 55%56%1.6 0.2x0.2x0.08 1.57-1.71,2.9-3.1, 4 9.2,58.3,5.6 | 1.5,1.9,2.3, Yes Yes
work 4.6-4.89,6.46-6.67 2.1

distance of more than 60 m. Fig. 20(b) shows that a 5 Gbps
data rate is only supported up to a distance of 20 m for LOS
communication with a link margin of 20 dB. However, the
distance increases to 40 m for a lower data rate of 2 Gbps.
Furthermore, transmission is feasible across a distance of
more than 60 m at a reduced data rate of 0.1 Gbps. Fig. 20(c)
indicates that for NLOS communication for link margin of
20 dB, 5 Gbps data rate is supported only up to 8 m of
distance. However, for a reduced data rate of 2 Gbps, the
distance is increased to 15 m. Further, a reduced data rate
of 0.1 Gbps, communication is possible to a distance of
approximately 50 m.

Fig. 21 shows link budget analysis at 3.03GHz. Fig. 21(a)
explains the free space communication for a link margin of
20 db. It is clear that 5 Gbps data rate is supported only up to
distance of 30 m. However, for a reduced data rate of 2 Gbps,
the distance is increased to 50 m. Further, a reduced data

VOLUME 13, 2025

rate of 0.1 Gbps, communication is possible to a distance
of more than 60 m. Fig. 21(b) shows that a 5 Gbps data
rate is only supported up to a distance of 18 m for LOS
communication with a link margin of 20 dB. However, the
distance increases to 38 m for a lower data rate of 2 Gbps.
Additionally, communication is feasible across a distance of
more than 60 m at a 0.1 Gbps. Fig. 21(c) shows that a 5 Gbps
data rate is only supported up to a distance of 5 m for NLOS
communication with a link margin of 20 dB. However, the
distance increases to 10 m for a lower data rate of 2 Gbps.
Additionally, communication is feasible up to a distance of
about 40 m at a 0.1 Gbps data rate.

Fig. 22 shows link budget analysis at 4.7 GHz. Fig. 22(a)
indicates that for free space communication and for a link
margin of 20 dB, 5 Gbps data rate is supported only up to
40 m of distance. However, for a reduced data rate of 2 Gbps,
the distance is increased to 50 m. Further, a reduced data rate
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of 0.1 Gbps, communication is possible to a distance of more
than 60 m. Fig. 22(b) indicates that for LOS communication
for link margin of 20 dB, 5 Gbps data rate is supported
only up to 10 m of distance. However, for a reduced data
rate of 2 Gbps, the distance is increased to 22 m. Further,
a reduced data rate of 0.1 Gbps, communication is possible
to a distance of approximal 60 m. Fig. 22(c) indicates that
for NLOS communication for link margin of 20 dB, 5 Gbps
data rate is supported only up to 5 m distance. However, for a
reduced data rate of 2 Gbps, the distance is increased to 8 m.
Further, a reduced data rate of 0.1 Gbps, communication is
possible to a distance of approximately 20 m.

Fig. 23 shows link budget analysis for 6.56 GHz. Fig. 23(a)
deals with free space communication, confirming that for a
link margin of 20 dB, 5 Gbps data rate is supported only up to
adistance of 10 m. However, for a reduced data rate of 2 Gbps,
the distance is increased to 20 m. Further, a reduced data rate
of 0.1 Gbps, communication is possible to a distance of more
than 60 m. Fig. 23(b) shows that a 5 Gbps data rate is only
supported up to a distance of 10 m for LOS communication
with a link margin of 20 dB. With a 2 Gbps lower data rate,
the distance is now 22 m. Additionally, communication is
feasible up to a distance of 60 m at a 0.1 Gbps data rate.
5 Gbps data rate is only supported up to a distance of 3 m
for NLOS communication with a link margin of 20 dB, as
shown in Fig. 23(c). Nonetheless, the distance rises to 10 m
with a 2 Gbps lower data rate. Additionally, at a 0.1 Gbps
data rate, communication is feasible up to about 18 m. It can
be concluded that with reduced data rates, the corresponding
link margin can be increased and communication link can be
established for longer distances.

The detailed link margin analysis shows that the designed
antenna is highly suitable for wireless communication
applications at various target operating frequencies.

Table 3 provides a thorough comparison of the aimed
research with previously published studies. A number of
important factors are compared, including electrical and
physical dimensions, percentage fractional bandwidth, the
number of working bands, efficiency and maximum gain.
From the comparison, it is evident that the proposed work
offers a compact size while delivering impressive perfor-
mance characteristics. The antenna design achieves a smaller
electrical and physical size while offering more operating
bands as compared to the published studies, indicating its
potential for space constrained applications.

VI. CONCLUSION

A compact rectangular SRR based RDRA along with a
rectangular shaped feedline has been successfully designed,
simulated, fabricated and tested. The proposed DRA demon-
strates excellent performance characteristics and versatility
for multiband wireless applications. Through the integration
of SRRs, the DRA achieves resonance at four distinct
frequency bands, i.e., 1.62 GHz, 3.03 GHz, 4.7 GHz and
6.56 GHz, with -10 dB impedance bandwidths of 9.2%,
5%, 8.3%, and 5.6%, respectively. The fabricated prototype
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aligns closely with the simulated results, confirming the
suitability and reliability of the SRR-based DRA design.
With its compact size, high performance, and the provision
of four operating bands, the proposed design holds promise
for various wireless applications. The proposed multiband
SISO design can be extended to MIMO arrangement with
circular polarization features by trying some additional
structures and feeding mechanisms. The link budget analysis
has confirmed the wireless communication reliability of the
proposed design, thereby making it a potential candidate for
future communications.
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