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This research introduces a new printed metamaterial antenna with triple and
quad bands for wireless applications. The suggested antenna is constructed
of FR4 material, with two slots created in the radiating element. In addition,
a circular complementary split ring resonator (C-CSRR), is carved from the
ground plane. HFSS simulation software is being put into use to design,
model, and measure the suggested antenna parameters in a real-world
environment. The measured results indicate that an antenna with C-CSRR
behind the radiating patch resonates at three distinct frequencies, including
3.5 GHz, 7.5 GHz, and 8.2 GHz, and an antenna with C-CSRR and slots on
the radiating patch resonates at four different frequencies, including 3.5
GHz, 7.5 GHz, 8.8 GHz, and 9.32 GHz. An antenna without complementary
split ring resonator (CSRR), or a conventional antenna, resonates at 9.6
GHz. The metamaterial antenna results in a 65% diminution in antenna size
in contrast to a regular microstrip antenna. The simulated outcome
demonstrates that the suggested metamaterial antenna's peak gain is around
6 dB to 8 dB and it has a resonance frequency for C-band applications,
including weather radar systems and 5G applications.
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1. INTRODUCTION

The rapid growth and popularity of wireless communication in recent years have increased the need
for a miniaturized multiband antenna to cut down on the volume of antennas used in single devise. The
microstrip patch is the most demanding antenna on the bases of its uses, and it has benefits like minimal
manufacturing cost and light weight in addition it works across a broad frequency range. Additionally,
radiating patches can be made in a number of forms, including elliptical, triangular, square, rectangular, and
more. When operating with a single ended signal, radio frequency equipment frequently uses microstrip
antennas. Recent microwave designs have utilized a wide range of metamaterials in conjunction with this, as
both a top layer or as the substrate. Microstrip antennas are frequently used in wireless devices in
contemporary wireless communication networks. As a result, lowering the size of the complete
communication system has become dependent on the antenna's ability to be miniaturized. Research by
Veselago [1] wrote a scientific study on the notion of metamaterial in 1968. Usually created artificially, these
metamaterials are composite structures made of periodic metallic patterns deposited on dielectric substrates.
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In the context of microwave applications, metamaterials have recently received a lot of research attention.
Several works have addressed towards the performance improvement of antennas in the microwave range of
frequencies.

A small tri band antenna with hexa-complementary split-ring resonators (HCSRRs) is designed for
4G communication [2]. Bands have been adjusted such that it covers the operating bands of wireless local
area networks (WLAN), WiMAX, and Wi-Fi by carefully selecting the ideal dimensions and location of the
complementary split ring resonator (CSRR). An article describes the use of hexagonal CSRR slots in a
compact multiband printed monopole antenna. In order to assess the small antenna's multiband capabilities,
the pass band properties of HCSRR are thoroughly analyzed [3]. A modified complementary split ring
resonator (SRR) is etched on the ground layer to create permeable bands that could support several resonant
frequencies in a single gadget [4], the antenna’s bandwidth can be increased by splitting in the outer
hexagonal ring of a hexagonal CSRR [5]. Two different types of 5G indoor distributed antenna systems
(IDAS) based on metamaterial antennas are suggested [6], where both antennas function in the 3.5 GHz-6
GHz 5G range. The radiating configuration of the antenna is made up of two CSRR unit-cells carved on the
highest layer, in addition to a combination of rectangular and triangular patches.

The trapezoidal segment of the suggested antenna is a radiant patch with a loaded triangular CSRR
and a partial ground plane [7]. Lower and higher frequencies are produced by the trapezoidal radiating patch,
whereas loading the TCSRR structure yields the two other resonance frequencies. On the front side of the
basic rectangular patch antenna, the patch line feeding element's sides are lined with the CSRR metamaterial
structure. A CSRR s installed as metamaterials and can be employed to boost antenna array isolation.
CSRRs are small resonating elements that produce an excellent quality factor at microwave frequencies [8].
An impedance bandwidth (IBW) of 5.8-15 GHz (98.63%) was attained by a metamaterial-inspired ultra wide
band-multiple input multiple output (MIMO) fractal antenna by lowering the mutual coupling between the
two radiating components to less than -25 dB [9]. On the exterior side of the basic rectangular patch antenna,
the CSRR is placed along the edges of the micro patch line feeding element. The redesigned split-ring
resonator (SRR) is located on the rear side of the suggested antenna. At the frequency of resonance
(fr)=2.4 GHz, this antenna produced the best results, with a return loss of -46.58 dB, a bandwidth of
574 MHz, and a gain of 3.23 dBi [10].

In order to obtain octa band properties for wireless standards, an article [11] describes a multiband
antenna that uses slots, a quasi-complementary split-ring resonator (Q-CSRR), and a metamaterial SRR. By
putting the SRR and CSRR cells and using the slot technique in the radiating section component, multiband
characteristics are achieved. A different study, motivated by metamaterials, suggests a novel antenna with a
bottom patch and shunt fractal inductor on tiny cylindrical creating a dual-band antenna. Three composite
meander line-type unit cells make up the conformal antenna. In order to enhance the operational bandwidth
in the initial band, namely at 2.45 GHz, a large inductance shunt fractal inductor is suggested [12] for
improved impedance matching, an identical patch with a gap along the down side is also utilized. Two weave
line unit cells are loaded onto the patch as intrinsic elements that create the second band at 3.5 GHz. It has
been suggested to build a millimeter-wave single-layered MIMO antenna that functions at 28 GHz and is
equipped with microscopic planar-patterned metamaterial structures [13]. In addition to a near-zero refractive
index (NZRI) property, a unit cell with a split square and hexagonal shape combination is built and examined
with a variety of viable near-zero index (NZI) permittivity and permeability values. The properties of the
metamaterial were studied from material wave propagation in the two principal paths at the y-axis and x-axis.
Its NZRI, mu-near-zero (MNZ), and epsilon-near-zero (ENZ) are displayed, and its y-axis wave propagation
bandwidth exceeds 6 GHz.

The development and evaluation of a split ring metamaterial broad-band patch antenna are presented
in this study [14]. Sub-wavelength modes are produced in the patch antenna due to the unique and innovative
way in which the SRR metamaterial structures are incorporated. A patch cavity and an antenna with good
performance qualities and a broad bandwidth are developed. A rectangular microstrip patch antenna with a
resonance frequency of 5.2 GHz and an IBW of 70 MHz serves as the reference antenna, in order to enhance
the patch antenna's bandwidth, the SRR is initially created based on the reference patch antenna. Wide-scale
steering range is made possible by the ground structure loaded with CSRR; it also considerably reduces the
price of a phased-array system required to meet wireless communications standards. An examination of the
CSRR structure's parameter extraction is conducted to examine how the loading metamaterial affects the
antenna’s radiation pattern [15]. The construction and inspection of a four-band fractal square monopole with
a complementing SRR-backed ground plane are suggested in this article [16]. The monopole antenna's
increased bandwidth is due to its metamaterial property. The four microwave frequency bands that the
antenna operates in are 4.43-4.57 GHz, 5.80-6 GHz, 6.97-7.36 GHz, or C-band, and 7.89-8.18 GHz, or X
band. Basic ideas for patch antennas influenced by metamaterials have been documented in [17]-[21].

A novel ground plane complementary slotted split ring resonator (CSISRR) is created [22]. With the
inset feed, CP is produced by semi-circular arcs with truncated edges. The CSISRR aids in the antenna's
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miniaturization and bandwidth improvement. The design succeeds in a 61% decrease in size. The designed
antenna has its optimum gain of 2.476 dBi at 2.75 GHz, an axial ratio bandwidth (ARBW) of 4.07%, and an
IBW of 12.3%. An antenna with a broad bandwidth feature is needed to provide these 5G capabilities,
however their constructions are too huge. However, one of the most intriguing and widely used designs is the
microstrip patch antenna because of its tiny size, airborne weight, affordability, and it’s simple to integrate
and manufacture [22]-[25].

2. ANTENNA DESIGN

The suggested antenna makes use of a regular rectangular patch which resonate at 10 GHz. The
proposed traditional microstrip antenna's profile is shown in Figure 1, wherein minimal manufacturing cost
FR4-Epoxy dielectric material with its dielectric constant (&) of 4.4 and thickness (h) of 1.6 mm is selected.
The parameters need to be computed are as below [14];
Width (W): to calculate the width of the patch, use (1):

= ‘o ’L
W= 2fr ] ert1 @

Here, W is width of the patch; Co is speed of light; and & is the value of dielectric substrate.

W W

Wp

Lp

Figure 1. Conventional antenna radiating and ground plane

Effective refractive index: this parameter is one of the important considerations while structuring of
a microstrip patch antenna. A portion of the radiation that exits the patch and heads toward the ground
(fringing) passes through the substrate in addition to the air. Because the properties of dielectric substrates
and the open air differ, we must compute the effective dielectric constant by taking this into consideration.
The effective dielectric constant (erefr) can be calculated using (2):

Er+1 &r—1 h 1/2
‘greff= > + > [1+12W] (2)

Length: the antenna's size increases electrically due to fringe by a factor of (AL). In order to calculate the
actual length increase (AL) of the patch, (3) should be employed:

(erefr+0.3)(F+0.264)
(erefr-0258)(-+08)

== 0412 ©)

where, h is height of the substrate.
Now, using (4), determine the length (L) of the patch:
Co

L= — 24L 4
AT @
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Length (Lg) and width (W) of ground plane: currently, we know the patch's dimensions. The
substrate and the ground plane have the identical measurements. Make use the following formulas to
determine a ground plane's Lg and Wy:

L, = 6h+Land W, = 6h+ W ()

The traditional MSA is constructed for 10 GHz and has dimensions L and W radiating parts that are
excited by a basic 50 Q microstrip feed with dimensions Ly and W,. A quarter wave length transformer with
dimensions Ls and Wys is used to match their impedance. Table 1 has a list of all the dimensions along with
the Ly and Wy of the antenna's ground plane, which are computed as Lg=6h+L and Wy=6h+W.

Table 1. Various measurements of the patch, the underneath ground plane and CCSRR
Label Size (mm) Label Size (mm)

w 233 w1 04
L 30.19 w2 0.2
W; 3.059 L1 5
Ly 6.85 rl 24
W, 0.723 r2 3
Ly 4313 s1 03
W, 9.13 S2 03
L, 6.43 g 03

The intended construction's evolution is shown in Figure 1. A steady ground and a rectangle
microstrip line patch make up layout I. To achieve the necessary resonance frequency of 10 GHz, this is
regular microstrip patch antenna.

This section addresses the resonance frequency of the CSRR making use of an LC parallel tank
circuit [10]. One of the essential CSRR properties is the slit gap. If the slit is eliminated, CSRR will not
produce a particular resonance frequency. SRRs and CSRRs function as an analogous LC circuit, as shown
by the theory and mathematical analysis of these circuits.

Figure 2 depicts the CSRR structure and its inherent equivalent circuit model. This analogous circuit
is made up of two parallel inductors, each of which is represented by Lo/2 and connects the disc to ground, as

well as a capacitance, CCSRR, that is made up of a disc with a radius of r¢-c/2 that is encircled by a ground
plane.

—
g
$ rzin Es/2 Cisug Ccsrr
=

Po

i

ts
o Lcsrr = Lo/4

Figure 2. LC circuit with its identical CSRR structure

The LC tank circuit diagram shown in Figure 2 determines the circular CSRR's resonance
frequency. The circular complementary split ring resonator (C-CSRR's) slit gap is crucial for generating pass
band behavior. The inductance effect (Lcsrr) is caused by the slit along the slot, and the capacitance effect
(Ccsrr) is caused by the slot along the slit. The CSRR inductance (Lcsrr) is caused by the copper strip within

the slots, whereas the capacitance (Ccsrr) is caused by the gap across the copper strips. SRR and CSRR are
regulated by the same expression when using babinet principle.
Therefore, the CCSRR resonance frequency is calculated by:

1

Jesrr = o frconnceonn ?
where,
Cesrr = %[ZL — (@2N - 1DW +5)]C K
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N | »

K(J1-K2
Co = & (K(k) ) and k = s (8)
2
0.98
Lesrr = 40[L = (N = 1)(S + W)] [in (7) + 1.84p| ©)
_ (N-1)(S+W)
P = mv-Dw+s) (10)

Here, N is the number of circular CSRR slots, the radius R of the CSRR (L), a slot width of the CSRR
(W)=0.3 mm, the distance between the CSRR slots (S)=0.3 mm and K is the first order elliptic integral K(k).
The appearance of the ratio in (8) is a standard form in quasi-static capacitance calculations, particularly in
conformal mapping techniques used for planar transmission lines or resonator structures. This elliptic integral
is dimensionless and depends only on the modulus k, which, in this antenna design, is derived from
geometrical parameters (slot width W and spacing S). To determine the resonance frequency of CSRR owing
to inductance (Lcsrr) and capacitance (Ccsrr) Values, a MATLAB software analyzes these exact design
formulae. 3.56 GHz is the resonance frequency of the CSRR with N=2 slots.

Figure 3 shows the proposed antennas. As illustrated in Figure 3(a), the investigation is carried out
by engraving a circular CSRR in the ground plane. The CSRR is etched with an outermost radius of 3 mm
from the ground plane at a point of x=0 mm along y=0 mm. The experiment is continued for different values
of r2 i.e., radius of outer circle represented by R. The radius values of R, are chosen to demonstrate the
effective value of R for which the outcome of the antenna is optimum. Figure 3(b) illustrates the final
suggested antenna design. Here the slots on the patch are made to enhance the bandwidth of the antenna. The
slot is chosen from the best of different trials taken for different length and width of the slot.

W w w w

Wp Wp
B E— —>
e W1 I an
Lp| p | T W2
L L
L L
WL —>e— W WE — — Lf
wt " Fl Lt we T L
(a) (b)

Figure 3. Proposed antennas; (a) antenna with circular CSRR on ground plane and (b) antenna with circular
CSRR on ground plane with slots on patch

The CSRR unit cell is engraved onto the ground plane to keep the antenna's size as compact as
possible. The CSRR reacts with the electric field and creates an actual negative permittivity at its resonance
frequency. By engraving CSRR on the ground plane, it is simple to excite these resonators, shift the antenna's
resonating frequency to the left, and effectively minimize the antenna's size by virtue of the many resonating
locations. The circular CSRR antenna on the ground plane is therefore resonating over three separate
frequency locations. The circular CSRR's parameters are S1=0.3 mm, S2=0.3 mm, g=0.3 mm, r2=3 mm, and
r1=2.4 mm. The extended geometry of the CSRR with variables and its analogous LC circuit are shown in
Figure 2.

3. RESULTS AND DISCUSSION

ANSYS HFSS simulation software version 15 is used for all the simulations. All of the proposed
antenna’s properties, including radiation pattern, return loss, bandwidth and size reduction were investigated
through simulation and confirmed using a scalar network analyzer. It is evident from the data that by
engraving a circular CSRR on the ground and including a slot on the radiating patch, the resonant frequency
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was greatly reduced, which led to a decrease in size. Because of the circular CSRR, the antennas' bandwidths
have improved. Additionally, each and every antenna that has been demonstrated has many resonances.

The Figure 4 demonstrates the simulated return loss for various value of r2 (R), varied in between
2.5 mm to 4 mm, the gap between the two rings (S1 and S2) is kept constant accordingly the value of rl
changes w.r.t change in r2 (R). Here it is observed that the ideal return loss for the desired application is
obtained at R=3 mm, and the antenna with 3 mm radius circular CSRR is etched with slot on radiating
element to increase the bandwidth and resonate at desired frequencies.

= R=2.5mm
. . === R=3mm
Antenna with Circular CSRR feeR=3.5mm
{===R=4mm
0+ p==R=3mm with slot

1
(=)
1

-15 4

-20 4

Return Loss (dB)

Fr2=7.18 i
-25 4 Fr4=9.7

-30 4

-35 T T
0 2 4 6 8 10

Frequency (GHz)
Figure 4. Return loss of antennas with different ranges of R
The Figure 5 demonstrates the proposed antenna's multiple resonance frequencies (Fr1=3.5 GHz,
Fr2=7.5 GHz, and Fr3=8.2 GHz) and total bandwidth of 10.14% (2.84%+3.16%+4.14%) result in a size

reduction of 65% to 24%. The circular CSRR on the ground plane, which is mainly responsible for the
increased frequency bandwidth, also helps to lower the antenna's resonance frequency.

Antenna with circular CSRR

I
=
o

1

Return Loss (dB)
o A
o w
1 1

Fr1=3.42Ghz Fr2=7.58Ghz | Fr3=8.2Ghz
_25 -
=30
T T T T T T T T
0 2 4 6 8 10
Frequency (GHz) R=3mm (Simulated)|
—*—R=3mm (Measured)

Figure 5. Return loss of antenna with circular CSRR

As mentioned, Figure 3(b) illustrates the final suggested antenna design. It has a circular CSRR on
the ground plane and slots on the radiating plane, and it exhibits active response in multiple frequencies with
centers at Fr4=3.5 GHz, Fr5=7.5 GHz, Fr6=8.8 GHz, and Fr7=9.3 GHz. These frequencies have return losses
of -13.23 dB, -16.32.1 dB, -30.26.0 dB, and -36.75 dB respectively, as shown in Figure 6.
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Antenna with Circular CSRR and slot
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Fr6=8.8Ghz

Fr7=9.3Ghz
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Frequency (GHz)

—=—R=3mm with slot Simulated
—*—R=3mm with slot Measured

Figure 6. Return loss of antenna with circular CSRR and slots

The projected multiband antenna's simulated gain is seen in the Figure 7, i.e., 6.24 dB, 6.33 dB, and
8.01 dB for frequencies 3.5 GHz, 7.5 GHz, and 9.7 GHz, shown in Figures 7(a)-(c) respectively. Sometimes
the gain pattern is also known as the gain at function direction plot. With the help of the HFSS application,
the gain is shown in a 3D polar plot. The gain of the antenna enhanced and examined in contrast to other
designs by incorporating a reflector, DGS, and parasitic elements.
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Figure 7. Gain of proposed antenna at different frequencies; (a) gain at 3.52 GHz, (b) gain at 7.5 GHz, and
(c) gain at 9.72 GHz
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When considering the azimuth and elevation angles of the antenna, the strength of the radio waves
flowing from the antenna in different directions is stated to as the radiation pattern. Every antenna should
have zero near end radiation and a fan-shaped radiation pattern at the far end. The radiation pattern for the
frequencies of 3.52 GHz, 7.5 GHz, and 9.72 GHz at $=0 and $=90 degrees is shown in Figures 8(a)-(c)
respectively which has been examined by the HFSS software. The power is carried to the far end of the
specified antenna using azimuth and elevation angle.
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Figure 8. Radiation pattern; (a) at 3.52 GHz, (b) at 7.5 GHz, and (c) at 9.72 GHz

BN

Figure 9 displays the simulated distribution of surface current on patch antenna with C-CSRR,
Figure 9(a) shows the spread at 3.52 GHz, Figure 9(b) shows at 7.5 GHz, and Figure 9(c) shows at 9.72 GHz,
respectively. The distribution of surface current shown in the image highlights the performance benefits
introduced by integrating a CSRR on the antenna structure. On the left side of the image, the high current
density (indicated by red and orange) around the feedline and the coupling region confirms efficient
excitation of the antenna. On the right, the strong localization of surface current around the CSRR slot
confirms its resonance at the designed frequency. This behavior demonstrates the CSRR’s role in
concentrating electromagnetic energy, effectively adding distributed capacitance and inductance to the
structure. As a result of this, the antenna achieves miniaturization by operating at lower frequencies without
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increasing physical size. Additionally, the presence of the CSRR helps enhance bandwidth and suppress
undesired frequencies, acting as a notch or filtering element. Overall, the surface current pattern verifies that
the CSRR contributes to improved radiation control, resonance sharpness, and compact design.
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Figure 9. Surface current distribution on patch and ground plane; (a) surface current at 3.52 GHz, (b) surface
current at 7.5 GHz, and (c) surface current 9.72 GHz

The suggested designs are simulated, then implemented, and then evaluated using a standard testing
environment. This results in exact and improved tested values that demonstrate no loss when compared to
simulated results. Table 2 exhibits the comparative outcomes of the recommended antenna's operation and
Figure 10 illustrates the experimental setup for the measurements of different parameters of fabricated
antennas; Figure 11 provides the front and back views of the fabricated antennas. In the same way, Figure 12
represents the tested results of the intended antennas.

Table 2. Comparison between conventional antenna and proposed antennas

Developed 5:;3222; Return Bandwidth Gain Eggﬁgﬁg; Return loss Bandwidth
antenna (GH2) loss (dB) (MHz) (dB) (GH2) (dB) (MHz)
Simulated Measured  Simulated  Measured Simulated Measured Simulated
Conventional 9.8 9.68 -25.86 -27.07 610 505 22
Antenna with 35 3.52 -20.85 -13.54 105 100 6.24
CCSRR 75 7.58 -21.06 -28.41 205 240 6.33
9.7 8.2 -27.92 -21.07 437 400 8.014
Antenna with 35 35 -24.13 -13.23 110 90 213
CCSRR and 7.18 75 -21.86 -16.32 161 100 2.17
slot 8.49 8.8 -30.87 -30.26 120 330 2.95
9.71 9.32 -23.41 -36.75 450 450 2.04
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Figure 12. Tested results of fabricated antennas

4. COMPARISON WITH OTHER WORK

Table 3 summarizes the performance of our recommended Metamaterial antenna in comparison to
various previously reported efforts. The works are listed according to a several parameters, among them are
antenna’s size, frequency range, bandwidth, and gain. The comparative procedure indicates that the suggested
metamaterial antenna has certain exceptional qualities, including high gain, bandwidth, and return loss.
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Table 3. Comparison with previous work

Ref. number  Dimensions (mmxmm)  Resonant frequency (GHz) Bandwidth Gain  Radiation efficiency (%)

[2] 45%45 245, 2.86,6.19 180, 150, 420 3.16 74.99
[5] 30%x30 2.4,4.64 180, 2400 4.6 92
[8] 25x25 24,52,74,82 220, 90, 110,100 1.22 90
[13] 40%30 24,35 750, 110 1.26 70
[19] 30%30 5.26,9.11 510, 900 5.3 96.88
[23] 70x63 3.1,5.0 560, 950 4.63 92

Proposed 30.19x23.3 35,75,88,9.32 110, 161,120,450 8.014 94.22

This antenna employs C-CSRRs, a kind of metamaterial design. Each C-CSRR slot introduces a
new resonant frequency due to its unique inductive-capacitive resonance. By adjusting the number and
dimensions of C-CSRRs (N=1, 2, or 3), the antenna supports multiple pass bands, each linked to a distinct
resonance. Hence the proposed antenna outperforms others by leveraging metamaterial C-CSRRs to achieve
multiband resonance, efficient radiation, and high gain within a significantly miniaturized footprint through
enhanced electromagnetic field confinement and precise impedance control.

5. CONCLUSION

The proposed antennas have a few benefits, including a small size and support for a variety of
applications in multiband frequencies. At all resonant frequencies, it is observed that the planned antenna has
a gain of more than 6 dB. The antenna is perfect for 5G sub-6 GHz bands and other wireless technologies
since it supports many frequency bands, such as 3.5 GHz permits incorporation into smart infrastructure,
internet of things (1oT) devices, and small mobile devices. Miniaturization and multiband operation make it
suitable for 10T sensors and edge devices that need to connect across various frequency bands. It can also be
used in radar systems, secure communications, and remote command units where multiband, stealthy, and
compact antennas are required. Based on the research, the developed antenna outperformed previous antenna
designs in terms of gain and efficiency while using less dimensions. This is accomplished by modifying the
current design and putting new methods into practice.

While the antenna resonates at multiple frequencies, the bandwidth at certain bands may be narrow,
potentially limiting data throughput and making the system sensitive to frequency shifts. Future work will
focus on integrating DGS techniques to enhance bandwidth.
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