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A High Gain CPW Fed Metamaterial Antenna for UWB
Applications

Deepa Negil> * and Rajesh Khanna?

Abstract—A multi-resonating coplanar waveguide (CPW) fed flexible antenna using metamaterial unit
cell is designed for various UWB wireless communication systems. The designed unit cell has the total
dimension of 14.8 mm x 14.8 mm X 0.25 mm. The top layer of the cell has a circular ring slot combined
with four modified T shaped radiators giving metamaterial characteristics. The unit cell uses perfect
boundary conditions along with y axis wave propagation, and it gives wide NRI region covering 2 to
16 GHz of frequency range. The overall gain of proposed CPW fed antenna is increased by using a 3 x 3
metamaterial array as reflector at the back of antenna. The metamaterial antenna has 2 to 16 GHz of
total bandwidth and peak gain of 13.1 dB. Further the measured outcomes are in accordance with the
simulated ones.

1. INTRODUCTION

Metamaterials are unique structures developed to show features and properties which are not achieved
by naturally occurring substances. The features of these materials are dependent on their geometry
rather than the material used for designing. Veselago [1] in 1968 found left-handed metamaterial (LHM)
which shows simultaneous negative values for € and p and experimentally validated by Smith et al. [2].
Negative permittivity can be observed in some natural substances, however it is quite rare to find
negative permeability. Further it is hard to achieve negative refractive index (NRI) and double negative
(DNG) features. Different uses of metamaterial are solar cells [3], antenna structure [4,5], super lens
[6, 7], reduction in SAR [8,9], invisibility cloaking [10,11], filter designs [12-14], band stop structures
and absorbers.

Among the various designs utilized for DNG features, the alphabet shaped designs [15-18] with a
few latest structures [19-21] are more favored. Further the metamaterials are mostly used in two ways
to strengthen the various antenna properties. The first is to load it as unit cell [22-30], and the second
is to utilize it as reflective layer [31-35]. The common issue encountered by most wideband antenna
engineers is to achieve optimal antenna size, bandwidth, radiation, and gain features. Amongst different
methods, the utilization of metamaterial cells to improve antenna performance is used extensively
these days. The metamaterial cells are loaded on wideband antennas from [22-30], and further 6.9 dBi
of high gain is obtained in both [23,30] along with lower bandwidth values (below 4.5 GHz). The
10.4 GHz of bandwidth value along with only 4dBi gain is achieved in [22]. The disparity between
bandwidth and gain improvement is quite visible in the above paper despite their compact dimension.
The metamaterial cells are used as reflective layer or metasurfaces along with wideband antennas from
[31-35], Reference [34] gives 11.9dBi of high gain with 0.7 GHz of low bandwidth. In [35], 2.5 GHz of
high bandwidth is obtained; however, gain values are not reported. In addition, these designs have huge
dimensions along with multi-layered structures. These structures also display a similar disparity in the
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bandwidth and gain values as observed above. It is found that both (to load on antenna and to use a
reflector layer) utilizations of metamaterials either to place on antenna design or to utilize as reflective
layer, completely rely on designer’s needs as well as application point of view. Here we designed an
ultra-wideband (UWB) metamaterial antenna having wideband gain improvement in addition to optimal
dimensions, bandwidth, and improved radiation features.

The remaining paper is arranged as follows. Section 2 discusses the design of proposed multi-
resonating elliptical shape modified antenna with the impedance bandwidth of 3 to 16 GHz and peak
gain of 5.8dB, and its complete structural evolution and obtained results are also shown. Section 3
presents single sided resonator based DNG (4.8 to 6 GHz) unit cell structure with its electric and
magnetic field distributions. Section 4 discusses the final unified antenna containing 3 x 3 array of unit
cells at 14 mm of air gap from the initial antenna with impedance bandwidth 2 to 16 GHz and 13.1dB
peak gain. The improvement in elliptical modified antenna gain, bandwidth, and radiation properties
is clearly observed. Section 5 shows the comparison of designed metamaterial antenna with previous
structures, and at last Section 6 contains a short conclusion of work presented.

2. WIDEBAND ANTENNA STRUCTURE

The final structure of designed wideband antenna that is experimentally tested and manufactured using
FR4 having 4.4 of relative permittivity and 0.25 mm of thickness is displayed in Fig. 1(a) and Fig. 1(b).
The optimized measurements of proposed structure are also displayed in Table 1. The primary design of
proposed structure includes an ellipse-shaped patch along with 50 © coplanar waveguide (CPW) feeding
technique. The main motive for using this specific type of design is that elliptical patch antennas mostly
provide higher operating bandwidth [36,37], and CPW feed provides larger bandwidth as well as good
unification with different circuital modules [38,39]. Moreover, to acquire wideband characteristics in
the proposed antenna, a modified slot is inserted in the middle of the ellipse-shaped radiating patch.
The step by step structural progression of designed wideband structure is shown in Fig. 2; however, the
effect on the corresponding reflection coefficient and gain plots of the proposed antenna are shown in
Fig. 3(a) and Fig. 3(b).

Table 1. Optimized measurements of designed wideband antenna.

Parameters Dimensions (mm) Parameters Dimensions (mm)

a 40 e 3.44
b 50 f 17.9
c 11.67 g 29.65
d 0.43 h 27.77

At initial stage (S1), an ellipse shaped radiating patch having CPW feed (Fig. 2) generates a
multi-resonating reflection coefficient curve covering 3.8 to 16 GHz due to the overlapping of various
resonance frequencies as shown in Fig. 3(a). At the next phase (S2), alterations in radiating patch
lead to the bandwidth enhancement at lower frequency range resulting in the 2 GHz enhancement in
gain from 3.8 to 16 GHz with improved reflection coefficient values. At the final phase (S3), further
modifications in the center slot cause the increment in antenna bandwidth at lower frequency end
resulting in the operating bandwidth from 3 to 16 GHz along with reflection coefficient values below
—20dB at various resonance frequencies of 3.8, 5.8, 8.8, 11.1, 13, and 16 GHz. The designed wideband
antenna is fabricated, and corresponding reflection coefficient curve is experimentally measured using
the KEYSIGHT E5063A (100 KHz-18 GHz) vector network analyzer. The measured gain of proposed
design is shown in Fig. 3(a). It is seen that the antenna gain is improved at each stage resulting in the
consistent gain values above 2.5dB across the entire working frequency range from 2 to 16 GHz with
the maximum gain value of 5.8dB and minimum gain value of 2.8 dB in the final stage.
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Figure 1. Final structure of designed wideband antenna. (a) Simulated. (b) Fabricated.

Basic antenna (S1) Antenna with Final antenna (S3)
modified patch (S2)

Figure 2. Structural progression of designed wideband antenna.
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Figure 3. Effect of antenna structural evolution on (a) realized gain, (b) reflection coefficient.

3. OPTIMIZED STRUCTURE OF UNIT CELL

The final DNG single sided metamaterial showing stopband characteristics is shown in Fig. 4(a). The
corresponding optimized structural specifications of proposed cell are given in Table 2. For simulating
a metamaterial cell, perfect magnetic and electric boundaries are utilized in both the z and x axes
along with open boundaries in the y axis. The metamaterial is placed in the middle of waveguide
ports along y-axis with perfect boundary conditions at remaining axis suggesting the propagation of
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Table 2. Optimized measurements of designed metamaterial.

Parameters Dimensions (mm) Parameters Dimensions (mm)

L1 14.8 g3 0.6
Wy 14.8 hy 2.5
g1 2.15 h2 4.78
g2 2.13 h3 1.6

(@ (b)

Figure 4. Structure of improved metamaterial. (a) Front view. (b) Simulation prototype along with
perfect boundaries.

electromagnetic waves through y-axis. The simulating design prototype along with perfect boundaries
is displayed in Fig. 4(b). An FR4 substrate with 4.4 of relative permittivity and 0.25 mm of height is
utilized for manufacturing and designing of the proposed metamaterial since it is cheap, conformal, and
well accessible in the marketplace. All the copper components of designed unit cell have the thickness
of 0.035 mm.

It is analyzed from the scattering parameter (So1) of the designed metamaterial (Fig. 5(a)) that
it shows the total stopband characteristics rather than the passband characteristics. By analyzing the
So1 curve, it is found that the designed metamaterial behaves as a broadband band gap structure
having 13.6 GHz of a huge stopband region in the RF bands of S, C, X, and Ku. It displays
stopband characteristics in 2 to 4.8 GHz (2.8 GHz) and 5.2 to 16 GHz (10.8 GHz) of frequency regions.
Additionally, in the corresponding phase plot of Sy; parameter as described in Fig. 5(b), at various
resonant frequencies, the 0° reflection in phase plots can be seen. Now to demonstrate the resonance
nature and to recognize the physical characteristics of proposed metamaterial, the electric and magnetic
field concentrations are studied at various resonance frequencies of 3 GHz, 5 GHz, and 10 GHz, which
are selected from the band-stop areas of S9; plot.

3.1. Characterization of Unit Cell

The complete characterization of designed metamaterial is partitioned into two distinct steps. At first
step, the proposed metamaterial is simulated to derive the scattering parameter as analyzed in the
above section (Fig. 5(a)). At next step, various material characteristics of proposed unit cell including
effective permittivity (g), effective permeability (1), wave impedance (zy,), and index of refraction (n)
are derived from the acquired scattering parameters utilizing Equations (1), (2), (3), and (4), which are
based upon the scattering parameter retrieval technique [40, 41].

2 _ 2
- (1+ 511)2 So1 (1)
(1 —511)" — S912
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Figure 5. Scattering parameters of proposed unit cell. (a) Magnitude plot. (b) Phase plot.
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here €, n, u, k, ¢, and z,, denote the permittivity, index of refraction, permeability, wave vector, substrate

height, and wave impedance of the metamaterial. Fig. 6 displays effective parameters (permeability,

permittivity along with index of refraction) against frequency curves of the designed metamaterial.
The real components of permittivity curve as seen in Fig. 6(a) display negative values in frequency
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Figure 6. Retrieved characteristics of designed metamaterial showing (a) electric permittivity, (b)
magnetic permeability, (c¢) index of refraction.
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region from 2GHz to 16 GHz, hence enveloping the RF bands like S, C, X, and Ku. The negative
permeability values are observed in the frequency regions covering 4.8 to 6 GHz (1.2 GHz) enveloping C
microwave band as seen in Fig. 6(b). From Fig. 6(c) the negative n values can be seen in the frequency
regions covering 2 to 16 GHz along with S, C, X, and Ku microwave bands. Table 3 displays effective
variables of designed metamaterial together with values of S; at the resonance frequencies of 4.8 and
5.8 GHz. The specific frequency areas showing negative i and ¢ values at the same time called DNG
regions are found in Table 3. It is found that negative n values are observed in various other frequency
regions as well apart from the DNG areas only. The n negative region, generated because of single
negative characteristics, is found mainly because of the interactions between the imaginary and real
components of the permeability and permittivity values. Further the proposed metamaterials display
negative values of €, u and n in distinct frequency bands, hence it is quite noticeable that the designed
DNG metamaterial shows negative values at 4.8 GHz and 5.8 GHz for all the effective variables that are
displayed in Table 3.

Table 3. Real components of three effective variables (¢, u and n) together with So; values.

Val t 4.8
Effective parameters Frequency range (GHz) Covered bands aes &

and 5.8 GHz
Transmission coefficient (S21) 2-4.8 and 5.2-16 (13.6 GHz) S, C, X, Ku —15dB, —15dB
Effective permittivity (&) 2-16 (14 GHz) S, C, X, Ku —192, —332
Effective permeability (u) 4.8-6 (1.2GHz) C —132, —205
Refractive index (n) 2-16 (14 GHz) S, C, X, Ku —1626, —1100

3.2. Electric and Magnetic Field Concentration at Various Resonance Frequencies

Figure 7 displays the magnetic field concentration of designed antenna at three resonance frequencies.
At resonance frequency of 3 GHz the magnetic field distribution at top and bottom areas of outer
concentric ring structure is larger than remaining cell size. The density of magnetic field is found to
be the largest at 5 GHz of resonance frequency and is mostly produced by top and bottom regions of
outer concentric ring. Further at 10 GHz frequency, low intensity magnetic field density is seen only in
a few specific areas. The field concentration is found to be the largest at 5 GHz and smallest at 10 GHz.
Hence, it can be concluded that the total magnetic field concentration is achieved mostly because of
the self and mutual inductance of various resonating structures of the unit cell.

Electric field concentration at different resonating frequencies including 3, 5, and 10 GHz is displayed
in Fig. 8. In this figure, the distribution of electric field is found to be largest at 5 GHz and is
highly intensive in the boundary of center ring structure along with the four connecting metallic strips.
However, the higher field distribution at 3 GHz can be seen in a few specific regions including lower
part of middle ring and connecting strips. The smallest field distribution is observed at 10 GHz. Here
the largest field distribution is seen at 5 GHz while the smallest density is seen at 10 GHz as seen in
Fig. 8(b) and Fig. 8(c).

By scrutinizing the analyses done above, it can be concluded that the stopbands generated at 3 GHz
and 10 GHz are mainly because of electric resonant nature, and the stopband at 5 GHz is produced
because of electric as well as magnetic resonant nature of the metamaterial. The resonance nature
found at various frequencies is also validated in Fig. 6, in which negative ¢ having —521.5 and —56
values is seen at 3 GHz and 10 GHz frequency along with simultaneous negative € and p of —776.1 and
—1306.9 values found at 5 GHz of resonance frequency.

4. UNIFIED ANTENNA STRUCTURE

The final unified antenna is proposed by combining the wideband antenna with an array of DNG
metamaterial. The 3 x 3 array of proposed metamaterial cells is chosen as the optimum array size
to achieve maximum outputs as shown in Fig. 9(a), as it decently shields the entire area of designed
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Figure 9. (a) 3 x 3 metamaterial layer. (b) Impact of modifying air space “d” value on reflection
coefficient curve of unified structure.

wideband antenna, and further the complete antenna volume requires to be compact in size so that it
can be suitable for wearable utilizations as well. The fabrication technique used is the screen-printing
followed by a chemical itching process. To measure the metamaterial layer, the free space measurement
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technique is used [42]. To achieve the best performance from the designed unified antenna, the
metamaterial layer cannot be positioned directly over the antenna structure without any intermediate
space. Therefore, a fixed air space “d” or gap needs to be established in between the metamaterial layer
and antenna structure, and in practical scenarios a foam substrate is utilized to obtain the desired air
separation. The impact of alterations in the value of air space “d” ranging from 2 mm to 20 mm on the
unified antenna’s (antenna along with metamaterial layer) Si; curve is displayed in Fig. 9(b). It is found
that at closer air space value, the unified antenna is not able to cover the complete UWB frequency
range. With increasing “d” value, the overall antenna bandwidth is also increased, and further at air
space value of 14 mm, the unified antenna covers the complete UWB region from 2.1 to 16 GHz. As we
increase the air space above 14 mm, the acquired operating bandwidth remains unaffected. Hence, it
is observed that increasing the air space value above 14 mm simply results in the increment in overall
dimension of the unified antenna. It is also found that keeping the metamaterial layer in close proximity
to wideband antenna develops impedance mismatch conditions; however as we place metamaterial layer
at a greater distance from the unified antenna, better matching conditions are achieved. At last, it is
concluded that the best possible outcomes are achieved by using a 3 x 3 element metamaterial layer along
with air separation value of 14 mm. The final manufactured unified antenna with the air separation of
14 mm is displayed in Fig. 10(a).
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Figure 10. (a) Manufactured unified antenna along with air gap of 14 mm. (b) Measured reflection
coefficient curve of wideband and unified antenna.

Measured reflection coefficient plots of unified antenna along with wideband antenna are displayed
in Fig. 10(b). The unified antenna is observed to envelope the wide frequency ranges from 2 to 16 GHz
along with satisfactory matching conditions (under —20 dB) amongst its various resonance frequencies
of 2.4, 3.9, 5.5, 8.7, 11.1, 12.9, and 15.8 GHz. Moreover, bandwidth plot is observed to enhance in
the lower frequency region together with slight shift in the reflection coefficient values in the complete
working frequency range as compared to the initial wideband antenna. The measured gain plots for
both the wideband and unified structure are shown in Fig. 11. Gain values acquired at various resonance
frequencies for the wideband antenna and unified antenna are displayed in Table 4. It is found that
the metamaterial layer enhanced the gain values obtained at various resonance frequencies. At 2.4,
8.7, 12.9, and 15.8 GHz of frequencies, above 2 dB gain enhancement is found; however at 3.9, 5.5, and
11.1 GHz of resonance frequency, more than 1 dB gain enhancement is observed.

The measured radiation characteristics of both the wideband antenna along with unified antenna
at various resonance frequencies of 2.4, 8.7, and 15.8 GHz are displayed in Fig. 12. It is found that
the forward radiation features of unified antenna have been enhanced together with reduction in the
magnitude of back and side lobes. Moreover at bigger resonance frequencies, numerous side lobes and
peaks are also found, due to the radiations because of higher level of modes. It is found that in F plane
pattern of unified antenna the magnitude of main lobe is enhanced from 3.17 to 8.1 dBi, 2.3 to 5.45 dBi,
and 1.82 to 6.8dBi at 2.4, 8.7 and 15.8 GHz of resonance frequencies. In the H plane pattern of unified
structure, the magnitude of main lobe is enhanced from 4.6 to 8.4 dBi, 2.7 to 6.1 dBi, and 3.1 to 8.1dBi
at 2.4, 8.7, and 15.8 GHz.
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Figure 11. Gain curve of designed wideband and unified antenna.
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Figure 12. Measured radiation characteristics of designed wideband and unified structure (a) 2.4 GHz,
(b) 8.7GHz, (c) 15.8 GHz.

5. COMPARISON WITH PREVIOUS STRUCTURES

Here unified antenna is differentiated with earlier designed structures as displayed in Table 5. It is found
that the proposed antenna has higher gain of 13.1dB and attains 14 GHz of maximum bandwidth along
with conformal structure than previous papers. The metamaterial structures utilized in many articles
are mostly motivated by earlier reported designs like spiral designs, split ring resonators (SRRs), and
altered alphabetical structures excluding [32,33,42-44] and present work, where novel metamaterial
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designs are utilized. Moreover, in [22,24-26,28-30] unit cells are loaded on antenna because of which
they have smaller dimensions along with fewer cells than [31-37] where metamaterial array is used as the
reflective layer. Compared to other papers [31-37] where metamaterials are used as a layer the present
antenna has smaller volume except [31, 32]; however, the proposed antennas gain and bandwidth values
are much better. The bandwidth and gain tradeoff can be found clearly in all the articles analyzed in
Table 5. The proposed design displays optimum bandwidth as well as gain values. It is visible that the
designed metamaterial antenna has better outcomes and distinctly surpasses the previously reported

metamaterial antennas.

Table 4. Obtained gain values for both the wideband and unified antenna.

Table 5. Comparison of designed structure with earlier reported structures.

Frequencies Gain values for Gain values for
(GHz) wideband antenna (dB) unified antenna (dB)
24 2.6 9.2
3.9 3.3 5.1
5.5 2.9 4.4
8.7 4.6 7.6
11.1 4.6 5.9
12.9 5.3 7.6
15.8 3.8 6.3

Negi and Khanna

Ref. Cell dimension/ Impedance Cells Total size/volume Highest Flexible  Cell design
Total volume bandwidth utilized (mm?) gain /Non-
(mm?) (GHz) (dB)  Flexible
(F/NF)
22 NA 3.1-13.5(104) 3 25 x 22 x 1.6 (880) 4 NF Split ring
resonators
(SRRs)
24 NA 3.9-13.2(9.3) 2 25x 15x 1.6 (600) 4.8 NF Concentric
structure
25 NA 2.5-2.78,3.24-4, 1 35x35x1(1225) 394 NF  Electric-inductive-
5.18-5.88 (1.74) capacitive
(ELCO)
resonator
26 Tx7x1.6/784 3.1-10.71(7.61) (2x4) 26 x 12x 1.6 39 NF SRRs
array (499.2)
28 NA 4-12.5(8.5) 4 25x 15x 1.6 (600) 4.5 NF Spiral
structure
29 NA 24-30 (6) 1 5x6x0.8(24) 3 NF Complimentary
SRRs
30 NA 3.5-79 4.4) 12 32 x 28 x0.794 6.9 NF Planar
(711 .4) structure
31 NA 445-571(126) (4x4) 44 x 35 x4 6.6 NF Spiral
array (6160) structure
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32 53x%x53x0.5/140 9.65-10.1 (045) (3x3) 89 x 50 x 4.075 8.24 NF Novel
45 array (18133.7) structure
33 18 x 20 x 3.048/10 547-725(1.78) (2x2) 137 x 77 x 3.048 92 NF Novel
97.28 on top and (32153.3) structure
(2x5)
on the
bottom
34 NA 5.4-6.1 (0.7) 2 525%x67.1x1096 119 NF SRRs
(38609.34)
35 6x6x1.58/5688  7.5-10(2.5) 9 x%x13) NA NA NF Modified
array alphabetical
structure
43 148 x 14.8 x0.15/ 2.3-16 (13.7) (3x3) 50x44.4 x 14 8 F Novel
32.9 array (31,080) structure
44 14.8 x 14.8 x 0.25/ 2-16 (14) 4x4) 592x592x12 102 F Novel
54.76 array (42055.6) structure
Proposed 14.8 x 14.8 x 0.25/ 2-16 (14) 3 x3) 50x444 % 12 13.1 F Novel
work 54.76 array (26,640) structure

6. CONCLUSIONS

In this article, a resonator-based 3 x 3 metamaterial array at the optimum air space of 14 mm is used as
a reflector plane below a wideband antenna to obtain optimal bandwidth and gain features. Both the
structures are flexible in nature with thickness 0.25 mm. With the introduction of metamaterial layer
1.8 GHz and 7.3 dB enhancement in the impedance bandwidth and gain values is observed. Complete
design analysis of the proposed unit cell along with its electric and magnetic field distributions is
also presented for better understanding. Metamaterial antenna displays 14 GHz of total bandwidth
and maximum gain of 13.1dB. The proposed metamaterial antenna displays better outcomes and
can be viewed as a promising candidate for various present-day metamaterial-based antennas. The
sole drawback of the present work is its antenna with larger dimensions. Good agreement between
simulated and measured results is observed. Hence, the designed antenna can be utilized in various
satellite, wearable, and wireless applications aside from UWB applications.
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