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Miniaturized Dual-Band Embedded NZI Metasurface Antenna
with Front-to-Back Radiation Ratio Enhancement

Parul Dawar1, * and Mahmoud A. Abdalla2

Abstract—In this paper, a novel miniaturized dual-band embedded near-zero index (NZI) metasurface-
based patch antenna is presented. A new methodology based on loading a narrowband microstrip patch
antenna (resonating at 4.6GHz) by a metasurface embedded in the middle of the antenna’s substrate
is introduced. The loaded antenna has a dual-band resonance of bandwidths of 15% and 43% at 2GHz
and 4.6GHz, respectively. The metasurface layer is an array of square holes such that there is no hole
below the patch. The metasurface layer is designed as a near-zero-refractive-index material (NZRIM).
By controlling the phase reflection properties of the structure, the antenna gain is increased by 5.5 dB,
original bandwidth increased ten times and the front-to-back ratio improved from 7 to 187. Also,
footprint miniaturization of 56.5% with a maximum size of (1.9λ0)

2 is obtained. To the best of the
authors’ knowledge, such enhancement is the largest to date.

1. INTRODUCTION

The continuous need for high directive and low-profile antennas at microwave frequencies is essential
for modern applications of satellites, radars, and wireless communication systems. Large aperture array
antennas can solve this point, but they are bulky and may need complex feeding networks. Printed
microstrip antennas are preferred at microwave frequencies as they are low profile, easily fabricated,
and can provide multi-functions in terms of operating frequencies and emitted wave polarization and
beam scanning functionality. However, these antennas have some serious limitations like the half-
wavelength length of a microstrip patch or microstrip slot antenna, which is large for some portable
wireless applications. Also, these antennas’ directivity is in the order 6 dB which is also a small value.
In addition, microstrip patch antennas have narrow bandwidth typically 1–2% because of the resonant
structure.

Different methods have been used to miniaturize the size of microstrip antennas, for example
employing high electric permittivity substrates [1–3], using shorting pins/shorting walls [2, 4], using
resistive or reactive loading to the patch [5, 6], increasing the electrical length by meandering patch,
using slots, and folding the patch [1, 7, 8]. Moreover, composite right/left-handed (CRLH) metamaterial
structures [9] and loading antennas with distributed capacitors and/or inductors [10] have also been
applied to reduce the size of patch antennas. The size reduction degrades the radiation performance
of the antenna in terms of impedance bandwidth (S11 < −10 dB), gain, and radiation efficiency. A
comparison between the radiation performance and size of the conventional patch and L-C loaded
compact patch [11] confirmed that a 90% miniaturization of the antenna reduced the gain by 4 dB,
bandwidth by 1.6%, and radiation efficiency by 8%. Several other techniques have been used to enhance
the impedance bandwidth of the microstrip patch antennas. For example, using thicker and/or lower
permittivity substrate [12], multiple resonators in coplanar [13] and stacked configuration [10], new
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feeding techniques or impedance matching networks [14], and cutting slots on the patch [15] were used
to increase the bandwidth.

The problem of back lobe radiation and surface waves in printed microstrip antennas resulted in
reducing the antenna radiation efficiency and could be solved by backing the antennas with conductor
reflectors or artificial magnetic conductors [16, 17]. Also, to increase antenna directivity, one successful
approach is using Resonant Cavity Antenna (RCA) [18]. RCA is a planar feed antenna loaded
with partially reflecting artificial surfaces (PRSs) as superstrates which are usually designed using
metasurface.

The metasurface is a two-dimensional surface version of metamaterials that is obtained by arranging
electrically small scatters/holes at a surface. Based on the pattern periodicity, the average tangential
fields can be controlled using a local Floquet-wave expansion, hence controlling the electromagnetic
behavior at the surface [19]. Thanks to the unique electromagnetic manipulation of metasurface
structures, metasurface-based antennas are characterized with higher directivity, broader bandwidth,
and smaller size than conventional planar antennas [20]. Thus, they have been applied in applications like
imaging at microwave frequencies [21, 22]. Moreover, metasurface structures have been further employed
in developing Fabry Perot Cavity antennas with small RCS, high directive radiation properties [23–28].

In this paper, a new design is proposed by loading a conventional patch antenna, as a primary
radiator, with a new metasurface embedded in its substrate. The novelty of the structure lies in the
choice of periodicity of the metasurface which is aperiodic and is used to achieve a wide-band antenna
with a high front-to-back lobe ratio and directivity and also in choosing its position which is in the
middle of the antenna’s substrate. This layer does not cause any impedance matching problems which
is a common drawback of the reflective surface implementation with MNZ/ENZ, and hence it improves
the impedance bandwidth of the designed antenna structure. Thus, the antenna’s contribution of the
simultaneous bandwidth and directivity enhancement over conventional microstrip patch antenna is
considered state-of-the-art by using just a single layer of reflective surface inside the substrate and
has a compact size and lower height than the reported antennas in literature [20–24, 29–32]. Analysis
through simulation elucidates that the embedded metasurface composed of an aperiodic array of holes
enhances the antenna’s performance parameters and downscales the operating frequency leading to
miniaturization.

2. ANTENNA GEOMETRY WITH APERIODIC HOLES AS EMBEDDED
METASURFACE

2.1. Metasurface Loaded Patch Antenna Design

The geometry of the proposed metasurface antenna is shown in Fig. 1. A hole metasurface layer is
embedded in the middle of the dielectric substrate. The holes have slots with width a = 3mm and
length b = 3mm and spaced by Dx ×Dx = 7mm2. The metasurface layer width and length are equal
and less than the overall antenna ground length by 4mm on each side. The feeding transmission line
was optimized to match a 50Ω feeding port.

In the EM simulations whose setup is shown in Fig. 2, with the incident time-varying
electromagnetic wave (EM) on the randomly positioned design structure (array of aperiodic holes), an
electric boundary is allocated along with the vertical axis (y), magnetic boundary along with longitudinal
axis (x) (just like Floquet Boundary conditions), and an open boundary along with the horizontal axis
(z) in such a way that the propagating vector is aligned with the open boundary.

The next step is to analyze the function of the proposed metasurface unit cell, and its equivalent
circuit model is emphasized. In [33], Marcuvitz elaborated on the Equivalent Circuit technique for a
Single Square Loop Frequency Selective Surface to extract its associated lumped circuit parameters (R,
L, and C) [34, 35]. Hence, one raw linear array of the proposed square hole (in Fig. 1) is plotted in
Fig. 3. The unit cell is an assumed square hole with width = a. The periodicity Dx = r.

If a uniform plane wave is polarized in the direction perpendicular to the unit cell, the equivalent
circuit parameters can be derived as explained in [36] as follows

ωrL

Zo
=

a

r
cos θ × C1(r, width, λ, θ) (1)
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(a)

(b)

Figure 1. The metasurface antenna geometry (LP = WP = 16mm, Wfeed = 13.92mm, Lfeed =
41.74mm, LMS = WMS = 131mm, Lg = Wg = 139mm, DX = Dy = 7mm, Dhole = 3.5mm). (a) Side
View. (b) Top view.

Figure 2. Floquet port analysis configuration for the metasurface PRS layer.
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Figure 3. The detailed geometry of array along with its unit cell (white color represents ‘no copper’
and yellow and black colors are for specifying clarity in visualization and denote ‘copper’).

where

C1(r, width, λ, θ) =
r

λ

[
ln csc

(
π · width

2r

)]
+ C2(r, width, λ, θ) (2)

ωrC

Yo
= 4

a

λ
sec θ × C1(r, gap, λ, θ)× εeff (3)

C1(r, gap, λ, θ) =
r

λ

[
ln csc

(πgap
2r

)]
+ C2(r, gap, λ, θ) (4)

where Zo, Yo, εeff , θ, C2(r, width, λ, θ), and C2(r, gap, λ, θ) are the characteristic impedance in free-space,
characteristic admittance in free-space, the effective dielectric permittivity of the medium, incident
angle, and the systemic errors for inductance and capacitance, respectively. Therefore, Equations (1)
and (3) can be written as in Eqs. (5) and (6), respectively.
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λ
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2r

)
(5)
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=

a

r
sec θ · r

λ
ln csc
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2r

)
×εeff (6)

Assuming dielectric to be air and multiplying Eqs. (5) and (6), then,

ω2
rLC = 4

(a
r

)2 ( r

λ

)2
× ln csc

(
π · width

2r

)
ln csc

(π · gap
2r

)
(7)

The LHS of Eq. (7) shows resonant or anti-resonant phenomenon. Considering this PRS as ideally
reflecting frequency selective surface, it can be assumed to be unity. Therefore,

1 = 4
(a
r

)2 ( r

λ

)2
× ln csc

(
π · width

2r

)
ln csc

(π · gap
2r

)
(8)

Putting csc(x) = 1
sin(x) in Eq. (8),

1 = 4
(a
r

)2 ( r

λ

)2
× ln

 1

sin
π · width

2r

 ln

 1

sin
π · gap
2r

 (9)

It is obvious that the width of the unit cell is very much less than the periodicity, and the gap dimension
is also very much less than the periodicity ‘r’. This makes the angle of incidence very small. Therefore,
sin(x) ≈ x as

1= 4
(a
r

)2 ( r

λ

)2
× ln

(
2r

π · width

)
ln
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π · gap

)
(10)
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The gap dimension is higher than the width for a given configuration: ( 2r
π·width) > ( 2r

π·gap). Therefore,

1 = 4

(
d

λ

)2

× ln

(
2p

π · width

)
(11)

To neglect the occurrence of grating lobes, the relationship between wavelength and periodicity is
given by [37]

r(1 + sin θ) < λ (12)

The above Equation (12) can be rewritten by fixing the value of ‘r’ by using a constant N which
ranges between 0 and 1 as

r = Nλ (13)

By substituting Eq. (13) in Eq. (11),

1 = 4
(a
λ

)2
× ln

(
2Nλ

π · width

)
(14)

Therefore, Eq. (14) explains that if the design frequency is known, then the approximated width of the
unit cell is a fraction of λ, and the value of reflection can be controlled.

To explain the wide bandwidth of the designed antenna, the mutual coupling effect between the
elements of the metasurface layer is a critical point that has been diminished by tuning the optimal
element size (a, b) and spacing gap (Dx,Dy). In this scenario, two different behaviors can be observed
due to the capacitive coupling and surface wave coupling effects. Therefore, it will either react to cancel
the current of the elements with each other or react to merge the two operating bands. This metasurface
loading suppresses the mutual coupling effect (at designed frequencies, the currents induced from the
conducting elements may negate the incident wave and prevent it from propagating through the set of
elements). As a result, the operating bands are merged to give a widened band. The design was done
by perfectly choosing the element size using the parametric analysis of Fig. 4. Accordingly, to broaden
the bandwidth, the optimized 7mm gap (Dx = Dy = 7mm) was maintained between elements in the
proposed metasurface layer.

A parametric study has been done to adjust the slot size for minimum reflection coefficient by
varying a and b from 1mm to 4mm (at 4.6GHz), and the results are shown in Fig. 4. As can be
observed in the figure, the lowest reflection phase value depicted in the curve is for a = 3mm and

Figure 4. A parametric analysis results of metasurface reflection coefficient for minimum reflection.
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Figure 5. Reflection phase and magnitude of proposed embedded metasurface with Floquet port set-up
for FEM Analysis.

b = 3mm. Hence, the minimum optimized reflection coefficient was 0.22. The simulated reflection
phase (φ) of the designed embedded metasurface versus frequency is shown in Fig. 5. It is obvious that
the phase is 150◦, and the reflection magnitude (p) is 0.22.

2.2. Metasurface Design

To characterize the metasurface, it is imperative to extract its effective parameters using the parameter
retrieval method [38] as in Eqs. (15), (16)

εeff = 1 +
(2 ∗ j) (1− S11 − S21)

(ko ∗ d) (1 + S11 + S21)
(15)

µeff = 1 +
(2 ∗ j) (1 + S11 − S21)

(ko ∗ d) (1− S11 + S21)
(16)

The retrieved values of effective permeability (µeff) and effective permittivity (εeff) are shown in Fig. 6.
In the presented results, it can be seen that they are approaching zero. Next, the refractive index (n)
can be evaluated as

√
µeff · εeff . The near-zero-index band is possible as a result of the overlap of electric

and magnetic resonances. At these regions, the transition from a negative-n region to a positive-n region
is possible at the design frequency. The presented results conclude that there is a near-zero refractive
index at the design frequency which will yield high directivity.

According to generalized Snell’s law in Eq. (17) for an incident wave from a metasurface layer whose
index of refraction = n1 into a medium whose index of refraction n2 [39]

n2 sin θ2 − n1 sin θ1 = k−1
0 ∇Φ (17)

where k−1
0 ∇Φ is the phase shift gradient along with the interface, θ1 the incidence angle (crossing

angle), and θ2 the transmitted angle (emitted angle). This is equivalent to the electromagnetic wave
that originates from the patch (source implanted inside a material block) and middle of the substrate
at metasurface with near-zero refractive index (θ1) emitting waves in a direction parallel to the normal
(θ2). This can increase the antenna directivity.
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(a) (b)

Figure 6. (a) The calculated effective permeability and (b) the calculated effective permittivity of the
embedded metasurface structure.

2.3. Metasurface Design

Transmission line modeling of the patch antenna has been used for evaluating the resonance frequency.
The modeling of the patch as a lossy cavity is done concerning the cavity model, where electric walls at
the top and bottom and magnetic walls at left and right surround the inner region. Therefore, modeling
a microstrip patch antenna at resonance can be done as shown in Fig. 7(a). It is a parallel circuit of
resistor (R), inductor (L), and capacitor (C) where R represents radiative and dissipative losses, and
L, C represent the stored magnetic and electric energies. The values of R, L, C have been computed
using schematic representation in commercial software Microwave Office (AWR) as R = 75.784Ω,
C1 = 1.42 pF, L = 0.67 nH, and coupling capacitor C2 = 0.57 pF.

For the sake of validation, the transmission line model was used for the given cavity model
representation of microstrip patch antenna, and a comparison between the computed reflection
coefficients from schematic and from HFSS simulation is shown in Fig. 7(b) where a good agreement
is evident. Also, the figure confirms the narrow band of the −10 dB reflection coefficient (4.5GHz–
4.7GHz≈ 4.3%).

The dielectric layer of H/2 height is sandwiched between the derived equivalent circuit model of
the patch and the proposed equivalent schematic of the metasurface. The layer is represented by a
lossy transmission line with characteristic impedance (Z0TL1 = 235Ω) and a length equal to half of the
substrate height at which embedded metasurface is placed as shown in Fig. 8.

The metasurface layer consists of square holes, and it acts as a reflector for the incoming
electromagnetic waves at the resonant frequency. Thereby behaving as a band-stop filter [40], which
can be represented as a series connection of L-C network whose impedance is given in Eq. (18)

Zsquare =
−
(
1 + ρ1e

−jφ
)
Z2
o

2Zo(|ρ1| e−jφ)
[Ω] (18)

where ρ1e
−jφ is the reflection coefficient of the metasurface structure, and Zo is the free space impedance

of 377Ω. The left-hand transmission line equivalent characteristic impedance is given by Eq. (19)
assuming negligible loss,

Z(square)eq = ωL− 1

ωC
[Ω] (19)

From Eqs. (18) and (19), the corresponding ‘Leq’ and ‘Ceq’ are computed by obtaining the
impedance of metasurface ‘Zsquarein ’ for the inner loop of the hole and ‘Zsquareout ’ for the outer loop of
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(a)

(b)

Figure 7. Microstrip patch antenna analysis. (a) Equivalent circuit schematic in AWR Microwave
Office. (b) Comparison between simulated reflection coefficient values and proposed schematic model
parameters.

the hole at two frequencies ‘ω1’ and ‘ω2’

Leq =

Zsquarein +
1

ω1Ceq

ω1
[H] (20)

Ceq =
ω2
1 − ω2

2

ω1ω2
2Zsquarein − ω2ω2

1Zsquareout
[F] (21)

The optimization of values in the AWR schematic was done by the curve fitting technique where the
values of unknown parameters are tuned within a given range.

The height H between metasurface and patch antenna is maintained 0.8mm. Hence, the proposed
parameters have been optimized using AWR schematic as C6 = 37.51 pF, L5 =1.5 nH, C4 = 0.68 pF,
L3 = 1.46 nH, C5 = 1.64 pF for the PRS. The value of loss for transmission line section between patch
and PRS is 20.58, and the value of loss for transmission line section between PRS and ground plane is
21.91. The values of coupling capacitors and resistors C3, C8, and R2 are 4.99 pF, 42.67 pF, and 235Ω,
respectively. The schematic simulated reflection coefficient using the embedded metasurface substrate
analysis is plotted in Fig. 9. It has been found that the structure resonates at 2.0GHz (FBW = 15%)
and 4.6GHz (FBW = 43%). The cause of two resonances is mainly the coupling of patch antenna with
metasurface on top and bottom sides.

To validate the theoretical analysis, a comparison between the reflection coefficient obtained using
AWR and the simulated results from HFSS is done and plotted in Fig. 9. It can be noticed that the
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Figure 8. Composite Structure Analysis, equivalent circuit schematic in AWR Microwave Office.

Figure 9. A comparison between simulated reflection coefficient values and proposed schematic model
parameters.
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proposed metasurface acts as a dual-band matching section between the antenna’s substrate middle and
ground plane leading to 56.5% miniaturization.

Finally, analysis of the antenna reflection coefficient by varying height of the metasurface below the
patch is shown in Fig. 10. It is observed that the reflection coefficient is the lowest when metasurface
is placed at Hs/2, i.e., in the middle of the antenna’s substrate; the best performance of the antenna
(lowest reflection coefficient) has been obtained.

Figure 10. Comparison between simulated reflection coefficient (dB) for different heights of embedded
metasurface below the patch.

3. ANTENNA RESULTS ANALYSIS AND DISCUSSION

3.1. Simulated Results

The simulated reflection coefficients of the unloaded and embedded metasurface loaded patch antenna
are compared to each other in Fig. 11. The unloaded patch antenna is a narrow band antenna resonating
at 4.6GHz with a reflection coefficient = −12 dB. When the embedded metasurface is used, strong
resonance is generated which enhances the matching. The −10 dB reflection coefficient bandwidth
has increased more than ten times (3.9GHz to 5.9GHz, covering the original frequency (4.6GHz)).
Specifically, the reflection coefficient is −25 dB at 3.9GHz and −18 dB at 5.7GHz. Moreover, the
antenna has another band centered at 2GHz with −10 dB bandwidth from 1.9GHz to 2.1GHz.

The simulated gain in XZ and Y Z planes for the conventional patch antenna and the metasurface
embedded cases are plotted in Fig. 12(a) and Fig. 12(b), respectively. As shown in Fig. 12(a), the
conventional patch antenna has gain = 3.2 dB and a front-to-back lobe ratio = 7. On the other hand,
for the embedded metasurface-loaded antenna, the peak gain becomes 8.7 dB, and the Front-to-back
lobe ratio is 187 (23 dB). This leads to a 171% improvement in gain and a 26 times improvement in
front-to-back lobe ratio along with its physical protection.

Finally, the simulated current distribution at 4.6GHz is shown in Fig. 13(a) for a single microstrip
patch and Fig. 13(b) for the microstrip-loaded patch antenna. The confinement of the current is clear
in the lens scenario using NZRIM. In other words, the exciting power flow is a strong enhancement
in directivity from 5dB of the conventional patch and exhibits a more intensely distributed current
than the patch antenna itself. This further confirms the enhancement to 14 dB with loaded embedded
metasurface. The same focusing phenomenon can be observed by emphasizing the current distribution
at 2GHz of the proposed embedded metasurface antenna as shown in Fig. 13(c). It can be shown that at
2GHz the antenna’s directionality is maintained, and an improvement is seen. This conclusion is further
confirmed by plotting the simulated gain in XZ and Y Z planes for the metasurface embedded antenna



Progress In Electromagnetics Research B, Vol. 95, 2022 71

Figure 11. The simulated reflection coefficient for the proposed antenna (without and with using
metasurface substrate).

in Fig. 12(c). It can be seen from the figure that peak gain becomes 7 dB, and the Front-to-back lobe
ratio is 60 (15 dB). This leads to 118% improvement in gain and 9 times improvement in front-to-back
lobe ratio along with its physical protection.

Finally, to confirm the antenna performance over the wideband width, the simulated antenna gain
versus frequency is plotted in Fig. 14. The gain around the design frequency shows wideband nature.

It is worth commenting that the achieved directivity enhancement is valid for different oblique
incident angles. To explain this point, the embedded metasurface can be assumed as a thin slab
sandwiched by substrate medium as shown in Fig. 15. The boundary conditions are

1 +R = A+B (22a)

Y1(1−R) = Y2(A−B) (22b)

C +D = T (22c)

Y2(C −D) = Y1T (22d)

where R =ratio of the reflected electric field to the incident electric field, T =ratio of the transmitted
electric field to the incident electric field; Y is the horizontal admittance for each medium; A, B, C, D
are the counter-propagating waves inside the thin slab such that

A = Ce−jKt and B = De−jKt (23)

Assuming that the thickness of the metasurface is such that |kt| ≪ 1, in [41] it is proven that for
oblique incidence kt is much smaller than the unit, and the constitutive parameters are much larger than
the unit. It has also been proven in [42] that for a well-chosen metal thickness, angle and polarization-
independent transmission is achievable assuming a square array of squared annular aperture patterned
on a metal film embedded inside the antenna’s substrate.

Finally, to elucidate the cross-polarization property of the proposed metasurface layer at 2GHz, the
polarization conversion ratio (PCR), which is defined as the ratio of the square of the cross-polarization
reflection coefficient to the sum of the square of the co- and cross-polarization reflection coefficients,
was calculated as in Eq. (24) [43–47]. For generating this calculation, a simulation of PRRS unit cell
undergoes Floquet port analysis with master and slave boundaries for periodic structure analysis, shown
earlier in Fig. 2. Assuming x-polarization incidence, cross- and co-polarized reflection coefficients are
given by Ryx = Eyr/Exi and Rxx = Exr/Exi, where ‘i’ is for incident waves and ‘r’ for reflected
waves. Similarly, for y-polarization incidence, cross- and co-polarization reflection coefficients are
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(a) (b)

(c)

Figure 12. The simulated directive pattern for the (a) single patch antenna, (b) the proposed embedded
metasurface antenna in XZ and Y Z planes at 4.6GHz, (c) the proposed embedded metasurface antenna
in XZ and Y Z planes at 2GHz.

Rxy = Exr/Eyi and Ryy = Eyr/Eyi.

PCR =
|Ryx| 2

|Ryx|2 + |Rxx| 2
=

|Rxy| 2
|Rxy|2 + |Ryy| 2

(24)

where
rxy = ERef

x /ERef
y → reflection ratio of y-to-x,

ryy = ERef
y /EInc

y → reflection ratio of y-to-y polarization conversions,

where EInc
y → electric field of the y-polarized incident EM wave

ERef
x → Electric fields of x-polarised reflected EM wave,

ERef
y → Electric fields of y-polarised reflected EM wave.

The PCR value of the proposed metasurface shows two resonances, with PCR measuring 98% for
the first band (at 4.6GHz) and PCR ∼ 60–90% for the second band (2GHz). In these frequency ranges,
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(a) (b)

(c)

Figure 13. The simulated current distribution plot for (a) the patch antenna at 4.6GHz, (b) the
embedded metasurface antenna at 4.6GHz, (c) the embedded metasurface antenna at 2GHz.

a linearly polarized incident wave of known polarization state (x or y) is converted to the orthogonally
polarized reflected wave (y or x), respectively (Fig. 16).

3.2. Measured Results

The fabricated prototype of the embedded metasurface antenna is shown in Fig. 17(a). The antenna is
fabricated using the hot-pressing technique, where one FR4 substrate of thickness = 0.8mm having patch
on top is pressed against the second FR4 substrate with metasurface on top and copper ground at the
bottom. The antenna performance was evaluated by checking its matching properties and EM radiation
properties. The matching was tested by measuring the reflection coefficient (S11) using Keysight RF
Field fox Network Analyzer. On the other hand, the EM antenna radiation parameters were measured
using SICO gain measurement setup shown in Fig. 17(b).

A comparison between simulated and fabricated structures is shown in Fig. 18. A very wide
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Figure 14. The simulated antenna gain vs frequency of the proposed embedded metasurface antenna
versus conventional patch antenna at 2GHz.

Figure 15. The thin slab embedded as metasurface inside antenna’s substrate.

Figure 16. The simulated Polarization Conversion Ratio (PCR).
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(a) (b)

(c)

Figure 17. (a) The fabricated metasurface antenna prototype. (b), (c) The SICO Gain measurement
set-up (b) the chamber setting, (c) the antenna gain measurement setting.

Figure 18. The simulated and measured reflection coefficient of the antenna.
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bandwidth (associated with less than −10 dB) can be obtained when loading using the proposed FPC
metasurface antenna. Good agreement between the simulated and measured curves with 5% error is
obtained.

The comparison between the simulated and measured normalized radiation patterns in the E plane
(XZ plane) and H plane (Y Z) are plotted in Fig. 19(a) and Fig. 19(b), respectively. Very small
discrepancies in the Y Z plane at back lobes can be observed which can be claimed due to measurement
limitations. The comparison confirms the effectiveness of the FPC antenna.

(a) (b)

Figure 19. Comparison between simulated and measured directive Gain (dB) at 4.6GHz of the
metasurface antenna.

For antenna gain measurements, In the setup given by SICO in Fig. 17(c), the transmitted power is
−40 dBm; received power is −73.04 dBm; transmitting antenna gain is 10 dB; and the distance between
transmitting and receiving antennas is 2 meters. Using the Friis equation, the gain of receiving antenna
is 8.7 dB, and the directivity is 14 dB. Therefore, a 6% error in peak gain of the fabricated antenna is
obtained compared with simulated. The errors can be attributed to fabrication tolerances or testing
environments.

3.3. Bandwidth Analysis with Varying Metasurface Parameters

In EM simulation, to emphasize the substrate losses effect on the computed FBW, the patch antennas
with Re{εr} = 4.4 were used for different values of tan δe. The simulated reflection coefficient and
calculated fractional bandwidth results are plotted in Fig. 20(a) and Fig. 20(b) for the dielectric loss
tangent variation from 0 and 0.1. It can be readily observed that when dielectric losses are increased,
fractional bandwidth increases. Also, FBW increases if the loss tangent value is higher than 0.05. The
basis of this finding illustrates that whenever losses are increased in antenna, the antenna becomes
better matched at the cost of its radiation efficiency.

Finally, a comparison of the proposed antenna with existing state of art antenna structures
using embedded metasurface is listed in Table 1. All the reference antennas have larger sizes. The
FBW (%) of the proposed antennas is significantly more than the reference antennas; however, a few
structures [21, 24] have higher directive gain. It is noticeable that the proposed antenna has the highest
front-to-back lobe ratio.
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(a) (b)

Figure 20. When varying tan δm between 0 and 1. Re{εr} = 4.4. (a) Reflection coefficient. (b)
Fractional bandwidth.

Table 1. A comparison of the proposed work with reference antennas.

Reference
FBW

(%)

Front/back ratio

(dB)

Max. Directive Gain

(dB)
Antenna Size

[20] 3.6 15 6.6 2.75λ0 × 2.75λ0 × 0.56λ0

[21] 11.6 20 17.4 2.83λ0 × 3.23λ0 × 0.49λ0

[22] 24 20 4 3.87λ0 × 3.87λ0 × 1.77λ0

[23] 28 20 4.7 2.4λ0 × 2.4λ0 × 1.4λ0

[24] 22.3 13 14.7 2.77λ0 × 2.77λ0 × 0.69λ0

Our Work 43 23 14 1.9λ0 × 1.9λ0 × 0.04λ0

4. CONCLUSION

A novel dual-band, directive, and miniaturized embedded metasurface antenna is designed and analyzed
using a substrate with εr = 4.4. The novelty of this paper lies in choosing the position of the metasurface,
i.e., in the middle of the antenna substrate. This position was left unexplored in literature. Using this
technique, ten times increase in bandwidth and high miniaturization of the order of 56.5% is obtained as
compared to the state of art. The antenna has dual-bands with 15% and 43% impedance bandwidths at
2GHz and 4.6GHz, respectively. With 171% improvement in gain and 26 times improvement in front-to-
back lobe ratio, three times enhancement in directivity (with more than 3 dB directivity enhancement),
this antenna shows maximum enhancements to the best of authors’ knowledge making it an ideal
candidate for the use in mobile communications, relevant radar systems, and imaging at microwave
frequencies.
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