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To utilize the manipulation of wave properties by metamaterials, in this paper, a microstrip-fed patch antenna array, loaded
with metamaterial superstrate, has been proposed. Under unloaded conditions, the conventional patch antenna array reso-
nates at IEEE 802.16a 5.8 GHz Wi-MAX band with gain of 4.31 dBi and bandwidth of 425 MHz, whereas when each patch of
this array is loaded with a metamaterial superstrate, composed with the pair of circular split ring resonators and wire strips,
gain and bandwidth approaches to 11.9 dBi and 685 MHz, respectively, which corresponds to gain improvement by 7.6 dBi
and bandwidth enhancement of 260 MHz. The proposed antenna is fabricated and tested to compare simulated and mea-
sured results. A good compliance is observed between these two results. Equivalent circuit model of the composite structure
has been developed and analyzed.
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I . I N T R O D U C T I O N

In this era, there is a great demand for mobile communication
and integrated wireless digital devices with very high data
transfer rates. Antennas required for these applications
should have certain extraordinary features such as high gain,
light weight, wide bandwidth, ease of integration with micro-
wave circuits, compact in size, compatibility with microwave
monolithic integrated circuits, etc. The microstrip patch
antennas generally meet most of these requirements
and hence, have better prospects than conventional antennas
[1–4]. However, their use in certain systems is limited as the
single microstrip patch antenna has relatively low gain and
narrow bandwidth with low efficiency. A lot of studies have
been published on performance improvement of patch anten-
nas, some of which are: (i) use of large number of patch anten-
nas in array configuration [5, 6]; (ii) increasing the substrate
thickness [7, 8]; (iii) optimizing the impedance matching of
microstrip patch antenna by use of shorting pins, plates,
posts, etc. [9, 10]; (iv) using high-permittivity substrates [11,
12]; (v) modifying the basic patch shape [13]; (vi) using mul-
tiple substrates [14]; (vii) loading conventional patch antenna
by artificial materials [15–27], etc.

In [7], Kovitz and Samii used a thick substrate to enhance
the bandwidth of the microstrip patch antenna. However,

increase in substrate thickness results in excitation of surface
waves. These surface waves are dissipated at the substrate
edges, resulting in the reduction of antenna gain. Many
researchers improved the antenna performance by the use of
optimized impedance matching techniques. Row and Hua
[9] tuned the impedance of the antenna to 50 V by placing
a short through a hole at an appropriate position. Though
such methods are flexible, as they avoid the use of impedance
transformers, the search of the appropriate position for
placing the short is quite tough and time-consuming job. In
[11], Tang et al. enhanced the axial ratio bandwidth of the
patch antenna by use of high-permittivity substrate.
However, high-permittivity substrates lead to the loss of
surface waves. The modification in the shape of the patch
has also been explored by various researchers to enhance
the performance of the antenna. Sharma et al. [13] removed
the arcs of the circular patch antenna from different positions.
This removal of the arcs resulted in the gain, bandwidth, and
cross-polar-level improvement. Though such modifications
are easy to implement, the decision of locating such modifica-
tions is a tedious job. A technique of using multiple substrates
has also been used by various groups. Rao and Kumar [14]
have used a multilayer dielectric substrate for gain and band-
width enhancement. However, great efforts are required to
fabricate such structures.

In recent years, several configurations of loading the con-
ventional patch antenna with dielectric slabs [15], electromag-
netic band gap (EBG) structures [16–18], highly reflective
surfaces [19, 20], and the most recently, artificial magnetic
materials [21–27] have been reported by several researchers
to uplift the performance parameters of the antennas and
squeeze their size. Loading of a conventional patch antenna
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with EBGs, highly reflective surfaces, etc. by various research
groups have resulted in the performance improvement of
antenna parameters, but this method generally makes the
antenna bulky and difficult to fabricate. For example, in
[18], Attia and Ramahi used a cross-stacked EBG substrate,
making the antenna bulky and difficult to fabricate.
Foroozesh and Shafai, used a highly reflective frequency
selective surface (FSS), consisting of 15 × 15 FSS unit cells,
etched on a dielectric slab [19].

Recently, antenna researchers worldwide have been
attracted by the single/double negative metamaterials, also
called zero-index materials, due to their peculiar properties.
These artificially engineered homogeneous media provides
unusual and useful phenomenon due to their controllable
electric and magnetic responses [28]. These artificial materials
are characterized by either dispersion relations or by constitu-
tive electromagnetic parameters. In 1968, Veselago, in his
paper [29], first time gave the theoretical explanation on mate-
rials with simultaneously negative permittivity and permeabil-
ity and also predicted some peculiar phenomenon obtained
from these metamaterials. After a long time in the 1990s,
Pendry et al. demonstrated electric plasma (negative permit-
tivity) from wire structures [30] and then magnetic plasma
(negative permeability) from ring-shaped structures [31]. In
[32] Smith et al. were the first to experimentally demonstrate
the double negative materials. Due to the novel properties of
metamaterials, they have been deeply studied as a potential
artificial material for a large number of applications in micro-
wave and optical region [33, 34].

Recently, researchers are extensively using these materials
since their novel properties are capable not only to squeeze
the size of the antenna, but also improve its performance para-
meters such as return loss, voltage standing wave ratio
(VSWR), bandwidth, gain, and directivity. Also, they have
easy physical realization and can be comfortably incorporated
with conventional antennas as compared with other engi-
neered materials. Several configurations of metamaterial
have been used by different research groups [21–27]. In
[22], Joshi et al. deigned an multiple split ring resonator
(MSRR) loaded dual-band microstrip patch antenna to
obtain the size reduction. In [23], Arora et al. loaded the con-
ventional patch antenna with a split ring resonator, as a result
of which significant improvement in gain and bandwidth is
obtained. In another attempt, Arora et al. in [24], etched a
pair of split ring resonator on the ground plane of a conven-
tional patch antenna array and observed the drastic improve-
ment in its performance.

Since long back superstrate layers or cover layers are also
used to increase the directivity of microstrip antennas, with
Jackson and Alexopoulos, as the first group to make its use
in 1985 [35]. Since then several types of superstrate layers
have been incorporated with patch antennas. In 2005,
Burokur et al. investigated the effect of left-handed metama-
terial (LHM) superstrate on the circular patch antenna [36].
In [37], Chaimool et al. used metamaterial reflective surface
for simultaneous gain and bandwidth enhancement of micro-
strip patch antenna. Li et al. in [38], designed a high-gain
antenna using a three-layer metamaterial superstrate.

As per the literature review done by the authors, most
researchers have focused on the performance enhancement
of the single-patch antenna covered with superstrate layer.
No much research has been done toward the simultaneous
enhancement of the gain and bandwidth of the microstrip

patch antenna arrays using a single-layer, 2D
(two-dimensional) planar metamaterial superstrate and their
equivalent circuit analysis. To the best knowledge of the
authors they, in [25], first time used a square split ring reson-
ator, for simultaneous gain and bandwidth enhancement of
microstrip patch antenna array. The patches of the conven-
tional patch antenna array were covered with this metamater-
ial superstrate layer. The proposed antenna array presented
the drastic improvements in bandwidth and gain,
simultaneously.

Extending the work of [25], in this paper, the authors
further improved the performance of conventional microstrip
patch antenna array by loading it with a LHM, which is
designed by a pair of circular split ring resonator and wire
strip. Also, in this paper, authors have: (i) tested the loaded
antenna array and validated the simulated and experimental
results; (ii) theoretically analyzed the loaded antenna array;
(iii) applied effective medium theory to the metamaterial
unit cell; (iv) developed and discussed the equivalent circuit
model of the composite structure. Such layers not only
improve the performance of antennas, but are also helpful
to protect the patch antenna from environmental hazards,
especially when these antennas are placed on aircrafts and
missiles. Patch antenna array, as well as metamaterial super-
strate are designed using an FR-4 substrate and simulations
are done using FEM (finite-element method)-based software
HFSS and Mentor Graphics IE3D, a method of moment-based
full-wave electromagnetic simulator.

I I . M E T A M A T E R I A L S U P E R S T R A T E
A N D A N T E N N A A R R A Y D E S I G N

Figure 1 depicts the geometrical structure of a two-element
conventional microstrip patch antenna array and Fig. 2(a)
presents the perspective view of conventional patch antenna
array covered with the proposed metamaterial superstrate.
Side view of the proposed antenna array is presented in
Fig. 2(b). Both, conventional patch antenna array and

Fig. 1. Geometrical sketch of two-element conventional microstrip patch
antenna array.
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metamaterial superstrate, are designed on the FR-4 substrate
of thickness (t) ¼ 1.48 mm, dielectric constant (1r) ¼ 4.3,
and loss tangent ¼ 0.01. The 50 V SMA coaxial connector is
used to feed the antenna array. As calculated using the trans-
mission line model equations [39, 40], the length and width of
microstrip patch are 11.95 and 15.88 mm, respectively. The
overall dimensions of the ground plane are 52.5 mm ×
67.10 mm. Various dimensions of the antenna array are pre-
sented in Table 1. As calculated from equations [39, 40], the
resonant input resistance of the rectangular patch antenna is
238.5 V. Edge feeding of the elements of the antenna array
is done by using the corporate feed network. The
center-to-center spacing between the two patches of the
antenna array is 0.96 (lg/2), where lg represents the guided
wavelength. The 109.2 V quarter wave transformer is used
to match the rectangular patch with 50 V line.

As calculated from mathematical relations [41], the width
of the quarter wave transformer and 50 V transmission line
is 0.5237 and 2.8758 mm, respectively. The length of the
quarter wave transformer and 50 V line is calculated as 7.55
and 8 mm, respectively. Length of the feeding strip is calcu-
lated as 26 mm. The dimensions of the substrate are
52.5 mm × 67.1 mm. Figure 3 presents the structure of the
circular split ring resonator unit cell and the geometric
sketch of the double-negative metamaterial superstrate, con-
sisting of a pair of this circular split ring resonator on the
one side of FR-4 and copper wire etched on its opposite
side, is depicted in Fig. 4.

The designed metamaterial superstrate is used to cover the
patches of the conventional antenna array in such a way that it
does not increase the overall size of the proposed antenna
array, that is, the dimensions of loaded as well as unloaded
antenna array remain almost same. The geometrical dimen-
sions of the circular split ring resonator unit cell are; radius
of the outer split ring (R) ¼ 5.20 mm, width of the rings
(w) ¼ 0.2 mm, gap at the split of rings (g) ¼ 0.2 mm, and sep-
aration between inner and outer split rings (s) is set to 1 mm.
The dimensions of circular split ring resonator are chosen in
such a way that it resonates at the same frequency as that of
the patch antenna array. The center-to-center spacing
between two circular split ring resonators is fixed at
17.50 mm. The length and width of each copper wire are 19
and 0.5 mm, respectively. This wire is etched on the opposite
side of each circular split ring resonator in such a way that it
passes through the center of each circular split ring resonator
and distance between these two wires is fixed at 17.50 mm.
This wire strip acts as a plasmon, thus exhibiting high-pass
behavior for an incoming wave whose electric field is parallel
to the wires and provides an effective negative permittivity
below the plasma frequency. The overall dimension of the
metamaterial superstrate layer is 52.5 mm × 19 mm and is

Fig. 2. Geometrical sketch of the proposed microstrip patch antenna array loaded with metamaterial superstrate: (a) perspective view, (b) side view.

Table 1. Dimensions of the antenna array.

Parameters Dimensions (mm)

a 11.95
b 15.88
c 0.5237
d 2.8758
e 1.38
f 6.21
g 2.8758
h 25.86
i 0.5237
j 7.55
k 8
l 7.55
t 1.48

Fig. 3. Geometrical structure of the circular split ring resonator unit cell.
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placed at a distance (d ) of 8 mm from the ground plane of
the conventional patch antenna array. This distance of the
superstrate layer, from the ground plane of the conventional
patch antenna array, is found to be the optimum position
for the best performance of the proposed array. Figure 5
presents the perspective view of the fabricated loaded
antenna array.

I I I . R E S U L T S A N D D I S C U S S I O N

This section presents the simulated and measured results of
the antenna array with and without metamaterial superstrate.
Figure 6(a) depicts the simulated return loss characteristics of
the conventional microstrip patch antenna array and the pro-
posed metamaterial loaded antenna array, whereas Fig. 6(b)
presents simulated and measured S11 characteristics of the
proposed metamaterial superstrate-loaded antenna array. It
is observed that the unloaded antenna array resonates at
5.8 GHz with a bandwidth of 425 MHz, whereas, when the

patches of the conventional patch antenna array are covered
with metamaterial superstrate bandwidth reaches to
685 MHz at the same resonant frequency, thus corresponding
to the bandwidth improvement of 60%.

Figures 7(a) and 7(b) represent the simulated elevation
plane radiation pattern characteristics of the unloaded and
loaded antenna array, respectively. As observed from these,
the antenna array resonates at 5.8 GHz with a gain of
4.3 dBi under unloaded conditions and when the same
antenna array is covered with a metamaterial superstrate,
gain approaches to 11.9 dBi. A deep decline in radiation
pattern, showed in Fig. 7(a), occurs due to the excitation of
spurious modes on patch conductor. However, under loaded
conditions, the presence of metamaterial superstrate makes
field distribution of the patch antenna more uniform, thus
improving the overall gain of the proposed array, as repre-
sented in Fig. 7(b). The dimensions of the array under both
the conditions are almost same. Thus, the bandwidth and
gain have improved simultaneously at no extra hardware
cost. Figure 8 presents an inset photograph of the

Fig. 4. Top view of the proposed metamaterial superstrate.

Fig. 5. Photograph of a fabricated metamaterial superstrate-loaded microstrip
patch antenna array (perspective view).

Fig. 6. Return loss characteristics of: (a) unloaded and loaded antenna array
(simulated), (b) loaded antenna array (measured and simulated).
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experimental setup to measure the return loss characteristics
of the fabricated metamaterial superstrate-loaded antenna
array. Anritsu Vector Network Analyzer (model no.
MS2028C), frequency range 5 KHz–20 GHz, is used to test
this proposed antenna array. From Fig. 6(b), it is observed
that the fabricated antenna array is resonating at 5.8 GHz
with a bandwidth of about 600 MHz, showing that both the
results are in good agreement with each other. However,
some changes in the shape of two curves are due to the
inaccuracy occurred while fabricating the proposed antenna
array and the use of an FR-4 substrate, which is lossy in
nature but quite cheap, and hence suitable for making such
prototypes.

I V . M E T A M A T E R I A L U N I T C E L L
C H A R A C T E R I Z A T I O N U S I N G
E F F E C T I V E M E D I U M T H E O R Y

To extract the effective constitutive parameters of the meta-
material unit cell, the sample is placed in a waveguide in
such a way that the incident electromagnetic wave is polarized,
with electric field along the axis of the wire strip and magnetic
field parallel to the axis of circular split ring resonator. Hence,
the direction of propagation of the wave vector k is along the
z-axis. The arrangement of the sample inside the waveguide is
shown in Fig. 9 and the S-parameters retrieved from it are pre-
sented in Fig. 10.

The NRW (Nicholson–Ross–Weir) technique [42] has
been used to attain the effective magnetic permeability and
electric permittivity of the metamaterial unit cell. The expres-
sions of equations (1) and (2) are used to determine these
effective medium parameters.

mr =
2

jkod
1 − V2

1 + V2
, (1)

Fig. 7. Elevation plane radiation pattern characteristics of: (a) unloaded, (b) loaded proposed antenna array.

Fig. 8. Inset photograph of experimental setup to measure S11 characteristics
of fabricated metamaterial superstrate-loaded antenna array. Fig. 9. Unit cell of metamaterial superstrate placed in a waveguide.
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1r =
2

jkod
1 − V1

1 + V1
, (2)

where k0 is the wave number, d is the thickness of the sub-
strate; V1 and V2 are the composite terms to represent the add-
ition and subtraction of S-parameters. The values of V1 and V2

are estimated using equations (3) and (4) [42].

V1 = S21 + S11, (3)

V2 = S21 − S11. (4)

Using the obtained S-parameters, above mathematical
equations, and MATLAB code, the magnetic permeability
and electric permittivity characteristics of the proposed meta-
material unit cell are verified. From Figs 11(a) and 11(b) it is
observed that the magnetic permeability and electric permit-
tivity of the proposed metamaterial unit cell are negative
from 5.7 to 6.0 GHz, implying that the structure exhibits
metamaterial characteristics at the frequency of interest.

V . E Q U I V A L E N T C I R C U I T M O D E L
A N D A N A L Y T I C A L A N A L Y S I S

Placing the proposed metamaterial superstrate over the
patches of the antenna array at small height results in the
parasitic loading of the conventional patch antenna array.
Due to this parasitic loading, proximity coupling between
the superstrate and patch antenna occurs, thus forming a two-
layer electromagnetically coupled system. This electromag-
netic coupling between the patches and metamaterial super-
strate, results in the improvement of the bandwidth of the
composite system. Gain enhancement of the proposed
antenna array can be explained with the help of cavity
effect, which comes into existence when the superstrate
layer forms the cover of the antenna patches. As per the
Snell’s Law of refraction, the medium with low refractive
index moves the electromagnetic waves away from the
primary source and in a direction which is parallel to the
normal of this surface. This property results in the directivity
enhancement of the proposed antenna array. The presence of
metamaterial superstrate also makes the field distribution of
the patch antenna more uniform, thus improving the overall

Fig. 10. S-parameters of metamaterial superstrate unit cell.

Fig. 11. Characteristics of the proposed metamaterial unit cell: (a) magnetic permeability curve, (b) electric permittivity curve.

Fig. 12. Variation in the gain of the proposed antenna array as a function of
distance (d) between the superstrate layer and the ground plane.
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gain of the proposed antenna array. Thus, it is concluded that
the metamaterial superstrate acts as a parasitic load that
enhances the bandwidth and the cavity effect improves the
gain of the proposed antenna array. When the distance
between the superstrate layer and the ground plane of the
traditional antenna array is varied, the decrement in the
gain improvement of the proposed metamaterial loaded
antenna array is observed, as presented in Fig. 12.

Figure 13 shows the equivalent circuit of microstrip patch
antenna array loaded with a superstrate layer formed by circu-
lar split ring resonators and wire strips. The equivalent circuit
model of the proposed superstrate layer is composed of the
parallel connection between split ring resonator (SRR) and
wire strip with a capacitor (Cc). This capacitor represents
the cross-coupling effect due to the wire strip etched on
opposite face of the substrate. The patch antenna can be repre-
sented as a parallel RLC circuit the resistance, inductance and
capacitance of which are represented by R1, L1, and C1,
respectively.

The wire strip etched on the back of circular split ring res-
onator can be modeled as an inductor, the inductance (Lw), of

which is given by equation (5) [43]

Lw = m0l
2p

ln
2l
w

( )
+ 0.5 + w

3l

( )
− w2

24l2

( )[ ]
. (5)

where l and w are length and width of the wire strip, respect-
ively. Also, as per the principle of equivalent circuit theory, the
modeling of the circular split ring resonator is done as an LC
resonant circuit, such that the values of equivalent inductance
of circular split ring resonator (L) and equivalent capacitance
of circular split ring resonators (C ) are calculated using equa-
tions (6) [44] and (7) [45], respectively.

L = 0.00508r 2.303log10

4r
w

− Y
( )

microhenry, (6)

where g ¼ 2.451, p is the total perimeter of the figure, and w is
the width of the rings. The equivalent capacitance (C) of a

Fig. 13. Equivalent circuit of the proposed antenna array.
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circular split ring resonator is given as [45]

C = (pCP + CS)/2, (7)

where, CP ¼ (2/p)r10ln(2w/s) and CS ¼ A10tw/g.
Such that r ¼ 4 mm (radius of inner ring), A ¼ 60, and t ¼

0.1 mm (thickness of metal sheet). Using equations (6) and
(7), the calculated values of equivalent inductance (L) ¼
0.49 nH and equivalent capacitance (C ) ¼ 32.46 pF.

When the metamaterial superstrate is placed close to the
patch, the circular split ring resonator gets inductively
coupled with patch antenna due to which there exists some
mutual inductance (M1 and M2) between them. This mutual
inductance between circular split ring resonator and patch
antenna is calculated using (8), the value of which is 1.11 nH.

M1 = M2 = m0Ls

2p
0.467 + 0.059(w + W)2

L2
s

[ ]
. (8)

There also exists some mutual inductance between the
neighboring circular split ring resonator (M3) [46] and neigh-
boring patches (M4) [43], the magnitude of which are calcu-
lated using (9) and (10), respectively.

M3 = 4p

������������������������
a1a2

2
k
− k

( )
F − 2

k
E

[ ]√
, (9)

where, a1 and a2 are the radius of the inner and outer split
rings, F and E are the complete elliptic integrals of the first
and second kinds, respectively, to modulus k. Also

k = 2
�����
a1a2

√

(a1 + a2)2 + l2

where, l is the center-to-center distance between the two split
ring resonators.

M4 = −mL
2p

ln(1 +
��
2

√
) + 1 −

��
2

√
+ w2 ��

2
√

/24L2
[ ]

. (10)

Due to the conducting nature of patches and split rings,
they also possess some self-inductance. The self-inductance
(Ms) of the rectangular patch antenna is given by (11) [43].

Ms =
mL
2p

ln
2L
w

( )
+ 0.5 + w

3L
− w2

24L2

[ ]
. (11)

The inductance of microstrip patch antenna array with the
capacitance of circular split ring resonator and the mutual
inductances forms the LC resonant circuit of the loaded
antenna array. This capacitance compensates the inductance
of microstrip patch array and thus, under loaded conditions,
good matching is obtained at the resonant frequency. Lf repre-
sents the self-inductance of port and feeding network.

V I . C O N C L U S I O N S

Metamaterial superstrate-loaded microstrip patch antenna array
for IEEE 802.16a 5.8 GHz Wi-MAX applications has been devel-
oped. The proposed composite structure enhances the gain of
conventional patch antenna array by 7.6 dBi and bandwidth

enhancement of 260 MHz is obtained, while maintaining the
almost same profile and cost. The equivalent circuit of the pro-
posed antenna array has been designed and analyzed. The pro-
posed antenna array is fabricated and tested to support the
simulated results. The performance comparison of the conven-
tional unloaded antenna array and the proposed metamaterial
superstrate-loaded antenna array show that the metamaterials
have good potential to improve the performance of the antennas.
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