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ABSTRACT The non-existing properties of the metamaterial surfaces can be utilized to improve the antenna
radiation characteristics. In this article, a design and performance analysis of a Single Negative (SNG)
metamaterial based antenna is imparted for LTE 46/WLAN and Ka-band (like in satellite communication for
the receiving side) applications. The unit cell of the metamaterial surface exhibits negative permittivity and
positive permeability; yielding a high magnitude positive refractive index, is used to improve and analyze
the performance of the proposed monopole antenna element. The proposed SNG based antenna covers a
−10 dB bandwidth from 5.35-5.69 GHz (LTE 46/WLAN) and 17.81-20.67 GHz (Ka-band). The total size
of the proposed antenna element is 20.2 × 28.4 mm2 while a 2 × 3 SNG metamaterial surface is used at
the back of the antenna element which improves the gain from 4.52 dB to 9.13 dB for the desired Ka band
and 1.17 to 5.04 dB for the LTE 46/ WLAN band. Furthermore, for the LTE 46/WLAN frequency band,
the impedance matching also gets better, resulting in the return loss improvement from−11 dB to−32.4 dB.
Moreover, the radiation efficiency is also improved by more than 10 % for the Ka band after employing the
SNG metamaterial surface. The measured results fall in good agreement with the simulated one and make
the proposed SNG metamaterial based antenna design competent for the LTE 46/WLAN and Ka-band (like
in satellite communication for the receiving side) applications.

INDEX TERMS Antenna, high gain, ka-band, metamaterial, SNG, 4G/WLAN.

I. INTRODUCTION
The periodic structures holding a property of negative per-
mittivity and permeability, creating a negative refractive
index or a high magnitude positive refractive index have been
able to attract the attention of the researcher due to their
non-existing properties in the natural materials; named meta-
materials [1]–[3]. That’s why these materials are considered
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as an artificial engineered material. There are different types
of metamaterials like double negative (DNG), single nega-
tive (SNG) and double positive metamaterials [4]. The meta-
materials are placed into these categories based on the epsilon
and mu of the dielectric. As the SNG metamaterial is that
one with the epsilon negative or mu negative, while the
metamaterial with the epsilon and mu, both negative is called
a DNG and when both are positive, so it is named as double
positive (DPS). Each type of the metamaterial has a specific
effect on the performance of an antenna in terms of gain,
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efficiency, polarization and many more, when it comes in
the close proximity of it as a ground plane, reflector and
superstrate etc., [5]–[7].

The monopole antenna has many conventional advantages
such as small size, lightweight as well as easy to fabricate.
All these features make the monopole antenna, a suitable
candidate for the wireless communication systems. But with
the flavor of several advantages, there are some problems as
well. Like one of major limitations of this antenna is low
gain which is not desirable specifically in case of higher
frequencies. These requirements have led to much research
into antenna development using monopole configuration.
To address the gain issues with this type of antenna, the array
technique has also been adopted which is quite helpful to
tackle the path loss problems at the higher frequencies and
besides this multiple input multiple output (MIMO) con-
figuration are also helpful in achievement of higher data
rates [8]–[10]. But sometimes the coupling issues are severe
in such configuration due to the nearby placement of antenna
elements. Apart from that, Fabry-Perot cavity antennas can
provide high gain characteristics due to the placement of half
wavelength partially reflecting surface (PRS) above an air
gap. However, these antennas have some mechanical issues
and they face with losses in the thick dielectric PRS as
well [11].

Metamaterials are capable to focus the refracted elec-
tromagnetic waves in a specific direction due to their
non-existing features in the natural materials like DNG, DPS
and SNG [12]. Thus, they can be utilized for the monopole
antennas to improve the performance in terms of gain, band-
width, directivity and also for the miniaturization purpose.
The development of the antennas based on metamaterials
concept is under progress for various communication sys-
tems. Although, there are limited studies available for the
Ka (17.81-20.67 GHz) and LTE 46/WLAN (5.35-5.69 GHz)
bands [13]–[15], collectively based on metamaterials.

Recently, the metamaterials concept has been reported in
the literature for different application antennas. As, Refer-
ence [16] presents an antenna with a monopole configuration
operating at the lower portion of the spectrum i.e., 2.7 GHz.
The gain achieved by the authors at the desired frequency
band is 3.71 dB which is enhanced by 2.75 dB further after
incorporating a metamaterial absorber. Similarly, a dipole
antenna with an incorporated metamaterial medium is pre-
sented in [17] with an improvement in gain by 2.4 dB at
the resonant frequency of 60 GHz. Reference [18] utilized
a metamaterial with a negative permeability for an antenna
operating at the 5.2 GHz frequency band. The use of SNG
metamaterial gives and improvement of 1.5 dB in the gain.
Likewise, another type of metamaterials i.e., electromagnetic
band gap (EBG) is used for the antenna operating at 3.16-
3.36 GHz frequency band [19]. The use of EBG structure
make an improvement in gain up to 2.5 dB over the desired
frequency band. Similarly, authors present an analysis of
different EBG structures on the antenna element in [20] to
analyze which type of the EBG surface can give a sufficient

improvement in the radiation characteristics. The operating
frequency taken for the analysis is 60 GHz, whereas the
improvement in gain is observed in 0.65-1.6 dB range by
incorporating different metamaterial EBG surfaces. Refer-
ence [21] presents a tri-band antenna with an operational
frequency bands of 3.3, 14 and 28 GHz. The authors utilize
a metamaterial surface for the purpose of gain enhance-
ment at the back of the antenna element. But the reflector
purpose is fruitful at the lower frequency band while at
the higher frequency bands; the gain improvement varies
from 1-2 dB with lot of side and back lobes in the radi-
ation patterns. In [22], an antenna with a matching circuit
employed is presented. The matching circuit concept is used
to improve the bandwidth, gain and efficiency of the antenna
which makes the antenna to cover the bandwidth from 0.25-
0.26 GHz. While, a peak gain of 3.54 dB is observed at the
desired band with an efficiency of 71% due to the matching
circuit.

The gain improvement observed varies within 2-3 dB
range in the reported work after employing a metamaterial
concept. In this paper, a design and performance analysis
of a Single Negative (SNG) metamaterial based antenna is
imparted for LTE 46/WLAN and Ka-band (like in satellite
communication for the receiving side) applications. A nega-
tive permittivity and high magnitude positive refractive index
at the Ka-band while near zero refractive index at the lower
band i.e., WLAN/ LTE 46 obtained by the SNGmetamaterial
surface is used to address the monopole configuration issues.
Thus, a significant improvement in the performance of the
proposed monopole antenna is observed at both the desired
two bands specifically in terms of gain with the help of novel
SNG metasurface.

A. PAPER ORGANIZATION
The remaining paper layout is as follows. Section II presents
the geometry of the reference antenna which is used for
the analysis of the metamaterial surface. Along with the
geometry of the proposed SNG metasurface is also revealed
in this section and its different characteristics are analyzed.
The reference antenna incorporating a SNG metasurface is
presented in Section III and its detailed performance analysis
is depicted, while Section IV concludes the paper.

II. GEOMETRY AND DESIGN PROCEDURE
This section presents a geometry of the reference antenna
which is used for the analysis of the metamaterial surface.
Along with the geometry of the proposed SNG metasurface
is also revealed in this section and its different characteris-
tics are analyzed. A commercial electromagnetic software
i.e., Computer Simulation Technology (CST) Microwave
Studio is utilized in the designing and simulation of the
proposed designs.

A. ANTENNA DESIGN
Fig. 1 shows the geometry of an antenna element designed in
the CST software as a reference for the metamaterial surface
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employment and analysis purpose. The substrate material
used is RT/5880 with a thickness of 0.254 mm and the copper
cladding utilized for the upper and lower layer of substrate
is of standard thickness 0.035 mm. The length and width of
the substrate utilized for the proposed antenna is 20.2× 28.4
mm2. The dimensions of the proposed antenna design are
provided in Table 1. A truncated ground plane is used to
achieve the operation at the desired frequency bands with an
optimum performance as shown in Fig. 1(b).

FIGURE 1. Proposed antenna geometry (a) front view (b) back view.

TABLE 1. Proposed antenna dimensions.

In Fig. 2(a), the design evolution stages for the final geom-
etry presented in Fig. 1 are discussed while the response of
each stage is demonstrated in Fig. 2(b). As Design-1 radiating
portion is a simple rectangular structure and it gives a first
resonance at the between 7-8 GHz while the second reso-
nance is observed between 22-23GHz range. There is another
dip between 16-17 GHz frequency range with a magnitude of
S11 little bit below 10 dB. To remove the unwanted resonance
obtained below 20 GHz; Design-2 is developed by introduc-
ing a strip at the top of the radiating element. By introducing
a strip, the magnitude of the return loss is increased in case
of 20 GHz+ band while a minor disturbance is observed in
other dips. Similarly, Design-3 gives more improvement in

the return loss magnitude at the 20 GHz+ band as well as
a shift in the frequency is observed by introducing a slot in
the radiating element. In case of Design-4, the slot is formed
towards the opposite side of a slot created in Design-3 to
check the effect in terms of return loss. As introducing the
slot in Design-4, further shifts the resonance frequency near
to 20 GHz. While the resonance near 7 GHz nearly disappear
based on 10 dB criteria. But still a resonance gets severe at
the 17.2 GHz band which is not desirable. Thus, in Design-
5, slots are formed at a time on both sides of the central
strip that gives a satisfactory resonance at the 20 GHz band,
dedicated for Ka-band applications. While a minor dip is
found near 6 GHz; as the changes in the structure are made
such that to get a return loss with a low dip in order to study
the metasurface effect on the return loss as well. However,
the study of the proposed structure shows that it is quite
responsible for the resonance at the desired frequency bands.

FIGURE 2. Antenna element: (a) design evolution stages (b) S-parameter
comparison.

In Fig. 3, the analysis for the truncated ground plane is
presented by varying a parameter GL. Initially, When the
proposed antenna is supported by full ground plane i.e., GL=
20 mm so it is seen that multiple unwanted resonances occur
with a return loss magnitude less than -10 dB or quite near to
it. Thus, the GL parameter is reduced by 3 to 4 mm gap, step
by step and it is observed that few of resonances get stronger
in terms of their magnitude. But GL = 9 mmgives a response
almost desired and finally, at the 5.3 mm value, the response
of the return loss is obtained as targeted.

B. METAMATERIAL SURFACE DESIGN
The geometry of the proposed SNG based metasurface is
presented in Fig. 4 with a closed view of the unit element.
RT/5880 substrate is used with a thickness of 0.254 mm in the
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FIGURE 3. Truncated ground analysis.

FIGURE 4. SNG metamaterial surface with a closed view of unit element.

TABLE 2. Parameters of the unit cell.

designing of a unit element and its extended form i.e., 2 × 3
metamaterial surface. The back side of the substrate is fully
copper coated with a standard thickness of 0.035 mm. In
Fig. 5, the equivalent circuit model for the first row two unit
cells of the proposed metasurface (Fig. 4) is shown. The gap
between the two unit cells is represented by the capacitance
while per unit cell holds L and R i.e., inductance and resis-
tance combined phenomenon. It means that capacitance can
be controlled by varying the gap between the unit cells while
changing the unit cell parameters can control the inductance
and resistance, jointly. Similarly, the simulated setup is also
presented in Fig. 5 for the unit cell. The proposed unit cell
is placed between the waveguide ports along the Z-axis in
order to resonate the structure. Fig. 6, presents the unit cell
reflection phase and transmission coefficient analysis. The
proposed structure of the unit cell gives a good stop band
for the desired band as well as it is observed that in-phase
reflection occurs within the 20 GHz band and near 6 GHz.

The permittivity, permeability and a refractive index
response of the element is presented in Fig. 7 which are

FIGURE 5. Equivalent circuit for the first row of the proposed
metasurface with a simulation setup of unit element.

FIGURE 6. Unit element: reflection phase and transmission coefficient.

extracted by using the S-parameter retrieval method [23].
As it can be seen that the proposed metasurface holds asym-
metry property while in literature, most of the symmetri-
cal meta-structures have been reported [24]–[28]. That why,
it was our keen interest to use an asymmetric metasurface to
analyze its effect on the performance of the antenna. Apart
from that, the proposed metasurface holds a negative permit-
tivity and positive permeability response which yields a high
magnitude positive refractive index of almost 30 dB at the
Ka band and at the lower band, a very low refractive index
i.e., 0.3 observed which is near to zero as shown in Fig. 7(b).
It means that the proposed metasurface acts as a near zero
index (NZI) metasurface at the lower band and hence resists
the flow of magnetic field in the near field region [29]. While
at the higher band, the proposed surface acts as a positive
index (PI) metasurface. Thus, the positive index (PI) response
effect at the higher band while the NZI response effect at the
lower band are interesting to analyze on the performance of
the antenna. That’s why the geometry of the unit element is
adopted such that to get a NZI and PI response at the lower
and higher band targeted in the proposed work, respectively.

The surface current distribution is presented in Fig. 8 which
shows that the current flow is in the opposite direction within
the patch of the unit cell for both the upper and lower fre-
quency bands. This reveals that a good stop band achieved at
these frequency bands. Moreover, the current distribution is
more focused at the edges of the entire patch of the unit cell
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FIGURE 7. Unit cell response (a) epsilon and Mu (b) refractive index.

for the lower band while the C-shape cut holds intense current
in case of the upper frequency band.

III. METAMATERIAL SURFACE BASED ANTENNA
To analyze the effect of the SNG metamaterial surface on
the performance of the proposed reference antenna (Fig. 1),
the 2 × 3 SNG surface is placed at the back of it as shown
in Fig. 9(a). The distance at which the reference antenna is
placed at the top of the metasurface matter lot and need be
ensured such that interference of the wavs reflected from the
SNG surface could interfere constructively with the incident
waves to properly put an effect on the performance of the
antenna in terms of return loss improvement, gain, efficiency
and many more. The equation given below can be utilized to
approximate that distance [30] to get a good performance:

ϕ − 2βH = 2nπ; n = . . .− 1, 0, 1 . . . (1)

The equation using few terminologies are: H represents
a distance between the antenna and SNG surface while the
phase of reflection introduce by it is represented by ϕ, and β is
the free space propagation constant. Thus, the approximated

FIGURE 8. Surface current distribution of unit cell at: (a) 5.5 GHz
(b) 20 GHz.

distance at which the significant effect on the performance of
a reference antenna can be seen, is 5.45 mm.

The return loss obtained for the reference antenna is com-
pared with the metamaterial based antenna one as shown
in Fig. 10(a). As it can be seen that antenna resonate at
two frequency bands i.e., Ka band and WLAN/LTE 46 band.
In case of the reference antenna the magnitude of the return
loss is quite high and below −10 dB for the desired Ka band
while the magnitude of the return loss quite low in case of
the lower band targeted in the proposed work. But as the
SNG based metamaterial surface is employed, the improve-
ment in the return loss level is also observed with a minor
shift in the resonant frequency for both the upper and lower
bands of interest due to the cavity effect generated by the
gap between the antenna and SNG metasurface. It is also
worth mentioning that proposed SNG based antenna covers
a −10 dB bandwidth from 5.35-5.69 GHz (LTE 46/WLAN)
and 17.81-20.67 GHz (Ka-band). As the lower band of the
metasurface exhibits the NZI behavior which is helpful to
resist the magnetic field flow in the near field region and
thus improving the radiation characteristics of the antenna.
But at the higher band, the high magnitude positive index (PI)
is exhibited by the proposed metasurface. Thus, the effect of
both the NZI and PI is interesting to analyze in order to reveal
the difference of both on the radiational characteristics of the
antenna. For that, in Fig. 10(b), gain comparison has been pre-
sented between the reference antenna and SNG metamaterial
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FIGURE 9. Metamaterial based antenna (a) software model (b)-(f)
fabricated model snapshots in different scenarios.

based antenna. The effect of SNG characteristics is clearly
visible on the performance of the reference antenna. As the
reference antenna holds a 1.17 dB gain for the lower band and
4.52 dB for the higher band but after employing a metasur-
face; the rise in the gain obtained is up to 5.04 and 9.13 dB
for the lower and upper desired frequency bands, respectively.
It is clearly visible that both the NZI and PI behavior of the
metasurface improves the gain by 3.35 dB and 4.09 dB at the
desired lower and higher frequency band, respectively. Thus,
PI metasurface also plays a significant role in achieving a
better radiation characteristic, as NZI metasurface plays.

Fig. 10(c) presents the effect on the antenna performance
in terms of gain by varying the G2 parameter given in Table 2.
By keeping the G1 parameter constant, if G2 value is varied
from 2.2 to 6.2 mm; so, it is clearly observed that changing
the vertical distance (G2) between the unit cells effect the

FIGURE 10. Antenna with and without metamaterial surface (a) return
loss comparison (b) gain comparison (c) gain variation by varying few
parameters.

gain value at the desired frequency bands. This is due to
varying the capacitive effect by using G2 parameter. Same
effect, as given in Fig. 10 (c) was observed through varying
the G1 parameter by keeping G2 one constant. That’s why
the both the parameters value selected is 5.2 mm where
maximum gain improvement is achieved for the operating
bands.
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FIGURE 11. Radiation pattern (polar-Co): (a) E-plane for lower band
(b) H-plane for lower band (c) E-plane for upper band (d) H-plane for
upper band.

FIGURE 12. Radiation pattern (polar-Cross): (a) E-plane for lower band
(b) H-plane for lower band (c) E-plane for upper band (d) H-plane for
upper band.

The polar plots of the radiation patterns in terms of co and
cross polarization are shown in Fig. 11 and 12, respectively,
for both the upper and lower frequency bands targeted in
the proposed work in the two different planes i.e., E and H.
A good resemblance between the simulated and measured
results is observed while minor discrepancies are due to the
measurement setup constraints. After employing a metasur-
face, the omnidirectional radiation patterns are obtained for
the lower band due to the refractive index nearness to zero
while quite directive patterns are achieved for the higher band
because of the high magnitude positive refractive index as
shown Fig. 11. Thus, this effect also signifies the importance
of PI metasurface that they can play a better role in reduction

FIGURE 13. Surface current distribution for meta-based antenna:
(a) lower band (b) higher band.

of unwanted lobes with the main radiation beam as compare
the NZI one. Fig. 13 presents the surface current distribution
for the meta-based antenna. For the lower frequency band,
the surface current is intense across the entire antenna while
for the upper band, the few edges mostly contribute.

In Fig. 14, the radiation efficiency for the proposed anten-
nas is presented and compared. As employing the metasur-
face gives rise in the efficiency as well. Specifically, in case
of higher band, more than 10% increase is observed due
to the quite focused radiation patterns at the higher band.
As the metasurface holds a high magnitude positive refractive
index, in-phase reflection, and high stop band feature, jointly
at the higher band; thus, increases the radiation efficiency
at the higher band significantly. While at the lower band,
the NZI phenomenon occurs due to which a quite low level
in-phase reflection occurs; that’s why the lower level increase
in the efficiency observed at the lower band. However, for
the non-operating bands, the high stop band feature of the
proposed metasurface resists the radiation characteristics.

In Table 3, the comparison of the proposed work with
the reported work is presented. As the development of the
antennas based on metamaterials concept is under progress
for various communication systems. Although, there are lim-
ited studies available in the reported work for the Ka (17.81-
20.67 GHz) and LTE 46/WLAN (5.35-5.69 GHz) bands,
collectively based on metamaterials and specifically holding
a combination of PI and NZI response. Furthermore, the anal-
ysis of the Table 3, shows that the compactness was also the
issue in the reported literature. As it can be seen that the
air gap between the antenna element and metasurface was
quite high as compared to the proposed work. Across that our
work is dominant due to the quite good gain improvement,
very stable bandwidth, affordable air gap between the antenna
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FIGURE 14. Radiation efficiency of the antenna in different cases.

TABLE 3. Comparison of the proposed work with the state of art.

element and metasurface with compact size. All these fea-
tures make the proposed design contribution significant over
the existing reported work.

IV. CONCLUSION
In this paper, a unique property of the metamaterials is uti-
lized to analyze the performance of the antenna. The unit
cell exhibiting a negative permittivity and positive perme-
ability; yielding a high magnitude positive refractive index,
is used to improve and analyze the performance of the pro-
posed antenna element. The proposed SNG based antenna
covers a -10 dB bandwidth from 5.35-5.69 GHz (LTE
46/WLAN) and 17.81-20.67 GHz (Ka-band). A 2 × 3 SNG

metamaterial surface is used at the back of the antenna ele-
ment which improves the gain from 4.52 dB to 9.13 dB for
the desired Ka band and 1.17 to 5.04 dB for the LTE 46/
WLAN band. Furthermore, for the LTE 46/WLAN frequency
band, the impedance matching also gets better, resulting in
the return loss improvement from -11 dB to -32.4 dB. More-
over, the radiation efficiency is also improved by more than
10% for the Ka band after employing the SNG metamaterial
surface. The measured results fall in good agreement with
the simulated one and make the proposed SNG metamaterial
based antenna design competent for the LTE 46/WLAN and
Ka-band (like in satellite communication for the receiving
side) applications.
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