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ABSTRACT The non-existing properties of the metamaterial surfaces can be utilized to improve the an-

tenna 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 20.2x28.4 mm2 while a 2x3 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

T
HE periodic structures holding a property of negative

permittivity and permeability, creating a negative re-

fractive 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

metamaterials [1]-[3]. That’s why these materials are consid-

ered as an artificial engineered material. There are different

types of metamaterials like double negative (DNG), single

negative (SNG) and double positive metamaterials [4]. The

metamaterials 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, efficiency, polarization and many more, when it comes

in the close proximity of it as a ground plane, reflector and

superstrate etc., [5]-[7].
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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) config-

uration 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 electro-

magnetic 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 enhancement

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 radiation 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 SNG metamaterial

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 characteristics

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

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
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(a)

(b)

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

TABLE 1. Proposed antenna dimensions.

Parameter Value (mm) Parameter Value (mm)

L1 10.8 L3 3.6
L2 5.7 L4 17.4
R1 3.0 SW 28.4
SL 20.2 GL 5.3

substrate utilized for the proposed antenna is 20.2x28.4 mm2.

The dimensions of the proposed antenna design are provided

in Table I. 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).

In Fig. 2(a), the design evolution stages for the final

geometry 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 resonance is observed between 22-23 GHz 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 introducing 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

(a)

(b)

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

comparison.

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.

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 mm gives 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 designing of a unit element and its extended form i.e.,

2x3 metamaterial surface. The back side of the substrate is
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FIGURE 3. Truncated ground analysis.

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

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.

TABLE 2. Parameters of the unit cell.

Parameter Value (mm) Parameter Value (mm)

ML 30.9 MW 20.6
UL 10.3 UW 10.3
CW 2.0 R2 1.0
G1 5.2 G2 5.2

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.

The permittivity, permeability and a refractive index re-

sponse of the element is presented in Fig. 7 which are

extracted by using the S-parameter retrieval method [23]. As

it can be seen that the proposed metasurface holds asymmetry

property while in literature, most of the symmetrical 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 permittiv-

ity 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

4 VOLUME 4, 2016
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(a)

(b)

FIGURE 7. Unit cell response (a) epsilon and Mu (b) refractive index.

frequency 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 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 2x3 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)

(b)

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

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 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

improvement 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

VOLUME 4, 2016 5
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(a)

(b) (c)

(d) (e)

(f)

FIGURE 9. Metamaterial based antenna (a) software model (b)-(f) fabricated

model snapshots in different scenarios.

reveal the difference of both on the radiational characteristics

of the antenna. For that, in Fig. 10(b), gain comparison

has been presented between the reference antenna and SNG

metamaterial based antenna. The effect of SNG character-

istics 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 metasurface; 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

(a)

(b)

(c)

FIGURE 10. Antenna with and without metamaterial surface (a) return loss

comparison (b) gain comparison (c) gain variation by varying few parameters.

parameter given in Table II. 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 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

6 VOLUME 4, 2016
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(a) (b)

(c) (d)

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.

achieved for the operating bands.

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

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 III, the comparison of the proposed work with

(a) (b)

(c) (d)

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.

(a)

(b)

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

band (b) higher band.

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

analysis of the Table III, 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 an-

VOLUME 4, 2016 7
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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.

Ref. Freq.

Band

(GHz)

Refr.

Index/

Meta.

type

Gain

Im-

prov.

(dB)

Size

(mm2)

BW.

(GHz)

Air Gap

b/w Ant.

and Meta.

(mm)

[16] 2.7 – 2.75 116.5x62.5
(1.05x0.57
λo)

<1 10

[17] 60 SNG 2.4 16.25x14
(3.25x2.8
λo)

7 –

[18] 5.2 SNG 1.5 6.2x11
(0.108x0.2
λo)

0.2 7.5

[19] 3.26 – 2.5 – 0.2 –
[20] 60 – 0.65-

1.6
>8x8
(1.61x1.61
λo)

13 –

[21] 3.3,
14,
28

– 3.71,
1.88,
0.21

45x40
(0.5x0.45,
2.2x2.0,
4.5x4.0
λo)

0.57,
1.68,
3.94

10

[24] 5.6 DPS 4.2 46x36
(0.87x0.68
λo)

1.8 3.5

Prop. 5.5,
20

NZI/PI
/SNG

3.35,
4.09

20.6x30.9
(0.38x0.56,
1.38x2.05
λo)

0.34,
2.86

5.45

tenna element and metasurface with compact size. All these

features 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 permeability;

yielding a high magnitude positive refractive index, is used

to improve and analyze the performance of the proposed

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 2x3 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 sim-

ulated 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.

REFERENCES

[1] B. Khan, B. Kamal, S. Ullah, I. Khan, J. A. Shah et al., “Design and

experimental analysis of dual-band polarization converting metasurface

for microwave applications,” Scientific Reports, vol. 10, no. 1, p. 15393,

2020.

[2] F. Ling, Z. Zhong, R. Huang, and B. Zhang, “A broadband tunable

terahertz negative refractive index metamaterial,” Scientific Reports, vol.

8, no. 1, p. 9843, 2018.

[3] X. Gao, Y. Zhang, and S. Li, “High Refractive Index Metamaterial super-

strate for microstrip patch antenna performance improvement,” Frontiers

in Physics, vol. 8, p. 580185, 2020.

[4] N. Dhar, M. A. Rahman, and Md. A. Hossain, “Design and exploration of

functioning of a D-Z shaped SNG multiband metamaterial for L-, S-, and

X-bands applications,” SN Applied Sciences, vol. 2, no. 6, p. 1077, 2020.

[5] D. A. Sehrai, F. Muhammad, S. H. Kiani, Z. H. Abbas, M. Tufail et al.,

“Gain-enhanced metamaterial based antenna for 5G communication stan-

dards,” Computers, Materials and Continua, vol. 64, no. 3, pp. 1587–1599,

2020.

[6] F. Li, H. Chen, Q. He, Y. Zhou, L. Zhang et al., “Design and imple-

mentation of metamaterial polarization converter with the reflection and

transmission polarization conversion simultaneously,” Journal of Optics,

vol. 21, no. 4, p. 045102, 2019.

[7] J. Khan, D. A. Sehrai, M. A. Khan, H. A. Khan, S. Ahmad et al., “Design

and performance comparison of rotated Y-shaped antenna using different

metamaterial surfaces for 5G mobile devices,” Computers, Materials and

Continua, vol. 60, no. 2, pp. 409–420, 2019.

[8] Y. Y. Jeong, and W. S. Lee, “Wideband printed half bow-tie antenna

array based on a quad-mode reconfigurable feeding network for UAV

communications,” IEEE Open Journal of Antennas and Propagation, pp.

1–1, 2021.

[9] J. Khan, D. A. Sehrai, and U. Ali, “Design of dual band 5G antenna

array with SAR analysis for future mobile handsets,” Journal of Electrical

Engineering and Technology, vol. 14, no. 2, pp. 809–816, 2019.

[10] D. A. Sehrai, M. Abdullah, A. Altaf, S. H. Kiani, F. Muhammad et al.,

“A novel high gain wideband mimo antenna for 5G millimeter wave

applications,” Electronics, vol. 9, no. 6, p. 1031, 2020.

[11] M. Jeong, N. Hussain, A. Abbas, S. Rhee, S. Lee et al., “Performance

improvement of microstrip patch antenna using a novel double-layer con-

centric rings metaplate for 5G millimeter wave applications,” International

Journal of RF and Microwave Computer-Aided Engineering, vol. 31, no.

2, 2021.

[12] N. Hussain, M. Jeong, J. Park, and N. Kim, “A broadband circularly

polarized fabry-perot resonant antenna using a single-layered PRS for 5G

MIMO applications,” IEEE Access, vol. 7, pp. 42897–42907, 2019.

[13] D. Rioja, E. Rioja, Y. Vaqueiro, J. Encinar, and A. Pino, “Multibeam

reflectarrays in Ka-band for efficient antenna farms onboard broadband

communication satellites,” Sensors, vol. 21, no. 1, p. 207, 2020.

[14] S. Ullah, S. Ahmad, B. A. Khan, F. A. Tahir, and J. A. Flint, “An Hp-shape

hexa-band antenna for multi-standard wireless communication systems,”

Wireless Networks, vol. 25, no. 3, pp. 1361–69, 2019.

[15] H. S. Aziz and D. K. Naji, “Printed 5G MIMO antenna arrays in

smartphone handset for LTE bands 42/43/46 applications,” Progress In

Electromagnetics Research M, vol. 90, pp. 167–84, 2020.

8 VOLUME 4, 2016



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3077844, IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

[16] H. Jeong, Y. Kim, M. M. Tentzeris, and S. Lim, “Gain-enhanced metama-

terial absorber-loaded monopole antenna for reduced radar cross-section

and back radiation,” Materials, vol. 13, no. 5, pp. 1247, 2020.

[17] B. Zarghooni, A. Dadgarpour, and T. A. Denidni, “Millimeter-wave an-

tenna using two-sectioned metamaterial medium,” IEEE Antennas and

Wireless Propagation Letters, vol. 15, pp. 960–963, 2016.

[18] Z. Liu, P. Wang, and Z. Zeng, “Enhancement of the gain for microstrip

antennas using negative permeability metamaterial on low temperature co-

fired ceramic (LTCC) substrate,” IEEE Antennas and Wireless Propaga-

tion Letters, vol. 12, pp. 429–432, 2013.

[19] Z. Han, W. Song, and X. Sheng, “Gain enhancement and RCS reduction

for patch antenna by using polarization-dependent EBG surface,” IEEE

Antennas and Wireless Propagation Letters, vol. 16, pp. 1631–1634, 2017.

[20] S. Ullah, S. Ullah, and S. Khan, “Design and analysis of a 60 GHz

millimeter wave antenna,” Jurnal Teknologi, vol. 78, no. 3, pp. 63–68,

2016.

[21] J. Khan, D. A. Sehrai, and S. Ahmad, “Design and performance compar-

ison of metamaterial based antenna for 4G/5G mobile devices,” Interna-

tional Journal of Electronics and Communication Engineering, vol. 12,

no. 6, pp. 382–387, 2018.

[22] A. Althuwayb, M. Alibakhshikenari, B. Virdee, F. Falcone, and E. Limiti,

“Overcoming inherent narrow bandwidth and low radiation properties of

electrically small antennas by using an active interior-matching circuit,”

IEEE Access, vol 9, pp. 20622–20628, 2021.

[23] S. Bhattacharyya, S. Ghosh, and K. Srivastava, “A wideband cross po-

larization conversion using metasurface,” Radio Science, vol 52, pp.

1395–1404, 2017.

[24] N. Hussain, S. Naqvi, W. Awan, and T. Le, “A metasurface-based wide-

band bidirectional same-sense circularly polarized antenna,” International

Journal of RF and Microwave Computer-Aided Engineering, vol. 30, no.

8, 2020.

[25] N. Hussain, M. Jeong, A. Abbas, T. Kim, and N. Kim, “A metasurface-

based low-profile wideband circularly polarized patch antenna for 5G

millimeter-wave systems,” IEEE Access, vol. 8, pp. 22127–35, 2020.

[26] N. Hussain, M. Jeong, A. Abbas, and N. Kim, “Metasurface-based single-

layer wideband circularly polarized MIMO antenna for 5G millimeter-

wave systems,” IEEE Access, vol. 8, pp. 130293–130304, 2020.

[27] J. Park, M. Jeong, N. Hussain, S. Rhee, S. Park et al., “A low-profile high-

gain filtering antenna for fifth generation systems based on nonuniform

metasurface,” Microwave and Optical Technology Letters, vol. 61, no. 11,

pp. 2513–19, 2019.

[28] H. Tran, N. Hussain, and T. Le, “Single-layer Low-profile Wideband Cir-

cularly Polarized Patch Antenna Surrounded by Periodic Metallic Plates,”

International Journal of RF and Microwave Computer-Aided Engineering,

vol. 29, no. 12, 2019.

[29] A. Iqbal, A. Basir, A. Smida, N. Mallat, I. Elfergani et al., “Electro-

magnetic bandgap backed millimeter-wave MIMO antenna for wearable

applications,” IEEE Access, vol. 7, pp. 111135–111144, 2019.

[30] F. A. Tahir, T. Arshad, S. Ullah, and J. A. Flint, “A novel FSS for

gain enhancement of printed antennas in UWB frequency spectrum,”

Microwave and Optical Technology Letters, vol. 59, pp. 2698–2704, 2017.

MUHAMMAD ASIF was born in Pakistan. He

received his BS and MS degree in Electrical

Engineering from the University of Engineering

and Technology, Peshawar, KPK, Pakistan. He re-

ceived the Ph.D. degree in Electrical & Electronic

Engineering from the Institute of Microelectronics

Chinese Academy of Sciences, Beijing, China.

He worked as a lecturer in the Department

of Electrical Engineering, CECOS University of

IT & Emerging Sciences, Pakistan from 2008 to

2018. He also worked as an associate professor (HoD) in the Department

of Electrical Engineering, Qurtuba University of Sciences and IT, KPK,

Pakistan from 2018 to 2019. Currently, he is working as an associate pro-

fessor (HoD) in the Department of Electrical Engineering, City University

of Sciences and IT, KPK, Pakistan.

His current research interest includes RF/Microwave devices and circuits,

and their applications. He published more than 30 papers in reputed interna-

tional journals and conferences

DANIYAL ALI SEHRAI was born in Pakistan. He

received his B.Sc. degree in Telecommunication

Engineering from the University of Engineering

and Technology, Peshawar, Pakistan in 2018, the

M.Sc. in Electrical Engineering from City Uni-

versity of Science and Information Technology

Peshawar, Pakistan in 2021.

Currently, he is working as a Research Assistant

in the same department.

His research mainly focuses on the design and

measurement of metasurfaces, metamaterial-based antennas, 5G MIMO

Antennas, multiband/wideband antennas, SAR, and Kirigami antennas.

SAAD HASSAN KIANI was born in Pakistan. He

received the bachelor’s degree in electrical engi-

neering from the City University of Science and

Information Technology, Peshawar, Pakistan, in

2014, and the master’s degree from Iqra National

University, Peshawar, in 2018.

He also served as a Visiting Lecturer with the

Electrical Engineering Department, Iqra National

University, and Abasyn University, Peshawar. Cur-

rently, he is working as a Lecturer with the City

University of Science and Information Technology, Peshawar Pakistan.

His research interests include MIMO antenna array, 5G mobile terminals,

wearable antennas, and multiband antennas.

JALAL KHAN was born in Pakistan. He received

B.Sc. Electrical Engineering from University of

Engineering and Technology, Peshawar, Pakistan.

He achieved his M.Sc. in Personal, Mobile and

Satellite Networks from University of Bradford,

UK. Currently, he is pursuing his PhD in 5G

antennas in Telecommunication Engineering from

UET Peshawar, Pakistan.

Currently, he is an Assistant Professor in the

Department of Telecommunication Engineering,

University of Engineering and Technology, Mardan, Pakistan.

His research interests are 5G antennas, reconfigurable antennas, mobile

communications and signal processing.

VOLUME 4, 2016 9



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3077844, IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

MUJEEB ABDULLAH was born in Pakistan. He

received the B.Sc. degree in telecommunication

from the University of Engineering and Technol-

ogy, Peshawar, Pakistan, in 2007, the M.Sc. de-

gree in electrical engineering from the Blekinge

Institute of Technology, Karlskrona, Sweden, in

2011, and the Ph.D. degree from the University

of Electronic Science and Technology of China,

China.

He also serves with Nokia Siemens Networks,

as a Transmission Engineer, and an Assistant Professor with the City

University of Science and Information Technology, Peshawar Pakistan, in

2014. Currently he is serving as an Assistant Professor with the Bacha Khan

University, Charsadda, Pakistan.

His main research interests include MIMO antenna arrays for 5G terminal

and wearable antennas.

MUHAMMAD IBRAR was born in Pakistan. He

received his BSc and MSc degree in Physics from

the University of Peshawar, Pakistan. He received

the Ph.D. degree in Material Physics from the

Queen Mary University of London, UK.

He is working as an Assitant Professor in the

Department of Physics, Islamia College Peshawar,

Pakistan. His current research interest includes de-

vice fabrication, nanomaterials, carbon nanotubes,

nanowires.

MOHAMMAD ALIBAKHSHIKENARI was born

in Mazandaran, Iran, in 1988. He received the

Ph.D. degree (Hons.) in Electronic Engineering

from the University of Rome "Tor Vergata", Italy,

in February 2020. Dr. Alibakhshikenari was re-

cipient of two years postdoctoral research grant

awarded by the Electronic Engineering Depart-

ment of the University of Rome "Tor Vergata"

started in November 2019. As well as, he was

recipient of International Postgraduate Research

(Ph.D.) Scholarship (IPRS) by Italian Government in 2016 for three years.

In 2018 for eight months, he was working with the Antenna System

Division, Department of Electrical Engineering of the Chalmers University

of Technology, Gothenburg, Sweden, as a Ph.D. Visiting Researcher. As well

as, his training during the Ph.D. included a research stage in the Swedish

company Gap Waves AB that is developing components in a technology.

During his Ph.D. research period, he has participated in 14 international

IEEE conferences over the world, where he has presented 20 articles mostly

in oral presentations. During his Ph.D. studies, he was winner of 13 grants

for participating in the European Doctoral and Postdoctoral Schools on

Antennas and Metamaterials organized by several European Universities

and European School of Antennas (ESoA). He acts as a referee in several

high reputed journals and IEEE international conferences. His research

interests include antennas and wave-propagations, phased antenna arrays,

metamaterials and metasurfaces, synthetic aperture radars (SAR), multiple-

input multiple-output (MIMO) systems, waveguide slotted antenna arrays,

substrate integrated waveguides (SIWs), impedance matching circuits, on-

chip antennas, microwave components, millimeter-waves and terahertz inte-

grated circuits, and electromagnetic systems. The above research lines have

produced more than 100 publications on refereed-international journals,

presentations within international-conferences, and book chapters with a

total number of the citations more than 1500, H-index of 26, and I10-indext

of 50 reported by the Google Scholar Citation. Dr. Alibakhshikenari was two

recipients of the 47th and 48th European Microwave Conference (EuMC)

Young Engineer Prize, in 2017, Nuremberg, Germany, and in 2018, Madrid,

Spain, where he has presented his articles. On August 2019, he gave an

invited lecture entitled "Metamaterial Applications to Antenna Systems"

at the Department of Information and Telecommunication Engineering of

the Incheon National University, Incheon, South Korea, which was in con-

junction with the 8th Asia-Pacific Conference on Antennas and Propagation

(APCAP 2019), where he was the Chair of the Metamaterial session as well.

He is serving as an Associate Editor for "IET Journal of Engineering" and

"International Journal of Electrical and Computer Engineering (IJECE)",

and as an Section Editor for "International Journal of Sensors Wireless

Communications And Control" and "HighTech and Innovation Journal", and

as a Guest Editor for a special issue entitled "Millimeter-wave and Terahertz

Applications of Metamaterials" in "Applied Sciences". In April 2020, his

article entitled "High-Gain Metasurface in Polyimide On-Chip Antenna

Based on CRLH-TL for Sub Terahertz Integrated Circuits" published in

"Scientific Reports" was awarded as best month paper at the University of

Bradford, U.K.

10 VOLUME 4, 2016



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3077844, IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

FRANCISCO FALCONE received the degree

in telecommunication engineering and the Ph.D.

degree in communication engineering from the

Universidad Publica de Navarra (UPNA), Spain,

in 1999 and 2005, respectively. From February

1999 to April 2000, he was the Microwave Com-

missioning Engineer at Siemens-Italtel, deploying

microwave access systems. From May 2000 to

December 2008, he was a Radio Access Engineer

at Telefónica Móviles, performing radio network

planning and optimization tasks in mobile network deployment. In Jan-

uary 2009, as a co-founding member, he has been the Director of Tafco

Metawireless, a spin-off company from UPNA, until May 2009. In parallel,

he is an Assistant Lecturer with the Electrical and Electronic Engineering

Department, UPNA, from February 2003 to May 2009. In June 2009,

he becomes an Associate Professor with the EE Department, being the

Department Head, from January 2012 to July 2018. From January 2018

to May 2018, he was a Visiting Professor with the Kuwait College of

Science and Technology, Kuwait. He is also affiliated with the Institute

for Smart Cities (ISC), UPNA, which hosts around 140 researchers. He

is currently acting as the Head of the ICT Section. His research interests

are related to computational electromagnetics applied to the analysis of

complex electromagnetic scenarios, with a focus on the analysis, design,

and implementation of heterogeneous wireless networks to enable context-

aware environments. He has over 500 contributions in indexed international

journals, book chapters, and conference contributions. He has been awarded

the CST 2003 and CST 2005 Best Paper Award, the Ph.D. Award from the

Colegio Oficial de Ingenieros de Telecomunicación (COIT), in 2006, the

Doctoral Award UPNA, 2010, 1st Juan Gomez Peñalver Research Award

from the Royal Academy of Engineering of Spain, in 2010, the XII Talgo

Innovation Award 2012, the IEEE 2014 Best Paper Award, 2014, the ECSA-

3 Best Paper Award, 2016, and the ECSA-4 Best Paper Award, 2017.

ERNESTO LIMITI is a full professor of Elec-

tronics in the Engineering Faculty of the Uni-

versity of Roma Tor Vergata since 2002, after

being research and teaching assistant (since 1991)

and associate professor (since 1998) in the same

University. Ernesto Limiti represents University

of Roma Tor Vergata in the governing body of

the MECSA (Microwave Engineering Center for

Space Applications), an inter-universitary center

among several Italian Universities. He has been

elected to represent the Industrial Engineering sector in the Academic Senate

of the University for the period 2007-2010 and 2010-2013. Ernesto Limiti is

actually the president of the Consortium “Advanced research and Engineer-

ing for Space”, ARES, formed between the University and two companies.

Further, he is actually the president of the Laurea and Laurea Magistrale

degrees in Electronic Engineering of the University of Roma Tor Vergata.

The research activity of Ernesto Limiti is focused on three main lines, all of

them belonging to the microwave and millimetre-wave electronics research

area. The first one is related to characterisation and modelling for active and

passive microwave and millimetre-wave devices. Regarding active devices,

the research line is oriented to the small-signal, noise and large signal

modelling. Regarding passive devices, equivalent-circuit models have been

developed for interacting discontinuities in microstrip, for typical MMIC

passive components (MIM capacitors) and to waveguide/coplanar waveg-

uide transitions analysis and design. For active devices, new methodologies

have been developed for the noise characterisation and the subsequent mod-

elling, and equivalent-circuit modelling strategies have been implemented

both for small and large-signal operating regimes for GaAs, GaN, SiC,

Si, InP MESFET/HEMT devices. The second line is related to design

methodologies and characterisation methods for low noise circuits. The main

focus is on cryogenic amplifiers and devices. Collaborations are currently

ongoing with the major radioastronomy institutes all around Europe within

the frame of FP6 and FP7 programmes (RadioNet). Finally, the third line

is in the analysis methods for nonlinear microwave circuits. In this line,

novel analysis methods (Spectral Balance) are developed, together with

the stability analysis of the solutions making use of traditional (harmonic

balance) approaches. The above research lines have produced more than

250 publications on refereed international journals and presentations within

international conferences. Ernesto Limiti acts as a referee of international

journals of the microwave and millimetre wave electronics sector and is

in the steering committee of international conferences and workshops. He

is actively involved in research activities with many research groups, both

European and Italian, and he is in tight collaborations with high-tech italian

(Selex - SI, Thales Alenia Space, Rheinmetall, Elettronica S.p.A., Space

Engineering . . . ) and foreign ( OMMIC, Siemens, UMS, . . . ) companies. He

contributed, as a researcher and/or as unit responsible, to several National

(PRIN MIUR, Madess CNR, Agenzia Spaziale Italiana) and international

(ESPRIT COSMIC, Manpower, Edge, Special Action MEPI, ESA, EU-

ROPA, Korrigan, RadioNet FP6 and FP7 . . . ) projects. Regarding teaching

activities, Ernesto Limiti teaches, over his istitutional duties in the frame of

the Corso di Laurea Magistrale in Ingegneria Elettronica, “Elettronica per lo

Spazio” within the Master Course in Sistemi Avanzati di Comunicazione

e Navigazione Satellitare. He is a member of the committee of the PhD

program in Telecommunications and Microelectronics at the University of

Roma Tor Vergata, tutoring an average of four PhD candidates per year.

VOLUME 4, 2016 11


