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ABSTRACT:A bandwidth tunable, circularly polarized (CP) patch antenna, with a complementary split ring resonator (CSRR), embedded
on the ground plane is presented in this paper. The antenna is capable of switching between ultra-wideband (UWB) frequency response,
spanning through 2.6GHz to 12GHz, and a narrowband (NB) frequency response at 6GHz. The excitation of CSRR results in negative
permittivity medium, producing notch band response at its designed frequency. This notch band is shifted by varying the arm length of
the CSRR using PIN diodes. This will result in tuning the bandwidth (BW) of the NB response of antenna, spanning from 1GHz to
4.4GHz, by retaining the central frequency at 6GHz. The fractional bandwidth can be varied in a range of 16% to 73.3%, exhibiting
an increase by a factor of 4.58. The antenna also exhibits switchable circular polarization (LHCP/RHCP) at 6GHz for both UWB and
narrowband responses. A compact tunable multiband Artificial Magnetic Conductor (AMC) unit cell is also designed and is used to
construct a Phase Gradient Metasurface (PGM). The radiating beam of the antenna is steered using the PGM as a reflector to obtain a
beam steering angle of +36◦ for LHCP and −44◦ for RHCP radiations. The antenna is a promising solution for applications which
demand bandwidth switching & beam steering, such as cognitive radio services.

1. INTRODUCTION

The emerging requirements and rapid expansion, amidst the
arena of all the wireless telecommunication technologies,

urge for the design of compact antennas, having the capacity to
handle multiple standards and multiple functionalities simulta-
neously. For applications such as Cognitive Radio (CR) ser-
vice, where an abrupt change in data rate is expected to occur,
the device should be able to tune its own bandwidth in order to
attain efficient signal reception [1]. Such applications also re-
quire the antenna to switch its polarization sense and radiation
pattern, so as to increase its efficiency and coverage. The suit-
able insertion of metamaterial configurations into the antenna
can be cleverly used to alter its resonant characteristics, polar-
ization, and radiation pattern, according to the application, at
low cost and complexity.
In the preceding years, numerous designs of bandwidth re-

configurable, polarization reconfigurable, and beam steering
antennas have been proposed according to requirements of
wireless communication technology. In [1], the bandwidth of
a patch antenna is tuned by electronically switching the slot-
loaded PIN diodes, placed on the ground plane, but here, only
the higher band edge is tuned. In [2], the lower and higher band
limits of a Yagi-Uda antenna are independently tuned electron-
ically, using resonator and slot-line techniques, respectively.
In [3], beam tilting is achieved using a reconfigurable gradi-
ent phase metasurface, but in this design, the antenna structure
has a large size. A PIN diode loaded circular loop patch an-
* Corresponding author: Naveen Jacob (naveenjacob@yahoo.com).

tenna is proposed in [5], which is capable of tuning its reso-
nant frequency and bandwidth, but this antenna is not suitable
for UWB operation. A circularly polarized (CP), dual-band an-
tenna is proposed in [9], which can independently control the
polarization sense of its both resonant bands, by means of two
interconnected split ring resonators. In [11], a beam-steerable
slot antenna is presented, in which the radiating beam is tilted
by switching a PIN diode, loaded across the parasitic slot near
the radiating slot. The antenna proposed in [13] can switch be-
tween UWB and NB responses, but unable to tune the band-
width of its narrow-band response. In [15], a coplanar waveg-
uide (CPW) fed tri-band slot antenna is loaded with Split Ring
Resonators (SRRs) having multiple micro-splits, for achieving
CP. The antenna presented in [16] is capable of tuning its band-
width, but unable to either switch its polarization sense or steer
its radiation beam. The above-mentioned beam-steerable an-
tennas are not capable of tuning its impedance bandwidth, while
none of the bandwidth tunable antennas are capable of steering
their beam. Also, the above-mentioned circularly polarized an-
tennas are neither capable of tuning its impedance bandwidth
nor steering its beam.
This work presents a compact, reconfigurable monopole cir-

cular patch antenna, which can electronically switch between
UWB andNB responses, with a switchable sense of Right Hand
Circular Polarization (RHCP) & Left Hand Circular Polariza-
tion (LHCP) radiation. The antenna is also capable of tuning
the impedance bandwidth of NB response. A novel, compact,
tunable multiband Artificial Magnetic Conductor (AMC) unit
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cell is also designed and is used to form a phase gradient meta-
surface (PGM). The proposed antenna can steer its radiating
beam using the PGM as a reflector.
The novelty of our work is that the proposed antenna can

tune all the major antenna parameters independently, as per the
application requirement. Hence, the antenna can singlehand-
edly manage multiple functionalities simultaneously, with bet-
ter performance than other recent works.
In Section 2, the structure of the proposed bandwidth recon-

figurable antenna is discussed, followed by its results. In Sec-
tion 3, the design of a multiband tunable AMC unit cell is pro-
posed. The design of PGM using this unit cell is also discussed
in this section. The reconfigurable antenna is integrated with
PGM, and the radiation characteristics are analyzed to exhibit
the beam steering ability of the antenna, followed by the simu-
lated and measured results. The antenna is fabricated and then
tested.

2. DESIGN OF PROPOSED BANDWIDTH AND POLAR-
IZATION RECONFIGURABLE ANTENNA

2.1. Theory and Technique Applied
Metamaterial properties can be accomplished by the inclusion
of metallo-dielectric structures, such as Complementary Split
Ring Resonator (CSRR)/Split ring Resonator (SRR), resulting
in negative permittivity/negative permeability to attain a notch
band on the desired frequency [9, 16]. Axial electric field ex-
cites the CSRR, which will induce oscillating currents between
the two rings, to produce a resonance and forbid the propaga-
tion of the signal at the desired frequency.
Circular SRR/CSRR and their equivalent circuits are given

in Chinmoy [17] by Saha and Siddiqui and [18] by Baena et
al., and shown in Fig. 1, where “c” is the ring width; “d” is the
inter-ring spacing; “ro” and “ri” are outer and inner ring radii,
respectively.
The resonant frequency of SRR (fSRR) is given by the fol-

lowing equation:

fSRR = 1/2π
√
LsCs (1)

FIGURE 1. Circularly structured SRR and CSRR with their equivalent
circuits (Dimensions are in mm).

where Cs and Ls are the effective capacitance and inductance
in the equivalent circuit of SRR.

Ls = 0.0002l

(
2.303 log 10

[
4l

c

]
− 2.451

)
µH (2)

where “l” is the length of the outer ring, and “c” is the width of
the ring.

Cs =

[
πravgCpul

2
+
ε0ch

2g

]
(3)

where “ravg” is the average ring radius, “Cpul” the capacitance
per unit length between the inner and outer rings of SRR, “h”
the thickness of substrate, and “g” the split gap dimension of
the ring.
The parameters of the CSRRs and SRRs in the circuit models

are related due to duality, by the following equations:

Cc = 4

(
ε0

µ0

)
Ls (4)

C0 = 4

(
ε0

µ0

)
L0 (5)

From the above equations and the equations shown in Fig. 1,
the values of effective Cc and Lc of CSRR can be calculated.
The resonant frequency of CSRR (fCSRR) can be obtained by
the following equation:

fCSRR = 1/2π
√
LcCc (6)

where Cc and Lc are effective values of capacitance and induc-
tance.
A CSRR of circular shape is designed and embedded on the

antenna ground plane, as shown in Fig. 3, directly underneath
the feed line, in order to maximize the coupling and produce a
notch-band response at the desired frequency. If the length of
the outer ring, “l”, in Equation (2) can be electronically varied,
then it will change the value of “Ls”. This will change the effec-
tive capacitance “Cc” in Equation (4), thereby changing the fre-
quency of resonance of CSRR, given in Equation (6). This will
shift the notch band to a lower/higher frequency band, result-
ing in the tuning of the impedance bandwidth of narrow-band
response of the antenna.

2.2. Antenna Structure and Design
A monopole antenna with a circular patch, having a partial
ground plane, is the geometry considered for the proposed an-
tenna. Fig. 2 shows the top surface, and Fig. 3 shows the bot-
tom surface of the antenna. All measurements displayed are in
mm. Material of the substrate selected is FR4, having εr = 4.4
and thickness 1.6mm. The length and width of the substrate
L = W = 40mm. All the slots on the antenna are 0.2mm
wide. The 35µm thick circular copper patch has a radius of
9mm.
A CSRR is placed on the ground surface, below the feed line.

The radius of the outer ring, ro = 2.6mm, radius of inner ring,
ri = 2.2mm, and split gap dimension, g = 0.2mm. Each ring
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FIGURE 2. Top view — Antenna radiating patch with PIN diodes and
biasing circuit (Dimensions are in mm).

FIGURE 3. Bottom view — Antenna ground plane with PIN diodes and
biasing circuit (Dimensions are in mm).

has a width of 0.2mm. The rings are separated by a distance
of 0.2mm. Bandwidth is tuned using 4 PIN diodes, D1, D2,
D3, and D4, as given in Fig. 3. Two slots named, Arm1 and
Arm2, are connected to the CSRR. Arm1 can be electronically
tuned using PIN diode D2 to vary the effective length “l” of
the outer ring, thereby varying Ls. This will vary the effective
capacitance, Cc, resulting in tuning the resonant frequency of
CSRR as per Equation (6). Another slot, named Slot A, is also
attached to the CSRR and loaded with PIN diode D1 and con-
nected to switch S1. The length of Slot A extends across the
feed line from beneath to achieve maximum coupling between
the feed line and CSRR.
SwitchingON the diodeD1will reduce the coupling between

the feed line and CSRR, resulting in a UWB response. Switch-
ing OFF D1 increases the coupling and will result in an NB
response at 6GHz. Hence, D1 must be OFF for the remain-
ing switching cases of NB responses. When D1 is switched
OFF, the CSRR resonates and exhibits a stopband at 4GHz.
The slot “Arm1” is attached to the CSRR, loaded with diode
D2, and connected to switch S1. When diode D2 is OFF, it will
increase effective capacitance, Cc, which will shift the stop-
band, towards the lower band of frequency, 3.5GHz, thereby
changing the impedance bandwidth of the antenna.
Two additional slots, “Slot 1” & “Slot 2” are etched on the

ground surface. Diode D3 is placed on “Slot 1” and diode D4
placed on “Slot 2”, to tune the lower band and higher band
edges of the NB bandwidth. D2 and D3 are connected to the
battery through switches S3 and S4. Necessary slots are pro-
vided around the diodes to block DC while biasing. Surface
Mount Device (SMD) capacitors, C1 to C15, are loaded across
these slots to allow radio frequency (RF) to pass through the
patch.

2.3. Tunable Circular Polarization
The mismatch in the polarization can result in signal loss and
thereby reduce the performance of the antenna. One solution to
improve the performance is to design a CP antenna. For this, the
circular patch of the antenna is loaded with two vertical slots,
Lv & Rv , and two horizontal slots, Lh & Rh, inside a circular
slot having four gaps, each of 0.5mm width as shown in Fig. 4.
The circular slot is placed 1mm. from the edge of the circular
patch.

(a) (b)

FIGURE 4. (a) LHCP configuration. (b) RHCP configuration.

Vertical slots are connected to the edge of the disc through
the circular slot to obtain a switchable circular polarization,
LHCP/RHCP, at 6GHz. Two orthogonal modes are excited in
phase quadrature due to the presence of the T-shaped slots, to
attain CP. All slot lengths are fine-tuned to optimize the CP,
centered at 6GHz. Slot positions for LHCP and RHCP condi-
tions are shown, respectively, in Fig. 4.
Six diodes, D5 to D10, connected to battery through switches

S5 to S8, are positioned across the slots for switching both the
polarization senses of the radiation, as shown in Fig. 2. Switch-
ing ON diodes D5, D7, D10 and switching OFF diodes D6, D8,
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FIGURE 5. Simulated and measured |S11| for Case-I — UWB response. FIGURE 6. Simulated result of |S11|—NB responses of Case — II, III,
IV, and V.

TABLE 1. Diode switching configurations for tuning polarization and bandwidth of the tunable antenna.

Cases
Diode switching configurations Sense of

Polarization at 6GHz
Axial Ratio

BW (GHz) & (%)
Bandwidth
(GHz) & (%)D1 D2 D3 D4 D5 D6 D7 D8 D9 D10

Case I 1 1 1 1
1 0 1 0 0 1 LHCP 0.9 (15 %) UWB (2.6–12)
0 1 0 1 1 0 RHCP 1.36 (22.7 %)

Case II 0 1 0 1 1 0 1 0 0 1 LHCP 1 (16.7 %) 1 (16 %)
0 1 0 1 1 0 RHCP 1 (16.7 %)

Case III 0 1 1 1 1 0 1 0 0 1 LHCP 1 (16.7 %) 2.6 (48.8 %)
0 1 0 1 1 0 RHCP 1 (16.7 %)

Case IV 0 0 1 1 1 0 1 0 0 1 LHCP 1 (16.7 %) 3.2 (61 %)
0 1 0 1 1 0 RHCP 1 (16.7 %)

Case V 0 0 1 0 1 0 1 0 0 1 LHCP 1 (16.7 %) 4.4 (73.3 %)
0 1 0 1 1 0 RHCP 1 (16.7 %)

D9 will connect the slot Rv to the boundary of the patch, and
form the configuration shown in Fig. 4(a), resulting in LHCP
radiation. Similarly, switching ON diodes D6, D8, D9 and
switching OFF diodes D5, D7, D10 will connect the slot Lv

to the boundary of the patch and form the configuration shown
in Fig. 4(b), resulting in RHCP radiation. SMD capacitors C16
to C20 are placed across the slots to allow RF to pass through
the patch, while blocking DC.

2.4. Biasing the Antenna and Simulation Analysis

Computer Simulation Technology (CST) Microwave Studio is
used for the simulation analysis. The PIN diode used in this
research work isMADP-000907-14020W. Parametric values of
PIN diode used for the simulation study are extracted from its
equivalent circuit.
The biasing circuit used for diodes is shown in Fig. 2 and

Fig. 3. For blocking DC bias current, 20 SMD capacitors
(GQM1885C1H101GB01D), C1 to C20, each having capaci-
tance of 100 pF, are used. Resistance (Rb) of 100Ω is used for

limiting the diode current. Switches S1 to S8 are used to con-
nect DC power supply. Diodes on the antenna plane and ground
plane are separately powered by two 3V DC supplies.

2.5. Simulated and Measured Results

The results of antenna simulation and fabrication, depending
upon the various cases of diode switching conditions are pre-
sented in Table 1. “ON” state of the diode is represented by “1”
and “OFF” state by “0”. For each case of switching configura-
tions of diodes D1 to D4, there are two sub-configurations for
diodes D5 to D10, which decides the circular polarization sense
(RHCP/LHCP).
In diode switching case I, since D1 is in “ON” state, the cou-

pling of the CSRRwith the feed line decreases, which results in
UWB response (2.6GHz to 12GHz), as shown in Fig. 5. Axial
Ratio (AR) BW of 900MHz, (15% fractional AR band width)
for LHCP and 1.36GHz (22.7% fractional AR BW) for RHCP
are obtained.
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FIGURE 7. Measured result of |S11|—NB responses of Case — II, III,
IV, and V.

FIGURE 8. Gain of the CP monopole antenna.

(a) (b)

FIGURE 9. E-field distributions. (a) LHCP. (b) RHCP.

In diode switching case II, D1 is switched OFF. Hence, the
“Slot A”, underneath the feed line, modifies the distribution of
current, which results in NB, with band-center at 6GHz. The
CSRR resonates and produces a stopband at 4GHz. In this case,
D3 is also switched OFF. Hence, the “Slot 1” generates another
stopband at 5GHz, which limits the bandwidth of NB to 1GHz,
as given in Fig. 6 & Fig. 7. A fractional bandwidth of 16%
is attained. In diode switching case III, when D3 is switched
ON, the stopband at 5GHz vanishes, resulting in lowering the
stopband at 4GHz to 3.8GHz. Thus, the bandwidth of NB is
enhanced to 2.6GHz, as given in Fig. 6 & Fig. 7. A fractional
bandwidth of 48.8% is obtained. In diode switching case IV,
D2 is switched OFF, and hence, the slot length of “Arm1”, at-
tached to CSRR, increases, thereby increasing the capacitance,
Cc, given in Equation (6). Hence, the notch band again moves
to lower frequency of 3.5GHz, whereby, the bandwidth again
increases to 3.2GHz, as given in Fig. 6 & Fig. 7. A fractional
impedance bandwidth of 61% is attained. In diode switching
case V, since D4 is switched OFF, “Slot 2” alters the distri-
bution of current, resulting in moving the higher band edge of
the NB response from 6.9GHz to 8.1GHz, whereby, the band-

width increases further, to 4.4GHz, as given in Fig. 6 & Fig. 7.
A fractional bandwidth of 73.3% is attained.
Figure 8 shows that the simulated gain of the reconfigurable

CPmonopole antenna is 1.5 dB, and measured gain is 1 dB. The
reason for the low value of gain is that the antenna is in low
profile and uses a FR4 substrate. Also, the antenna uses a half
ground plane, which leads to back scattering and adversely af-
fects the radiation pattern and gain. In addition to this, the pres-
ence of resistive, capacitive, and inductive components inside
the equivalent circuit of PIN diode and biasing network also
adversely affects the gain.
Figures 9(a) and (b) show the distribution of the electric field

for LHCP & RHCP, respectively at 6GHz. Fig. 10 and Fig. 11
display the axial ratios of the antenna for RHCP and LHCP,
respectively at 6GHz, with 16.7% fractional axial ratio band-
width, for all narrow-band switching conditions.
The simulation result shows that both the lower and higher

band edges are tuned using electronic switching through which
the fractional impedance bandwidth can be varied from 16% to
73.3%. Thus, the impedance bandwidth is increased by a factor
of 4.58.
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FIGURE 10. Axial ratio — LHCP. FIGURE 11. Axial ratio — RHCP.

3. DESIGNOF TUNABLEMULTIBANDAMCUNIT CELL
METASURFACE FOR BEAM STEERING
This section details the design of a miniaturized, multiband re-
configurable AMC unit cell. This is followed by the discussion
on the design of a zero phase metasurface (ZPM) and also a
phase gradient metasurface (PGM), with the designed unit cell,
which can be smartly utilized for enhancing the gain and steer-
ing the beam of the CP monopole antenna.

3.1. Proposed AMC Unit Cell --- Theory and Design
The conventional square-shaped loop AMC unit cell exhibits
dual-band reflection phase-frequency response in the desired
frequency band. In this work, we have modified the conven-
tional square loop unit cell to obtain a multiband, tunable fre-

FIGURE 12. Proposed reconfigurable unit cell (Dimensions are in mm).

quency response, with a reduced ground plane size of Ws =
Ls = 11mm on an FR4 substrate of thickness 3.2mm, as given
in Fig. 12. The conventional square loop unit cell is equivalent
to a parallel resonant LC circuit as given in [19] by Afridi et
al. Its geometry and dimensions decide the frequency of reso-
nance, fr, given in Equation (7).

fr = 1/2π
√
LeCe (7)

whereCe and Le are surface capacitance and inductance, given
by Equations (8) and (9).

Le = µoµrt (8)

Ce =
Wp(εr + 1)εo

π
cosh−1

(
b+ g

g

)
(9)

where “t” is the substrate thickness, “Wp” the outside patch
width, and “g” the space between the patches of the neighboring
unit cell. The factor “(b+ g)” is called “array period”, in which
“b” can have different values. Zero phase reflection for lower
resonance and higher resonance bands are influenced when b =
Wp and b = Wi, respectively, where “Wi” is the width of the
patch inside the square loop.
For shifting the resonant frequency to the lower band, the

value of Le or Ce, in Equation (7), has to be increased. To
increase the Le, substrate thickness should be increased. This
will lead to an increase in the size of the unit cell, which is not
desirable.
To increase the value ofCe, without increasing unit cell size,

the effective values of Wp & Wi need to be altered. The tech-
nique involves routing the square loop in a meandered pattern
over the copper patch to increase its electrical length while
maintaining a compact physical size. This will increase the
electrical length of inner patch, resulting in the increase of ef-
fective Wi, without varying the overall unit cell size. More-
over, two long horizontal slots, Thr & Bhr, are loaded on
the top and bottom spaces of the outer patch, which will in-
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(a) (b)

(c) (d)

(e)

FIGURE 13. Reflection phase for (a) Case 1 — Dual band, (b) Case 2 — Tri band, (c) Case 3 — Tetra band, (d) Case 4 — Penta band, (e) Case 5 —
Hexa band.

crease the electrical length of outer patch, resulting in the in-
crease of effective Wp. This will result in the occurrence of a
greater number of resonance bands towards a lower frequency
band around the narrowband operating frequency (6GHz) of

the antenna. Besides this, four slots, Rbt = Ltp = 2.75mm,
Rtp = Lbt = 3.575mm, are loaded at the four corners of the
meandered loop and connected using PIN diodes, as given in
Fig. 12. D11 to D16 are the 6 PIN diodes deployed for vary-
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(a) (b)

FIGURE 14. ZPM at 6GHz. (a) Diagrammatic representation. (b) Metasurface.

TABLE 2. Diode switching configurations for tuning the reflection phase of unit cell AMC.

Cases Diode switching configurations No. of Bands

(GHz)

Frequency at 0◦

Reflection Phase (GHz)

Band Width

(MHz)D11 D12 D13 D14 D15 D16

Case 1 1 1 1 1 1 1 Dual-band 3, 5.2 412, 127

Case 2 1 1 0 0 1 1 Tri-band 2.8, 4.1, 5.2 250, 50, 150

Case 3 0 1 1 1 1 0 Tetra-band 2.6, 4.3, 5.2, 6.5 210, 40, 100, 380

Case 4 0 1 1 0 1 0 Penta-band 2.6, 4.2, 5.2, 6, 7.2 170, 100, 35, 230, 40

Case 5 0 0 0 0 0 0 Hexa-band 2.4, 3.6, 5.1, 6.0, 8.1, 9.9 140, 30, 80, 210, 30, 690

ing effective value ofWp/Wi and thereby tuning the reflection
phase and number of bands.

3.2. Simulation Results of AMC Unit Cell
The simulated values of the reflection phase coefficients, given
in Fig. 13, for five different diode switching conditions, are pre-
sented, as given in Table 2. The “ON” state of the diode is de-
noted using “1” & “OFF” state using “0”.

3.3. Design of Zero Phase Reflecting Metasurface (ZPM)
The AMC unit cell in Fig. 12, with Rbt = Ltp = 2.75mm,
Rtp = Lbt = 3.575mm, having all diodes in “OFF” condition
or all diodes removed (diode switching case 5), is selected for
the design of Zero Phase Metasurface (ZPM). It has six phase
reflection bands in which one band has 0◦ phase reflection at
the antenna operating frequency, 6GHz, as shown in Fig. 13(e).
Twenty five such unit cells, under this configuration, are used
to design a 5×5 array ZPM of size 55mm×55mm×3.2mm,
as shown in Fig. 14.

3.4. Antenna Gain Enhancement Using ZPM
Analyzing the results of reconfigurable CP antenna gain given
in Fig. 8, it is evident that the gain is very small. One of the
reasons is that the back scattering of radiation occurs because

of the presence of a partial ground plane of the antenna. In order
to redirect the back radiation, the 5 × 5 array ZPM, designed
in section 3.3, is placed under the ground plane of the antenna,
at a distance d = λ/2, which is 25mm, as shown in Fig. 15
and Fig. 16. Here, λ is the wavelength of antenna operating
frequency, 6GHz.
Every unit cell forming themetasurface provides in-phase re-

flection at 6GHz, and hence, the reflected radiation undergoes
phase addition resulting in enhanced gain. Fig. 17 shows that
the simulated gain of the reconfigurable CP monopole antenna
with ZPM is 6 dB, and measured gain is 4 dB. An improvement
of 4.5 dB simulated gain is attained. Simulation results show
that the antenna, backed by ZPM, radiates a single beam, in the
direction −12◦ to the normal, for RHCP and +10◦ to the nor-
mal, for LHCP switching conditions as shown in Fig. 22 and
Fig. 23. Corresponding measured values after fabrication are
−24◦ and +18◦, respectively, as shown in Fig. 24 and Fig. 25.
Radiation pattern corresponds to the case III diode switching
condition, given in Table 1.

3.5. Parametric Study of Unit Cell AMC and Design of Phase
Gradient Metasurface (PGM)

The AMC unit cell, having all diodes “OFF” condition or all
diodes removed (diode switching case 5), is considered for the
parametric test. The reflection phase occurring at 6GHz alone
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(a) (b)

FIGURE 15. Antenna backed by ZPM. (a) Side view. (b) Back view.

FIGURE 16. Antenna backed by ZPM— Front view.

can be tuned independently, between −180◦ and +180◦, with-
out varying the phase of reflection occurring at other frequen-
cies. This can be achieved by varying effective capacitanceCe,
of the meandered loop, given in Equation (9).
For realizing this, the slot lengths, Rbt = Ltp = 2.75mm, is

kept constant, and the lengths of the slots, Rtp and Lbt, alone
are varied equally, without changing any other dimensions.
The plot in Fig. 18 displays the variation of reflection phase

at 6GHz, according to the variation in slot lengths,Rtp andLbt.
It is shown that the phase variation is almost linear from+180◦

to −180◦.

FIGURE 17. Antenna gain, with/without metasurface.

Figure 19 shows that, for some selected values of lengths of
the slots, Lbt &Rtp, the reflection phase at 6GHz can be tuned
through −120◦, −60◦, 0◦, +60◦, and +120◦, by maintaining
the reflection phase at remaining frequencies, nearly constant.
Five unit cells, each having different values of lengths of

slots, Lbt & Rtp, selected as Lbt = Rtp = 4.5mm, Lbt =
Rtp = 3.9mm, Lbt = Rtp = 3.6mm, Lbt = Rtp = 2.9mm
and Lbt = Rtp = 1.4mm, are separately designed to obtain
five different reflection phases, −120◦, −60◦, 0◦, +60◦, and
+120◦ at 6GHz. They are arranged in a 5× 5 array, for the de-
sign of Phase Gradient Metasurface (PGM), as given in Fig. 20.
This metasurface has an overall size 55mm×55mm×3.2mm.
The designed PGM is suitable to integrate with the proposed
antennas for beam steering applications.
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FIGURE 18. Reflection phase vs. slot length (Rtp and Lbt) at 6GHz. FIGURE 19. Variation in phase of reflection at 6GHz, in diode switching
Case-V, for different values of slot length, Rtp and Lbt.

(a) (b)

FIGURE 20. PGM at 6GHz. (a) Diagrammatic representation. (b) Metasurface.

FIGURE 21. Antenna integrated with PGM— Front view.

3.6. Antenna Beam Switching Using PGM

A normally incident wave gets reflected by a linear gradient
phase (dφ/dx) metasurface, at an angle θr, which relies on the
magnitude of the phase gradient [3, 10]. The PGM designed
in Section 3.5 is placed beneath the antenna ground plane, at a
distance d = 25mm, as given in Fig. 21. The PGM induces a
progressive phase shift to the incident wave across its surface,
which alters the direction of the wave front. This will reflect the
wave to a desired angle, resulting in beam steering, as shown
in Fig. 22 and Fig. 24, for both LHCP and RHCP polarization
senses.
Simulated results show that, when the PGM is placed under

the antenna, the radiating beam gets tilted to −27◦ to the nor-
mal, under the diode switching condition for RHCP radiation
and +23◦ to the normal, under the diode switching condition
for LHCP radiation, as given in Fig. 22 and Fig. 23. Hence,
an overall beam steering range of 50◦ is achieved during simu-
lation using both LHCP and RHCP switching conditions. The
corresponding values measured after fabrication are −44◦ to
the normal for RHCP radiation and +36◦ to the normal for
LHCP radiation, as given in Fig. 24 and Fig. 25. Hence, an
overall beam steering range of 80◦ is achieved after measure-
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FIGURE 22. Simulated beam steering for RHCP and LHCP at 6GHz
(Polar plot).

FIGURE 23. Simulated beam steering for RHCP and LHCP at 6GHz
(2D plot).

TABLE 3. Comparative analysis of the proposed work with related works on bandwidth tunable antenna.

Ref.
Parameters

Antenna
Dimensions

(mm)

Type of tuning
and No. of

tuning elements

Bandwidth tuning
ranges and fractional
BW variation of NB

Tunable
Polarization

Sense

Beam switching
ability &
range

Factor by
which % BW
increased

Gain
(dB)

[1] 56× 54 7 PIN diodes
(810–1870)MHz
(43%–76%)

Nil Nil 1.77 —

[2] 36× 44 7 PIN diodes
(900–4700)MHz
(18%–72%)

Nil Nil 4 —

[7] 75× 65 — Nil LHCP & RHCP Nil — 3.4

[8] 40× 40
3 PIN diodes
& 1 Capacitor

Nil
LP, LHCP
& RHCP

Nil — 7.5

[10] 34× 28 Mechanical Nil Nil −29◦ & +34◦ — 7

[11] 70× 70 2 PIN diodes Nil Nil −36◦ to +36◦ — 9.3

[12] 150× 150 72 PIN diodes Nil Nil −22◦ to +22◦ — 10.4

[14] 120× 120 Fluid (Water) Nil Nil −20◦ to +20◦ — 5.7

[20] 338× 32 10 PIN diodes Nil Nil −48◦ to +50◦ — 12

[21]
MIMO Antenna
44× 44, 75× 75

8 PIN diodes Nil
LP, LHCP
& RHCP

Nil — 5.7

[22] 28× 28 72 PIN diodes Nil Nil −57◦ to +57◦ — 8.47

This
work

40× 40 16 PIN diodes
(1–4.4)GHz
(16%–73.3%)

LHCP
& RHCP

-44◦ & 36◦ 4.58 6

11 www.jpier.org
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FIGURE 24. Measured beam steering for RHCP and LHCP at 6GHz
(Polar plot).

FIGURE 25. Measured beam steering for RHCP and LHCP at 6GHz (2D
plot).

(a) (b)

FIGURE 26. 3D view of simulated beam steering. (a) With ZPM (LHCP at +10◦). (b) With PGM (LHCP at +23◦).

(a) (b)

FIGURE 27. 3D view of simulated beam steering. (a) With ZPM (RHCP at −12◦). (b) With PGM (RHCP at −27◦).
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FIGURE 28. Fabricated antenna — Front view. FIGURE 29. Fabricated antenna — Back view.

FIGURE 30. Fabricated ZPM— Front view. FIGURE 31. Fabricated PGM— Front view.

FIGURE 32. Fabricated antenna backed by metasurface, along with a
biasing circuit.

FIGURE 33. Antenna setup in anechoic chamber for parametric mea-
surements.

ment using both LHCP and RHCP switching conditions. 3D
views of the beam steering for both LHCP andRHCP are shown
in Fig. 26 and Fig. 27.
The discrepancies between simulated and measured results,

including the elevated side lobe level (SLL), occur due to the
presence of electronic components and biasing network, which
cause the variation in measured result. In addition to this, the
tolerance related to fabrication and SMA connected probe feed
may also lead to the variation in measured result.
This researchwork is comparedwith related precedingworks

and tabulated in Table 3, which reveals that the proposed recon-
figurable antenna exhibits better performance than other similar
works.

4. FABRICATED ANTENNA AND MEASUREMENT
SETUP
Front and back views of the fabricated antenna are shown in
Fig. 28 and Fig. 29.
The fabricated Zero Phase Metasurface (ZPM) and Phase

Gradient Metasurface (PGM) are shown in Fig. 30 and Fig. 31.
The fabricated antenna and its biasing circuit, along with

switching arrangements, on a breadboard are shown in Fig. 32.
Diodes on the antenna plane and ground plane are separately
powered by two 3V DC supplies, connected through a series
resistance of 100Ω, for current limiting.
The fabricated antenna installed in an anechoic chamber for

parametric measurements is shown in Fig. 33.
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5. CONCLUSION
A bandwidth reconfigurable, circularly polarized antenna is
proposed, which can be electronically switched from UWB to
NB response at 6GHz. The fractional impedance bandwidth of
the NB can be tuned in the range of 16% to 73.3%, resulting
in an increase of BW by a factor of 4.58. The antenna also ex-
hibits both LHCP andRHCP polarization senses at 6GHz based
on different switching conditions. A multi-band, tunable AMC
unit cell is designed, which is also capable of independent tun-
ing of the reflection phase of a single band, linearly from−180◦

to+180◦, at the operating frequency of 6GHz, and is employed
to design metasurfaces. The zero-phase reflecting metasurface
is integrated with the antenna to obtain 4.5 dB more gain than
that of the antenna without metasurface. The phase gradient
metasurface is employed to tilt the antenna beam, −44◦ to the
normal for RHCP and +36◦ to the normal for LHCP, resulting
in an overall beam steering range of 80◦. Thus, the proposed
single compact antenna is capable of exhibiting all the above-
mentioned functionalities based on electronic switching. This
unique feature of the antenna guarantees its significance in cog-
nitive radio applications and wireless communication networks
in 5G and beyond.
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