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Interference and multipath are the most common issues in the wireless domain due to the coexistence of a large number of wireless
nodes operating within the constraint spectrum. A compact planar antenna with five reconfigurable polarization states in three distinct
operating bands is presented in this article. A square patch is enclosed by a square outer ring in the design, and these antennas are
coupled-decoupled successively using switching diodes to excite three distinct operating bands. Coplanar microstrip lines are used
to feed the orthogonal edges of the antenna. The diagonal corners of the inner and outer ring patches are truncated to realize dual
circular polarization (CP) states with proper biasing. Switching diodes are placed at the etched corners to realize vertical (VP) and
horizontal (HP) polarization. Both the orthogonal feed lines are activated simultaneously with identical phase and amplitude to
realize 45" linear polarization. A low-profile, single-feed, compact prototype reconfigurable microstrip antenna (MSA) is finally
designed, fabricated, and measured at 1.8 GHz, 2.4 GHz, and 5.8 GHz bands, respectively. Each operating band shows five distinct

operating states. The simulation results for all fifteen states are found to be consistent with the measurement.

1. Introduction

The progress on the wireless front is happening very rapidly
to cater to diverse multifacet applications such as IoT, auto-
mation, remote sensing, geopositioning with larger accuracy,
healthcare, security, and space application [1]. Several wire-
less nodes in point-to-point or multipoint (P2P or P2MP)
links are being deployed in close proximity to enhance net-
work coverage and capacity in the present and impending
heterogeneous network architecture [2]. These nodes are
operating within the limited available spectrum, causing
intersystem and cochannel interference issues resulting in
randomly fluctuating received signal strength (RSS). The
mentioned issues along with multipath in the wireless chan-
nel also cause a higher BER (bit error rate) and reduced
SINR (signal to interference and noise ratio) [3]. Researchers
have dealt with these very issues from a signal processing
and communication perspective [4, 5]. The prime motiva-
tion of this work is to deal with these issues from an RF

standpoint and to provide system designers with an addi-
tional degree of freedom. Thus, multifunctional antennas
are incorporated into the transreceiver system design to nor-
malize the mentioned issues on the wireless front to a great
extent. In this article, a tri-band and penta-polarization agile
mirostrip patch antenna (MSA) is proposed at the earliest in
the open literature. The mentioned flow chart in Figure 1
depicts the working procedure of the proposed antenna to
mitigate those issues. In a dense RF environment, the prob-
ability of signal interference and quality degradation is very
high. In such scenarios, the polarization of a P2P/P2MP
(point-to-point or point-to-multipoint) RF link operating at
a specific band is altered to another polarization to achieve a
larger received signal strength (RSS) than the threshold RSS
value and a higher SINR with improved BER [6] of the oper-
ating RF link. The operating band is changed if a stable state
is not achieved by changing all available polarization states at
that specific band. Similarly, in the changed frequency band
too, all available polarization states are altered to attain
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F1GURE 1: Flowchart of the working process of the proposed tri-band penta-polarization agile MSA to mitigate interference and fading effect

in an ultradense network environment.

optimum signal quality in terms of low BER and high SINR.
Thus, the proposed antenna provides large flexibility with fif-
teen reconfigurable states for the system designers.

In the open literature, authors have proposed a maxi-
mum up-to-quad polarization state in single or multiple
operating bands. It is noted in the literature that authors
have used complex and advanced techniques to attain multi-
function antennas. These techniques are mostly based on
high impedance surfaces (HIS) or metasurface, liquid metal,
surface plasmon polariton (SPP), artificial magnetic conduc-
tor [7, 8], orbital angular momentum (OAM), DRAs
(dielectric resonator antenna), and magneto-electric dipole.
An AMC- (artificial magnetic conductor-) based dual feed
monopole planar antenna is proposed in [7] for dual band
and polarization agility. A tri-band dual-polarized micro-
strip antenna (MSA) array is proposed in [9]. Also, a dual-
band, quad-polarization reconfigurable MSA is shown in
[10]. In a recently proposed antenna [11], multiple polariza-
tion states are attained in different operating bands. In our
previous article [12], we proposed a microstrip antenna
(MSA) that operates in two distinct bands, and both bands
are further reconfigured at penta-polarization states. Previ-
ously, only one article on a metasurface-inspired microstrip
slot antenna [13] with five reconfigurable polarization states
was discussed in the literature. The important observation is
that all the recently proposed antennas with advanced
techniques suffer from several unavoidable complications.
Firstly, most of the antennas are having multilayer, high-
profile bulky structures which impose significant difficulties
in antenna fabrication. Secondly, most of the antennas are
having multiple feed ports which cause problems in system
integration or interfacing the antenna with other devices in
the transreceiver system. Thirdly, the electromechanical
mechanism to control the liquid metal in reconfigurable
liquid antennas is extremely cumbersome. Finally, the
asymmetric structure with a complex feed network and large

footprint area imposes difficulties for practical realization. In
contrast, the projected design shows the mentioned advan-
tages and novelty.

(1) A compact, simple, low-profile MSA
(0.94, x 0.91, x 0.01A,) with fifteen different recon-
figurable states with five reconfigurable polarization
states at three operating bands is projected for the
very first time in the open literature

(2) This design can be scaled to different frequencies;
hence, scalability makes the proposed design appro-
priate for a very large variety of applications in the
upcoming heterogeneous network

(3) The antenna provides great flexibilities to the system
designers with fifteen distinct reconfigurable states to
attain optimum signal quality in electromagnetically
dense environments. In the current heterogeneous
network domain, the proposed antenna is suitable
for diverse applications due to its simple design, ease
of fabrication, compactness, and scalability

2. Antenna Design Concept

2.1. Concept behind Frequency Agility. A square microstrip
antenna (MSA) (highlighted section) operates on the higher
frequency band (f1 at 5.8 GHz), as depicted in Figure 2(a).
An outer square ring is interfaced with the inner patch using
switching diodes, forms a larger patch as depicted in
Figure 2(b), and operates at a lower frequency f2 (2.45 GHz).
The lowest operating band f3 (1.8 GHz) is accomplished by
exciting the outer square ring separately, as highlighted in
Figure 2(c). Two rectangular slots are cut in the adjacent edges
of the outer ring to allow feed lines to connect with the inner
patch, as shown in Figure 2. To excite the outer and inner
patches with proper bias, reconfigurable planar feed lines are
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FIGURE 2: Prototype antenna structures for three reconfigurable bands with suitable diode biasing conditions, (a) f1, (b) f2, and (c) f3.
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FiGurg 3: LHCP axial ratios based on corner lengths which are derived from the QO values of the f2 and f3 bands (a) AR at f2 band
corresponding to 6.63 mm and 7.12 mm corner lengths and (b) AR at f3 band corresponding to 6.63 mm and 7.12 mm corner lengths.

connected to the orthogonal patch edges. As shown in
Figure 3(f), f1 and f2 are obtained from the edge lengths of
the inner and outer square patches, given by (1) and (2),
respectively. The lowest frequency band f3, due to the larger
current path on the outer ring patch surface, is derived by (3).

fo=5 0= (2)

NG 9

fl= B (1)  where aand b are the edge lengths of inner and outer patch and

& represents the effective dielectric constant of the substrate.
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F1Gurk 4: Illustration of the orientation of surface currents on the prototype antenna at f1 band for penta-polarization states (a) HP, (b) VP,
(c) 45" slant (d) LHCP, (e) RHCP, and (f) prototype antenna structure using suitable biasing network.

Switching diodes are used to excite the vertical and hor-
izontal feed lines as per the requirement of five distinct
polarization states, as shown in Figure 4. The vertical line
is excited to realize VP (vertical polarization) (Figure 4(b))
and LHCP (left hand circular polarization) (Figure 4(d))
states, while horizontal feed is activated to generate HP (hor-
izontal polarization) (Figure 4(a)) and RHCP (right hand
circular polarization) (Figure 4(e)) states. Subsequently, the
feed lines are excited together to generate a 45° slant linear
polarization (Figure 4(c)) state.

2.2. Polarization Reconfiguribility. The diagonal corner trun-
cation of a square MSA to generate the orthogonal modes,
ie., TM,, and TM,, respectively, for CP (circular polariza-
tion) generation is well studied in the literature [14].The area
of the truncated corners is related with the quality factor of
the antenna using (4) to initiate the CP states.

Total Area of the Truncated corner (2 * AA) 1
Total Area of the square patch (A) " 2 Quality Factor(Q0)

(4)
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TaBLE 1: Diode biasing for tri-band penta-polarization states.

Freq. Pol. states D1 & D2 D3& D4 D5 D6
VP off off On Ooff

HP off off Off On

fl1 45 Off Off On On
RHCP off Off Off On

LHCP oft off On off

VP On On On Off

HP On On Off On

f2 45 On On On On
RHCP Ooff Off Off On

LHCP off On On oft

VP On off off oft

HP On off off oft

f3 45 On off off Off
RHCP On Off Off off

LHCP On off Off Off

D7& D8 D9 &D15 D10 & D11 D12 & D13 D14
Ooff Off Ooff off On
Ooff On off off off
Off On off off On
oft On oft off On
off Off off off On
On off On On On
On On On On off
On On On On On
On On On Off On
On Off On Off On
On off On On On
On On On On off
On On On On On
On On On Ooff Ooff
On off On off On

t=3"T/4

t=3"T/4

FIGURE 5: Current distribution on the MSA surface for successive T/4 time at f1 band for (a) RHCP and (b) LHCP.

The inner and outer patch corners are truncated as
illustrated in the diagram to attain CP states at all operating
bands. The frequencies of the orthogonal modes of the
near square patch antenna is illustrated in (5) and (6),

respectively.
r=n(1-25), 6
f,=f ©)
Q-2 7)

where AB(=AB1 + AB2) is the overall area of both the
diagonal corners, as shown in Figure 3(f). Also, B=b" is

the total area, as shown in Figure 4(f). Subsequently,
the orthogonal frequencies for combined square patch
(for f2 band) and the outer ring (f3 band) as highlighted
in Figure 2 are devised as follows:

= (1-20) <ni=n (- 20) <fof;
< fy=f <ty

(8)

where AA =AA1+ AA2 is the area of the total truncated
sections of the outer ring and A = a* (total area of the com-
bined patch) while considering combined inner-outer patch
for f2 operation, as illustrated in Figure 4(f). Subsequently,
Al =b* — w?, where w is the inner edge length of the outer
ring patch for f3 band operation. The truncated corners of



International Journal of RF and Microwave Computer-Aided Engineering

()

(b)

t=3"T/4

FiGure 7: Current distribution on the MSA surface for successive T/4 time at f3 band for (a) RHCP and (b) LHCP states.

the outer square ring patch are shared by band 2 and band 3.
The values of Q, for five distinct polarization states at each
band are derived from the simulated Z ., using (7). These
derived Q, values are used to find the length of the truncated
corner (AA) of the outer ring for band 2 and band 3 using (4)
and are found to be 6.63 mm and 7.12 mm, respectively. The
length of the truncated corners is slightly different as the bands
are slightly different (f2 =2.45GHz and f3 = 1.8 GHz). If we
design the antenna with an outer ring patch corner length of
6.63 mm, which is derived for f2 band, then a proper 3dB
AR value is observed for LHCP or RHCP states at f2 band
but AR deteriorates in case of f3 band, as depicted in
Figure 3(a). Similarly, considering corner length 7.12mm
(which is derived for f3 band) for the design exhibits a proper
3 dB AR of both the CP states at f3 frequency band, while the

AR at f2 band for both the CP states deteriorates, as depicted
in Figure 3(b). As both polarization states depict similar
results, hence, only the LHCP state is shown in the plots for
necessary illustration. It is observed that AR for both CP states
in f2 and f3 band is primarily depend on the lengths of the
inner (w) and outer (a) sides of the outer ring patch along with
corner length (y) and corner slot width (x).

Complete parametric optimization of these above
parameters is performed to achieve optimum 3dB AR in
all CP states in both frequency bands. It is noted that at
the truncated length of 6.8 mm along with the other opti-
mized parameters, the AR for all CP states at both bands
depict suitable results, which are illustrated in Section 4.
Figure 4 illustrates the generation of five distinct polarization
states at f1 band by selectively choosing the vertical and
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FIGURE 9: (a) Simulated axial ratios of the components at the far field at ¢ =0° and 90° plane at f2 operating band and (b) simulated
amplitude of Ey and E,, component ratios and phase of Ey and E,, components for 45 slant polarization at ¢ = 0 and 90" plane.

horizontal feed lines using proper switching diodes and bias-
ing. Subsequently, 45° linear polarization is attained by excit-
ing both feed lines together with equal phases and
amplitudes, as shown in Figure 4(c). Diode biasing states
for penta-polarization reconfigurability at three different
bands are listed in Table 1.

2.2.1. Polarization Agility at f1 Band. Penta-polarization
agility at f1 band is achieved using the diode biasing
conditions, as illustrated in Table 1. The surface current of
the inner patch for RHCP (Figure 5(a)) and LHCP
(Figure 5(b)) states is shown in Figure 5 for T/4 successive
time periods. This portrays the shortest A/2 current path,
which subsequently represents the upper frequency band
(f1=>5.8GHz).

2.2.2. Polarization Agility at f2 Band. Five reconfigurable
polarization states at f2 band are achieved using the diode
biasing conditions, as illustrated in Table 1. The surface

current of the combine patch for RHCP (Figure 6(b)) and
LHCP (Figure 6(a)) states is shown in Figure 6 for successive
T/4 time periods at f2 band (2.45 GHz).

2.2.3. f3 Band Polarization Agility. Five distinct polarization
agilities at f3 band are achieved using the diode biasing
conditions, as illustrated in Table 1. The surface current of
the combine patch for RHCP (Figure 7(a)) and LHCP
(Figure 7(b)) states is shown in Figure 7 for successive T/4
time periods at f3 band (1.8 GHz).

2.2.4. Analysis on the Generation of CP and 45 Linear
Polarization. For detailed observation, the phase and magni-
tudes of the radiated electric components are analyzed in the
broadside direction. Figure 8(a) illustrates the ratios of the
|Eg/E,| in dB in both the principal planes ¢ =0 and 90,
respectively, at RHCP and LHCP states at f2 frequency
band. The plot depicts that the ratios lied at +1.5dB,
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FIGURrE 10: (a) Antenna diagram with complete feed network, switching diodes, bias network, and fabricated prototype antenna. (b)
Equivalent diode model. (c) Top view. (d) Bottom view. Gx= Gy =50, a=12.5, b=27.2, L1 =10.55, L2=15.73, L3=16.17, L4=8.2, L5
=6.8,L6=13, Wl=1, W2=0.32, W3=5.8, r=3, and wf160 = 0.2 (dimensions in mm).

exhibiting nearly equal magnitude along the half-power
beam width (HPBW + 53°) of the pattern.

Contrarily, the relative phase differences between the
orthogonal components, i.e., 2(Ey - E(P) in both the princi-
pal plane are nearly +90° in the broadside direction and
within the HPBW, as shown in Figure 8(b). Hence, the
phase and magnitude of Ey and E,, are found appropriate
for both LHCP and RHCP generation. Also, the axial ratio
along the broadside direction within HPBW is found

within 3dB value in both the principal planes, as illus-
trated in Figure 9(a).

The relative phase and ratio of the orthogonal components
Eg and E,, are also observed for 45 slat polarization state. The
|Eg/E,| in dB is found to remain within +1 dB, while the phase
difference £(Eq — E,) at ¢ = 0" and 90° planes is nearly zero
(¢Eg = LE,) along the HPBW at broadside direction, as illus-
trated in Figure 9(b). Similar observations are noted for f1 and
f3 bands also, hence not shown for brevity.
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3. Prototype Antenna Design

To validate the proposed theory, a MSA that operates at
1.8GHz (f3), 2.4GHz (f2), and 5.8GHz (f1) bands is
designed and fabricated. These bands can further be reconfi-
gured to generate penta-polarization states using the proper
biasing networks presented in the subsequent sections.
Roger RO404 substrate having dielectric constant ¢, =3.51,
loss tangent tan 6 =0.017, and height /=30 mil is used to
fabricate the antenna. The complete layout of the simulated
antenna is shown in Figure 10(a). A finite different time
domain (FDTD) computational technique-based three-
dimensional (3D) commercial electromagnetic simulator,
computer simulation technologies (CST) of version 2019
(by Dassault Systems), is used for the entire simulation.

3.1. Antenna Feed Network Design and Optimization. The
impedances of the horizontal and vertical edges for fifteen
distinct reconfigurable states are deduced from simulation

results. Figures 11(a)-11(c) illustrate the real and imaginary
impedances of all fifteen states. It is observed that for any
frequency band, the impedance behavior of dual CP or LP
states is similar to a great extent due to antenna symmetry
which is clearly observed in Figure 11. The real part of the
impedances is laid between the range of 100 and 250 (2, as
depicted in the figure. Correspondingly, the imaginary parts
are nearly zero (~0j). A judicious approach is made by con-
sidering the average edge impedance of around 160 O for all
operating modes. Quarter wave matching sections are used
to transform the impedance at 80 Q2 at the coax end, as illus-
trated in Figure 10(a). The input impedance at the junction
of the two feed lines is observed to vary within the range
50-100 2 which would mismatch slightly with the 50 Q coax
feed but delivers enough matching to provide -10 dB reflec-
tion bandwidth for all the states. A slight offset in the imped-
ance is noted after including the bias network in the design.
Additional optimization of the feed network is done to
achieve optimum impedance matching.
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TaBLE 2: Simulated and measured antenna parameter value.

Pol. state Impedance BW(-10dB)

Axial ratio BW (3 dB) Realized gain (dBi)

For 2.4 GHz band (f2)

S (MHz/%) M (MHz/%)

HP 195/8 250/10
VP 190/8 350/14.3
45° slant 233/9.5 200/8.2
RHCP 542/22 758/31
LHCP 609/25 571/23.3

For 5.8 GHz band (f1)

S (MHz/%) M (MHz/%)

HP 306/5.3 415/7.2
VP 433/7.5 630/11
45° slant 674/11.8 390/6.8
RHCP 683/12 645/11
LHCP 750/13 765/13.3

For 1.8 GHz band (f3)

S (MHz/%) M (MHz/%)

HP 210/11.7 190/10.6
VP 170/9.4 210/11.7
45° slant 400/22 380/21
RHCP 420/23 430/24
LHCP 170/9.4 190/10.6

S (MHz) M (MHz) S M
5.95 5.9
5.75 5.65
7.15 6.93
110 150 5.73 5.49
120 90 5.7 58

S (MHz) M (MHz) S M
6.71 6.43
7 6.89
6.8 6.64

170 130 6.75 6.51
90 110 6.81 6.73

S (MHz) M (MHz) S M
6.1 5.2

6.05 5.8

5.75 5.3
90 120 5.96 5.44
170 130 5.87 5.12

3.2. Biasing Network. Switching PIN diodes (model HPND-
4005, Avago Technology) are incorporated in the design for
the switching mechanism. In forward and reverse bias con-
ditions, the diode shows low series and low resistances of
47Q and parallel capacitances of 0.017 pF, respectively.
These switches exhibit low package parasitic along with
improved isolation and insertion loss (0.4 dB). For proper
diode biasing and coupling management, DC bias lines of
width 0.2 mm and 0.3 x 0.3 mm? bias pads are designed with
proper layout on the antenna, as shown in Figure 10(a).
47 nH series inductors are placed on the bias line to block
the RF component to the sources. Subsequently, series
capacitances (33 pF) are incorporated in the bias network
for RF signal continuity. The bias network and subsequent
components are shown in the antenna diagram. The
equivalent circuit models of the components are shown
in Figure 10(b). The top and bottom views of the fabri-
cated antenna are presented in Figures 10(c) and 10(d),
respectively.

4. Measurement and Discussion

The radiation and impedance characteristics of the fabri-
cated antenna are measured using a VNA with the model
Agilent E5071B. A few precautionary measures are taken
while conducting the measurement in an anechoic chamber.
Spurious radiation from the open feed is prevented by cover-
ing it with absorbers, whereas the external DC wires are
wrapped with aluminum paper to avoid coupling external
radiation with the wires which may couple with the antenna

radiation and cause pattern distortion. In spite, minute
inconsistencies between the measured and simulated results
are observed. These discrepancies are attributed to manual
asymmetric soldering while fabricating the antenna and
integrating the basic circuit model of the diodes in the sim-
ulation environment.

4.1. Reflection Coefficient (S;;). Impedance bandwidth for all
fifteen operating modes is detailed in Table 2. Due to
antenna symmetry, the input impedances (Z;,) and reflec-
tion coefficients for both the CP (RHCP and LHCP) and
LP (VP and HP) states are observed to be comparable at
any specific frequency band, as illustrated in Figure 12. In
general, a single fundamental resonance for LP and dual
orthogonal resonances for CP states are observed when the
antenna is excited using individual orthogonal SMA feeds,
as depicted in Figure 13(a). A similar trend is observed in
all polarization states at three frequency bands while exciting
the antenna using single SMA and coplanar edge-feed
orthogonal microstrip lines. However, two additional higher
harmonics in close proximity to the fundamental mode in
HP and RHCP states at f1 and f2 bands are observed, as
depicted in Figures 12(a) and 12(b), respectively. All other
simulated and measured S,; are presented in Figures 12(c)-
12(h).

This exception is observed in the real impedance plot at
HP and RHCP states in f1 band, as illustrated in
Figure 13(b). Interestingly, these higher order modes were
not present when the antenna is excited by individual
orthogonal feeds, as shown in Figure 13(a). Surface wave
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and radiation coupling from the orthogonal microstrip feed
lines excites these modes, as depicted in Figure 13(b).
Though the modal significance of the fundamental modes
is found to be dominant, hence its characteristic is promi-
nent over the band. As a result, the antenna performance
remains unaltered except for the increment of impedance
bandwidth in those specific states.

4.2. Radiation Pattern. Figure 14(a) illustrates the antenna
radiation pattern for fifteen reconfigurable conditions at
¢ =0" and ¢ = 90" planes. Due to antenna asymmetry, the pat-
tern for LP or CP states operating in any given band is identi-
cal. Thus, HP and LHCP with 45° slant polarization states for
each band are shown for brevity. Co and X-pol for a 45 slant
are measured at ¢ =450 and ¢ = 135> planes, respectively.

X-pol levels are measured below -15 dB for all modes in
@=00 and @ =90" planes. HPBWs are measured to be
nearly +50° with slight variation for all the states in both
planes, as depicted in the figures. Pattern invariance with
negligible side lobe and X-pol level is also noted in a few
states for comparatively wide impedance bandwidth modes,
as shown in Figure 13, although minute offsets in measured
patterns can be attributed to a variety of factors that have
already been discussed. Figure 14(b) shows the 3D radiation
pattern of all the fifteen reconfigurable states.

4.3. Realized Gain. Realized gains for all the reconfigurable
states are depicted in Figures 12(d), 14(d), and 15(a)-15(f),
respectively. The corresponding values are tabulated in
Table 2. It is observed that broadside gains for all states are
varied in the range of 5-7.2 dBi in both the principal planes.
Simulated realized gains for either dual LPs or dual CPs for a
specific band are largely similar due to antenna symmetry.
The measured gains are slightly reduced primarily due to
the fabrication tolerance, dielectric, conduction, diode, and
lumped element losses.

4.4. Axial Ratio. Figures 16(a)-16(c) respect illustrate the
simulated and measured AR bandwidth for the dual
CP states at three frequency bands. Subsequently, the
values are tabulated in Table 2 and observed good
agreement.

Small discrepancies in the simulated and measured AR
bandwidth are attributed to many influences as mentioned
earlier.

4.5. Antenna Efficiencies. Antenna efficiency reduces with
the internal resistance of the switching devices. The PIN
switches that are used in the design are having large package
parasitic capacitance and insertion loss. Diodes are biased
accordingly to attain five different polarizations stated at
three reconfigurable frequency bands, as shown in Table 1.
Due to the presence of these lossy diodes at different biasing
conditions, the efficiency of the antenna varies from 57% to
83%, as shown in Figure 17(a). Also, the usage of a lossy sub-
strate introduces conduction and dielectric losses that fur-
ther reduce the overall antenna efficiency. A forward
biased diode draws a larger forward current, hence increases
the diode ohmic loss and thus reduces the efficiency further.
Two, four, and six numbers of diodes are turned ON subse-
quently to realize CP, LP, and 45 slant polarization states, as
presented in Table 1. Thus, CP and 45° slant state show the
highest and lowest efficiencies in the plot. Though antenna
efficiencies can be improved significantly using low-loss
switches, fabricating the designed antennas using a low tan
0 (loss tangent) substrate also increases the total efficiency.
Figure 17(b) depicts the total antenna efficiencies for five dif-
ferent polarization states at f1 band using low-loss switches
and substrates. It shows clearly that #(%) has improved
remarkably which varies from 88 to 97% for different polar-
ization states at f1 band. In the other reconfigurable fre-
quency bands (f2 and f3), similar improvement with slight
variations in total efficiencies are observed and not shown
for brevity.
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FIGURE 13: (a) Designed antenna with individual orthogonal SMA feed and corresponding resonances at f1 (5.8 GHz band). (b) Antenna
with orthogonal microstrip line feed with corresponding resonances at f1 band.

4.6. Equivalent Circuit Model. The equivalent circuit model
of any antenna only represents the terminal characteristics
such as impedance or scattering characteristics. The radia-
tion characteristics cannot be depicted using only the circuit
model. Hence, authors have tried to present the operating
model of three reconfigurable bands and subsequently the
models for different operating polarizations in any specific
band based on terminal characteristics.

Tri-band reconfigurability is realized by altering the
antenna structure using switchable PIN diodes, as men-
tioned in the main manuscript. From a circuit point of view,
a planar microstrip antenna can be represented using

parallel RLC resonators. Thus, three such resonators with
different R, L, and C values (representing different operat-
ing resonances) are connected in parallel using switching
diodes to represent the three reconfigurable bands, as
shown in Figure 18. Based on the biasing state of the
diodes (ON or OFF), any specific operating band can be
chosen to operate.

As discussed earlier, the frequency behavior of MSA can
be modeled by parallel resonant circuit. Its constituent elec-
trical parameters can further be computed from the knowl-
edge of its resonant frequency (f,) and quality factor (Q).
In this study, the resistance at resonances is extracted from
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the full wave simulation, while the inductance (LMSA) and
capacitance (CMSA) are calculated as follows:

L R c 1
MSA = T AbMsA T 57—
wQ w5 Lpgsa

©)

Due to the antenna symmetry, the input impedances of
dual CP or LP state at any operating band are comparable.
Hence, the authors have derived the equivalent circuit model
only for RHCP, HP, and 45° slant states at 5.8 GHz band.
The results for the other states can be derived in the similar
way and not shown here for brevity. Thus, only the equiva-
lent circuit models for RHCP, HP, and 45° slant are shown
in the figure. In general, a single fundamental resonance
for LP and dual orthogonal resonances for CP states are

observed when the antenna is excited using individual
orthogonal SMA feeds, as depicted in Figure 13(a). Similar
trend is observed in all polarization states at three frequency
bands, which are illustrated in Figure 13. However, two
additional higher harmonics in close proximity to the
fundamental mode in HP and RHCP states at f1 band are
observed as depicted in S;; plot in Figures 12(a) and 12(b).
The below figures show the equivalent circuit models
of RHCP (Figure 19(a)), HP (Figure 19(b)), and 45°
(Figure 19(c)) states at 5.8 GHz band. It depicts the coexis-
tence of three higher-order resonances coupled together.
For the HP state, the resonance modes are inductively and
capacitively coupled, as shown in Figure 3(b). Two distinct
resonance modes are observed at 45° slant polarization
within 5.7 to 6 GHz band, as shown in Figure 12(c). The
models for other polarization states can be derived similarly.
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FiGurg 17: Total antenna efficiencies (%) in f1 band operation using (a) lossy PIN diodes and (b) loss less PIN diodes in the antenna

design.
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Antenna efficiencies (#) are seen to
vary between 57-83% for lossy PIN
switches used in the design and
fabrication. Also it decreases along
with the increase of diode ON states
to attain a specific polarization.
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Also, due to antenna symmetry, other CP and LP states
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of brevity.

S: simulated; M: measured.

5. Comparison and Discussion

In this section, the authors compare the proposed antenna
with recently published work in the literature and subse-
quently discuss the advantages and novelty based on antenna
flexibility, compactness, and overall performance in Table 3.
Researchers in the open literature suggested maximum up-
to-quad polarization states in three distinct frequency bands.
It is worth noting that most authors in the open literature [8,
15-32] use multifeed, multilayered, and bulky structures, as
well as complicated designs. To achieve frequency and pattern
reconfigurability, the authors in the literature use a relatively
broad footprint area in few cases [33, 34]. Also, a number of
research articles published recently [35, 36] have shown con-
tinuous frequency tuning with multipolarization reconfigur-
ability. A dual-polarized microstrip aperture array operates

2

@]

oupling

oupling

Coupling c
RLC1 RLC2

RLC 3

(b

RLC2

(0

state, (b) HP state, and (c) 45 slant polarization state.

at three distinct frequency bands are illustrated in [37]. In
[11], the authors employ exceedingly large numbers of PIN
switches (48 nos) to attain four reconfigurable polarization
states in three different operating bands. In [38], the authors
demonstrate various reconfigurable polarization states over a
broad frequency range. Penta-polarization reconfigurability
utilizing a metasurface-inspired MSA slot antenna has only
been proposed in one study so far [13]. In [39], authors have
nicely explained the design methodology of a dual-CP (LHCP
and RHCP) reconfigurable antenna in a wide frequency band
using a truncated-corner patch and nonuniform metasurface
as parasitic. The dual-layered single-feed antenna has depicted
large operating bandwidth of 25.6% (-10dB impedance and
3 dB Axial) with consistent realized gain and pattern. In [40],
the authors have nicely presented a high gain Fabry-Perot res-
onator antenna with tri-polarization diversity (dual-CP and
LP) in a tunable frequency band (7.3-7.6 GHz) using a par-
tially reflective surface and a planar metallic reflector. The
dual-layered high-profile (0.61) Fabry-Perot antenna with
tri-polarization reconfigurability in 4% frequency tuning
range has showed large gain (15.1dBi) and it is suitable for
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satellite application as claimed by the expert authors. We also
propose a simple, compact frequency and polarization agile
MSA with ten reconfigurable states in our previous paper
[12]. Recent proposals in the literature have visible flaws, such
as complicated feed networks, multilayer assembly, and
multiple SMA feeds, which would make real-world implemen-
tation difficult. The proposed antenna, on the other hand, has
a number of distinct advantages, including a substantially
smaller structure. From an RF aspect, the proposed design
can be implemented into the transreceivers system design
to alleviate SINR, BER, or fluctuating RSS concerns, among
other issues. As a result, the antenna is well suited for
sophisticated multifunctional applications as well as pre-
venting interference and multipath difficulties in electro-
magnetically dense situations.

6. Conclusion

The wireless front is gradually getting denser due to the
deployment of a large number of nodes in close proximity
to enhance data bandwidth and network coverage to cater
to a wide range of advanced and real-time applications.
Due to the constraint in the usable RF spectrum, there is a
significant overlapping of operating frequency bans, result-
ing in low SINR and high BER. In this article, the authors
put forward a method to mitigate these issues from an RF
viewpoint by designing a multifunctional antenna. This
approach would certainly provide greater flexibilities to the
system designers, with fifteen available reconfigurable states
of the prototype antenna to counter these concerns. In this
study, a compact, reconfigurable MSA is introduced in the
literature for the very first time, with five polarizations
reconfigurable at each of three reconfigurable frequency
bands. A prototype MSA with three distinct reconfigurable
bands operating at 1.8GHz, 2.4GHz, and 5.8GHz is
designed and fabricated. The simulated antenna is measured
for fifteen reconfigurable states and observed acceptable
results. The design can also be scaled to other operating
bands, hence applicable for a wide range of applications.
The antenna can readily be combined with conventional
transreceiver systems due to its single-feed and compact
structure. Therefore, the design simplicity, compactness,
fabrication ease, and optimum performance make the pro-
posed design very suitable in the ultradense environment.
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