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Abstract—This letter investigates a novel technique to achieve
circular polarizations (CP) at 245 GHz ISM and 3.5 GHz
WiMAX-bands. The behaviour is achieved by incidenting an z-
polarized wave from a monopole antenna (MA) on a polarization-
converting metasurface (PCMS). The PCMS operates in TM o
and TM>, modes that generate dual frequency bands and reflect
a 90° phase-shifted y-polarized wave that, when combined with
the 0° phase containing z-polarized wave, generates CP. To attain
four separate combinations of phase-shift in terms of +90° and
-90° in dual-bands, four distinct 2x2 PCMSs are designed, which
are designated as MS;, MSy, MS3, and MS,. The MS;-based MA
(A1) produces left-hand CP (LHCP), whereas the MS»-based MA
(A2) produces right-hand CP (RHCP) in both frequency bands.
On the other hand, the MS3-based MA (A3) produces RHCP in
the lower-band (LLB) and LHCP in the higher-band (HB), whereas
the MS,-based MA (A.) produces LHCP in the LB and RHCP
in the HB. A; is fabricated and measured, and the results are
very close to the simulations. Each antenna has a wide impedance
bandwidth, a high gain, and high efficiency with a low SAR in
the desired bands, which justifies their suitability for off-body
communication.

Index Terms—Circular polarization, dual-band, polarization
converting metasurface, OFF body communication.

I. INTRODUCTION

N the current era of OFF-body communications, the use

of the metasurface beneath the monopole antenna has
grown rapidly for back radiation minimization [1-17]. The
minimization of back radiation makes the radiation pattern
unidirectional and, most importantly, reduces the specific
absorption rate (SAR) to a safe value, which makes the
antenna a suitable candidate for off-body communication. In
[2-11], the development of single-band resonated antennas
has been emphasized, whereas in [12—17], the development
of dual-band resonated antennas has been emphasized. In
the aforementioned literature, metasurfaces have been solely
utilized to reduce the back-radiation. Prior to that, in [18],
a mushroom-type electromagnetic band gap (EBG) structure
was proposed, which not only reduces the back-radiation but
also generates dual-band. However, the mushroom type EBG
makes use of metallic vias, which may add design complexity.
Additionally, the linearly polarized waves generated by the
aforementioned literature [2-18] may result in losses such
as polarization mismatch. To address the issues, dual-band
dual-polarized antennas using via-free metasurfaces have been
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proposed [19], where the metasurface generates dual-band and
reduces back radiation. However, a dual-band dual-polarized
antenna generates CP only in one band and linear polarization
(LP) in the other band. Prior to that, dual-bands with dual
CP characteristics have been achieved using a polarization
rotation metasurface based monopole antenna in [20], in which
the metasurface generated CP and reduced back-radiation,
whereas the MA generated dual frequency bands. However,
the geometry in [20] was quite complex. Thus, there is
a requirement for via-free metasurfaces with compact and
simple geometry that would be able to generate dual-band with
dual CP characteristics as well as reduce the back radiation.

This work presents polarization converting metasurface-
inspired monopole antennas where the via-free metasurfaces
generate dual frequency bands with dual CP characteristics
and also reduce the back-radiation. The uniqueness of the
proposed designs includes its (i) simple and novel geometry,
and (ii) the attainment of various polarization states by suitably
controlling the leading and lagging of the phase of reflected
waves from the metasurface. The paper is divided into the
following sections: Section II describes the working principle
and designs of antennas; Section III discusses the FS and OB
performance; and Section IV presents experimental validation
followed by conclusion.

II. WORKING PRINCIPLE AND DESIGN OF ANTENNAS

The working principle is based on the incident of the z-
polarized wave from the MA on PCMS. The PCMS is operated
in TM1g and TMsy modes that generate dual frequency
bands and reflect a 90° phase-shifted y-polarized wave, as
illustrated in Fig. 1(a), that when combined with the 0° phase
containing z-polarized wave, generates CP. To have a thorough
understanding of the CP mechanism, the time harmonic far-
field electric field in z-direction is formulated as follows:

E = (B2 + Gy Rype!" S 0R00) (1)

Where EY™ and E4™ denote the electric field components
of the up-ward and down-ward directed x-polarized wave radi-
ated from MA, respectively. R, and 0, denote the magnitude
and phase of the cross-polarized reflection coefficient of the
metasurface for the z-polarized wave incidence, respectively.
Thus, by approaching the above principle, the design of
antennas takes place using the following three steps: Step I,
Step II, and Step III. In Step I, a conventional square unit-cell
designated as UC, as depicted in Fig. 1(b), is theoretically
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Fig. 1. (a) Polarization conversion mechanism, (b) Geometry of UC, (c)
Geometry of UC1, (d) Geometry of UC2, (e) Geometry of UCs, (f) Geometry
of UCy4, (g) Reflection phase of UC extracted from equivalent model and
simulation, (h) Dispersion characteristics of UC, UCy, and UC3 (i) Cross-
polarized phase (fy:) curves of optimized unit-cells, and (j) Co-polarized
(Rz2) and cross-polarized (Ry.) magnitude curves of optimized unit-cells.
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Fig. 2. Geometry of (a) MS1, (b) MSa2, (c) MS3, (d) MS4, (e) MA, and (f)
Metasurface (MS) based monopole antennas (MA).

designed to resonate at 3 GHz using the transmission line
approach reported in [19]. First, the dielectric slab inductance
(Lq) and grid capacitance (C,) are calculated as 3.76 nH and
0.83 pF, respectively, for the substrate thickness of 3 mm.
Then, the parameter ‘w’ is determined as nearly 29 mm for
the chosen gap (g) between the unit-cells as 1.5 mm. After
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TABLE I
0y OF OPTIMIZED UNIT-CELLS WITH RESULTED STATE OF POLARIZATION

Unit-cell Oy at Unit-cell Polarization at
2.4 /3.6 GHz | based antenna 2.4 /3.6 GHz

UC, +900 /-900 Ay LHCP/LHCP
UC, -90Y / +90Y Ao RHCP/RHCP
UC3 -909 /-900 A3 RHCP/LHCP
UCy +909 / +900 Ay LHCP/RHCP

that, the theoretically developed UC is simulated using CST
software by taking the felt substrate of ¢, = 1.6 and tan § =
0.044. Fig. 1(g) shows the theoretical and simulated phases of
reflection coefficients, which indicate a good match with each
other with a 0° reflection phase at 3 GHz. To determine the
associated frequency for TM;y and TM2g modes of operation,
the dispersion characteristic is depicted in Fig. 1 (h) for the
2x2 configurations of UC, which is extracted using MATLAB
software by approaching the following reproduced equations
[19]:

ulx 1-2 e AL

Pube 4 /ﬁ,fOTTMlomode 2)
m 2

Bubs _ 1

=1-2BcpAL/7, forTMyymode (3)

™

Bups = cos™ ! 1 — 511592 + 5125 @

259

Where, (,, denotes the propagation constant of the unit cell,
and p, denotes the period along the z-direction. The dispersion
characteristic shows that TMq is generating at 3 GHz and the
TMyo mode is generating at 3.9 GHz.

In Step II, the UC is modified to lower the associated
frequency of operating modes towards the required bands and
to obtain y-polarized reflected wave with phase (6,,,) of £90°.
Since the +90° and -90° in the LB and HB can happen in
four combinations. To attain all of these combinations, four
different polarization converting unit cells UC;, UCs, UCs,
and UCy are optimized from UC as shown in Fig. 1(c), (d),
(e), and (f), respectively. The dimensions of UC; and UCj are
as follows: w =29 mm, g = 1.5 mm, l5; = 18.5 mm, wg = 8
mm, and d = 7.6 mm. The dimensions of UC3 and UC, are as
follows: w =32 mm, g = 1.5 mm, [y = 18 mm, wg =5 mm, [,
= 14 mm, and d = 15 mm. Fig. 1 (i) depicts the cross-polarized
phase curves of all the optimised unit-cells, and their resultant
values at 2.4 GHz and 3.6 GHz are summarised in Table I. An
abrupt jump of phases is seen at nearly 3 GHz in the curve of
UC3 due to the phase wrapping [21]. Fig. 1 (j) depicts the R,
and R, curves of all the optimized unit-cells, revealing the
strong x-to-y polarization convertions in both the bands. The
dispersion characteristics of UC; (=UC2) and UC3 (=UCy)
for their 2x2 configurations are illustrated in Fig. 1(h), which
reveals that the TM¢ and TM2g modes are generated at nearly
2.4 GHz and 3.5 GHz, respectively.

In step-3, UC;, UC,, UC3, and UCy are arranged into 2x2
configuration, which results in the metasurface of MS;, MSs,
MSs3, and MS,, respectively, as shown in Fig. 2 (a-d). Then, to
excites these metasurfaces, a CPW-fed MA is designed using
1.5 mm of felt substrate with ¢, = 1.6 and tan § = 0.044 for
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Fig. 3. Simulated free space (F) and on-body (O) performances (a) Reflection
coefficients, (b) AR, (¢) Gain, and (d) Efficiencies.
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Fig. 4. (a) Geometry of the body-model, and (b) SAR obtained by Aj.
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Fig. 5. Simulated FS (F) and OB (O) LHCP and RHCP in zz and yz-planes
at 2.4 GHz and 3.6 GHz for (a) A1 (b) A2 (c) As, and (d) A4.
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Fig. 6. Surface current distribution on the MA and one of the unit-cell of
MS; at (a) 2.4 GHz, and (b) 3.6 GHz.

TABLE 11
ANTENNA PERFORMANCES
Structure BW Effic- Gain AR-BW SAR
(MHz) iency (dBi) (MHz) in
F/O F/O F/O F/O W/Kg
A1(LB) 530/540 | 0.7/0.7 | 6.3/5.8 70/70 0.06
A1(HB) 620/580 | 0.8/0.8 7.9/8 90/90 0.1
A2(LB) 530/540 | 0.7/0.7 | 6.3/5.8 70/70 0.06
A2(HB) 620/580 | 0.8/0.8 7.9/8 90/90 0.1
A3(LB) 640/660 | 0.7/0.7 | 6.5/6.1 70/70 0.04
A3(HB) 600/590 | 0.8/0.8 | 7.8/7.8 | 100/100 0.06
A4(LB) 640/660 | 0.7/0.7 | 6.5/6.1 70/70 0.04
A4(HB) 600/590 | 0.8/0.8 | 7.8/7.8 | 100/100 0.06
M.A3(LB) | 510/470 NA 6 65 NA
M.A3(HB) | 560/520 NA 7 90 NA

M.:Measured, F: Free-space, O:On body, and NA: Not acceptable.

resonating at 3 GHz, as shown in Fig. 2(e). The dimensions
of MA are as follows: d; = 45 mm, ds = 42 mm, d3 = 4 mm,
ds= 33 mm, ds = 21 mm, dg = 0.4 mm, d7; = 0.32 mm, dg =
18.93 mm, dy = 19.60 mm, and d;g = 3.5 mm. Fig. 2(f) shows
the geometry of the stacking of the MA on the metasurface.
The stacking of the MA on MS;, MSs, MS3, and MS;, is
designated as antenna A, Ao, Az, and A4, respectively.

III. FREE SPACE AND ON-BODY PERFORMANCES

Fig. 3 shows the FS and OB performances of each antenna,
including reflection coefficient (S1;), axial ratio (AR), realized
gain, and radiation efficiency, with summaries of results in
Table II. The OB performances are carried out by placing
all the antennas at a 3 mm distance on a rectangular body
model as shown in Fig. 4 (a). The body model is made
of skin, fat, and muscle layers with the same thickness and
electrical properties as described in [2]. Fig. 4 (b) illustrate
the 10 g standard SAR distributions for A; at 2.45 GHz and
3.5 GHz with 0.1 W of input power. In the same way, the
SAR distributions of the other antennas are evaluated and
summarized in Table II.

In order to determine the behaviour of the polarizations of
the radiated waves from the antennas, the LHCP and RHCP
patterns as shown in Fig. 5 are produced. When the strength
of the RHCP pattern is stronger than the LHCP pattern, it
is considered the RHCP state of polarization and vice-versa
for the LHCP state of polarization. The resultant polarization
states are summarized in Table I. The obtained polarizations
can be validated theoretically by drawing the tip of the electric
field formulated in (1) for the progression of ‘wt’ from 0° to
180° with a fixed value of 0y.. For example, at 2.4 GHz, the
surface current distributions on the MS of A; are parallel with
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TABLE III
COMPARISON OF PROPOSED WORKS WITH PREVIOUS WORKS
Reference Freq. (GHz) BW (%) Gain (dB) | Efficiency | No. of unit-cells Footprints ()\g) Use of Metasurface Polarizations
[12] 3.5/5.8 5/1.4 9.07/7.66 0.83/0.91 4x4 3.06 @ 3.5 GHz MB LP/LP
[13] 2.45/5.5 12/16.3 2.5/0 4 0.4/0.4 4x4 0.87@ 2.45 GHz MB LP/LP
[14] 2.45/5.8 4/12 6.4/7.6 - 3%x3 1.33 @ 2.45GHz MB LP/LP
[15] 1.8/2.45 10.9/5.1 1~2 - 3%3 1.38 @ 1.8 GHz MB LP/LP
[18] 2.45/3.65 15.772.3 4.25/7.35 0.97/0.88 3%3 0.53 @ 2.45GHz MB and GD LP/LP
[19] (A2) 2.45/3.5 14.3/12.8 6.4/8.2 0.7/0.84 2%x2 0.38 @ 2.45GHz MB and GD RHCP/LP
[19] (Ag) 2.45/3.5 8.5/23.8 6.1/8.3 0.7/0.85 2%x2 0.38 @ 2.45GHz MB and GD LP/RHCP
[20] (P-I) 3.5/5.8 11.7/9.1 6.6/7.2 0.57/0.6 3%3 0.64 @ 3.5GHz MB and GC LHCP/RHCP
[20] (P-II) 3.5/5.8 11.7/7.2 5.9/6 0.47/0.5 3%3 0.64@3.5GHz MB and GC LHCP/RHCP
Proposed Aj 2.45/3.5 20.5/17.7 6.3/7.9 0.7/0.8 2%x2 0.39 @ 2.45GHz MB, GD and GC LHCP/LHCP
Proposed Ag 2.45/3.5 20.5/17.7 6.3/7.9 0.7/0.8 2%x2 0.39 @ 2.45GHz MB, GD and GC RHCP/RHCP
Proposed Az 2.45/3.5 24/16.8 6.5/7.8 0.7/0.8 2%x2 0.47 @ 2.45GHz MB, GD and GC RHCP/LHCP
Proposed A4 2.45/3.5 24/16.8 6.5/7.8 0.7/0.8 2%x2 0.47 @ 2.45GHz MB, GD and GC LHCP/RHCP
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Fig. 7. (a) The schematic of the fabricated Az, S11 measurement set-up

using the VNA and radiation pattern measurement set-up in side the anechoic
chamber (AC), (b) Measured FS and OB S;;1 with OB measurement set-up in
the insert, (c) Measured FS gain and AR, (d) Measured FS LHCP and RHCP
at 2.45 GHz and 3.5 GHz in the zz and yz plane.

the MA, as shown in Fig. 6(a), indicating that the reflected
and direct components have the same sign [20]. Therefore,
with 0,, = +90°, the tip of the total electric field is rotating
in a clock-wise direction for the phase progression, which
conforms to the LHCP state [22]. At 3.6 GHz, however, the
surface current distributions on the MS are anti-parallel with
the MA, as shown in Fig. 6(b), indicating that the reflected
and direct components have the opposite sign [20]. Therefore,
with 6,,, = -90Y, the tip of the total electric field is still rotating
in a clock-wise direction for the phase progression, which
conforms to the LHCP state [22].

IV. EXPERIMENTAL VALIDATION

One of the proposed structures, As, is fabricated and mea-
sured to validate the simulation results. Fig. 7 (a) illustrates the
schematic of the fabricated structure and its FS measurement
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: number, MB: Minimization of back radiation, GD: Generation of dual-band, GC: Generation of CP, and NA: Not acceptable

set-ups, which include a vector network analyzer (VNA)
for measuring S;; and an anechoic chamber for measuring
radiation pattern. Fig. 7 (b) illustrates the extracted results
of FS and OB reflection coefficients from the VNA. To test
the physical OB performance, the fabricated antenna is placed
on the human chest as shown in the insert of Fig. 7 (b). The
measured FS AR and gains are illustrated in Fig. 7(c). Fig. 7(d)
shows the measured FS LHCP and RHCP patterns at 2.45 GHz
and 3.5 GHz in the xz and yz planes. Table II summarizes all
the measured results, which indicate an excellent match with
the simulation results.

Table III compares the proposed work’s results with the
existing literature using a logical set of criteria such as
impedance bandwidth, polarization, gain, and size, etc. All
of the proposed antennas have better impedance bandwidth
than the existing antennas. They also produce high gains, high
efficiency, and CP characteristics with compact structures.

V. CONCLUSION

This paper investigated four different PCMS based MAs that
are A1, Ao, Az, and A4 to achieve four combination CP states
in dual-bands that cover 2.45 GHz ISM-band and 3.5 GHz
WiMAX-band. The PCMSs are developed by controlling the
leading and lagging of the y-polarized reflected wave’s phase.
A1 generates LHCP and A, generates RHCP in both bands.
On the other hand, A3 generates RHCP in the LB and LHCP
in the HB, whereas A, generates LHCP in the LB and RHCP
in the HB. Each antenna has a wide impedance bandwidth
of more than 540 MHz, a high gain of more than 6.1 dBi, a
high efficiency of more than 0.7, and a low SAR of less than
0.1 W/Kg with unidirectional radiation patterns in both bands,
making them suitable for efficient OFF-body communications.
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