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Abstract—This paper presents a dual-band polarization dependent phase gradient metasurface (PGMS) lens based on phase compensation method. The proposed metasurface (MTS) consists
of a multi-layered unitcell with elliptical structures encircled by a square loop. Owing to the elliptical
shape, the unitcell produces an independent phase control for diﬀerent polarizations of incident wave
at two operating frequencies. The present work is aimed to design a dual-band gain enhancement MTS
lens antenna in the broadside direction at 10 GHz and 12 GHz. The proposed MTS is designed by oneto-one spatial phase mapping with major and minor axes of the elliptical unitcell at 10 and 12 GHz for
x- and y-polarized incident waves, respectively. The performance of the MTS is validated by placing two
linearly polarized patch antennas operating at 10 GHz and 12 GHz at the focal distance. The simulation
and measured results show a gain enhancement of 10 dB in the frequency range of [9.5–10.1] GHz and
[11.6–12.1] GHz for x- and y-polarized waves, respectively.

1. INTRODUCTION
Deep space vehicles and advanced cube satellites for space applications open a new area of research in
antenna systems with low power consumption [1]. Traditional CubeSat consists of phased arrays [2]
and inﬂatable antennas [3] operating at X-band in LEO orbits. However, in deep space missions,
the antenna should have larger gain due to the limited RF power. Recently, JPL has carried out
an extensive work on MTS antennas in developing medium to high gain antennas for CubeSat, i.e.,
MarCO [2], ISARA [4], and OMERA [5]. MTS antennas have the advantage of simple and low cost
with low side lobe level. MTS characteristics are deﬁned by the engineered structure called unitcell and
its spatial arrangement. A majority of the MTS based devices and antennas operate on the principle
of resonating and non-resonating characteristics of the unitcell [6–9]. The resonance characteristics of
unitcells have been widely used for sensing [10] and stealth applications [11]. However, non-resonating
characteristics have found applications in beam controlling [12–17] and RCS reduction [18]. The nonresonance characteristics on the MTS with gradient phase proﬁles result in PGMS [13, 19]. The
PGMSs with linear [9] and nonlinear [17, 20] phase variations are proposed to control the reﬂected
or transmitted wave characteristics. Another major application of PGMS is to collimate the beam in
a given direction to realize high gain antennas [15, 21]. Several PGMS based high gain antennas are
proposed in [14, 17, 20, 22].
However, much of the available literature concentrates on the design of PGMS antenna for reﬂecting
and transmitting arrays for a single frequency operation. Multi-band MTS has attracted an enormous
attention from the scientiﬁc community for improving the communication quality and integrating several
applications into a single device, thereby, reducing the cost. Multi-band resonator [22, 23] and multimode MTS [24–29] are proposed to realize multi-band MTS characteristics. However, the design of
a multi-band PGMS based high gain antenna poses a huge challenge. Maintaining a controllable
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and independent phase at diﬀerent frequencies is a challenging task due to strong coupling between
the elements. A very limited literature dealing with dual-band high gain PGMS antennas has been
reported [22, 30–32].
A dual and triple band circularly polarized reﬂect array is presented in [22] by designing a super
cell consisting of diﬀerent unitcells operating at multiple bands. However, for linearly polarized (LP)
MTS lens, it is diﬃcult to realize a super cell containing multiple elements operating in diﬀerent bands
due to the strong coupling between the unitcell elements. Alternatively, the LP-transmitted wave can
be controlled by the polarization of the incident wave [26]. Using the polarization dependency, dualband lenses in X/Ku band [30, 31] and C/X band [32] have been designed and analyzed. The present
paper aims to design a dual-band high gain PGMS antenna at X-band. Most of the earlier literature
deals with the rectangular patches or cross-slots to achieve dual band operations. This paper presents a
complete study on a novel elliptical unitcell in order to improve the lens performance in terms of the gain
enhancement and side lobe level (SLL) reduction. Circular patch MTS has been proposed to achieve high
gain at a single frequency [17]; however, to the best of authors knowledge, the realization of polarizationsensitive dual-band gain enhancement using an elliptical unitcell is not reported in the literature. The
idea is to tune the major and minor axes of the ellipse for x- and y-polarizations to achieve independent
phase controllability at dual bands while maintaining high transmission characteristics. The preliminary
results of this work are presented in [33]. This present paper is organized as follows. The characterization
of the proposed unitcell in terms of transmission parameters is presented in Section 2. The simulated
and measured results of the dual-band MTS lens are presented in Section 3. Finally, the conclusions
are outlined in Section 4.
2. UNITCELL DESIGN AND ANALYSIS
The unit cell consists of an elliptical patch encircled by a square ring printed on an FR4 substrate (r =
4.4) as shown in Figure 1. Each unit cell consists of four identical metallization layers on three-layer
dielectric surfaces sandwiched together to enhance the transmission phase coverage of MTS [17, 34].
The unitcell analysis is carried out in CST Microwave Studio with unit cell boundary conditions along
x- and y-directions. Two orthogonal Floquet modes are used to excite the unitcell.
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Figure 1. Unitcell dimensions (mm) are given as P = 9, w = 0.2, sh = 0.8. (a) Top view. (b) Side
view.
The simulated transmission response of the unit cell (a = 6, b = 6.5) as a function of frequency
is shown in Figure 2(a). It is evident from the ﬁgure that |S21 | is greater than 0.8 in the frequency
range of 8–10 GHz for x-polarized incident wave with a phase variation from −100◦ to −450◦ . It can
also be seen that |S21 | drops signiﬁcantly beyond 10.1 GHz for x-polarized incident wave, hence, the
unitcell behaves like a reﬂector beyond 10.1 GHz. Similar behavior has been observed for y-polarized
incident wave in the frequency range of 10–12 GHz. The co-polarized reﬂection coeﬃcient is minimum
in both the cases till 10.1 GHz and 12.2 GHz for x- and y-polarizations, respectively. Hence, only copolarized transmission coeﬃcients are considered in the design process. Figure 2(b) shows the variation
of transmission response as a function of angle of incidence. It can be seen that the unitcell oﬀers stable
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Figure 2. Simulation results: transmission response. (a) Variation of frequency. (b) Variation of
incidence angle (a = 8 mm, b = 6.5 mm).
transmission characteristics for diﬀerent angles of incidence (θ) at the desired frequency of operation,
i.e., 10 and 12 GHz.
It is desired to achieve a 360◦ phase variation at the design frequency for proper operation of the
PGMS lens. In order to cover a full 360◦ phase variation, the design parameters a is varied from 4 to
8 mm and b varied from 2 to 6.5 mm with an interval of 0.02 mm with ﬁxed periodicity (P = 9 mm)
of the unitcell. Figure 3(a) shows the transmission characteristics by keeping b = 6.5 mm and varying
a at 10 GHz for x-polarization and 12 GHz for y-polarization. It can be seen that for x-polarization,
|S21 | ≥ 0.65 with phase varying from −40◦ to −380◦ . Hence, the unitcell oﬀers a stable amplitude
response with a phase span of 340◦ for x-polarized incident wave at 10 GHz. The eﬀects of a variation
for y-polarization are minimal at 12 GHz, and a stable amplitude response is observed with maximum
phase deviation of 60◦ . Figure 3(b) shows a similar behavior by varying b and keeping a = 8 mm for
y-polarization at 12 GHz. Again, a 380◦ phase coverage is realized with a high transmission coeﬃcient.
It is observed that the transmission response gets aﬀected with increasing angle of incidence for all the
(a, b). However, the transmission coeﬃcient remains relatively constant for the angle of incidence less
than 60◦ . A database of the transmission characteristics for all the variations of unitcell parameters is
created to realize the required phase for PGMS design.

(a)
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Figure 3. Simulation results. (a) Variation of a at 10 GHz with b = 6.5 mm. (b) Variation of b at
12 GHz with a = 8 mm.

144

Vinod Kumar and Ghosh

3. ANISOTROPIC PGMS DESIGN FOR GAIN ENHANCEMENT
The gain enhancement is achieved by collimating the beam in broadside direction using the phase
compensation method. Figure 4(a) shows the arrangement of the MTS and the antenna. At a given
frequency and focal distance, the phase on the PGMS is given by [34],
→
r
· û) + ψ
(1)
ψ = k(R − −
mn

mn

mn

0

where ψmn is the phase at the (m, n)th position, k the free space wave number, Rmn the distance
→
between the feed position and the (m, n)th element, −
r mn the position vector of (m, n)th element, and
θe the angle of incidence. The parameter ψ0 is the phase at the MTS center. Hence, ψmn indicates the
relative phase rather than the absolute phase on the MTS [34]. In this analysis, an MTS of 15 × 15
unitcells with ψ0 = 0◦ is considered. The phase on the MTS is a function of feed location (F) and beam
direction û. The phase proﬁles required for 10 GHz and 12 GHz for a given focal point are calculated
based on Eq. (1). The required phase proﬁle is matched with the unitcell database for x- and y-polarized
incident waves.
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Figure 4. Gain enhancement using phase compensation method. (a) MTS and antenna alignment.
(b) Geometry of the feed (patch antenna).
For the analysis of the MTS, a dual-band antenna with a broadside radiation pattern having
orthogonal polarization purity needs to be placed at the focal point for simultaneous gain enhancement
in two frequency bands. A dual-band patch antenna with orthogonal polarization may be designed to
demonstrate the performance of the MTS lens. However, the primary concern of the current study is to
realize dual-band high gain MTS, and for simplicity, we have demonstrated the performance of MTS by
two independent patch antennas operating at two operating frequencies. Hence, two linearly polarized
patch antennas operating at 10 GHz and 12 GHz are considered and labeled as antenna-1 and antenna-2,
respectively. Antenna-1 and antenna-2 are placed at focal point (F) with radiating edge aligned along
x- and y-directions, respectively. The patch antenna is printed on an FR4 substrate having a thickness
of 1.6 mm with tan δ = 0.004 and shown in Figure 4(b). The design parameters of antenna-1 and
antenna-2 are reported in Table 1.
Table 1. Dimensions of the patch antennas (all the dimensions are in mm).
Antenna
Antenna-1
Antenna-2

Frequency
10 GHz
12 GHz

Sx
15
15

Sy
15
15

Px
6.25
6

Py
7
6

Fp
1.6
1.4
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Figures 5(a) and 5(b) show the calculated phase distributions at 10 GHz and 12 GHz, respectively.
The MTS is designed with one-to-one phase mapping of a and b from the database at 10 GHz and
12 GHz, respectively. Figure 6 shows the designed and fabricated MTSs. As the patch antenna is not
an ideal point source and MTS not a 2D sheet, the focal point is not exactly located at 30 mm from the
center of MTS. As the theoretical analysis suggests that the gain is maximum at the focal distance, the
feed position is varied from 30 mm to 40 mm with an interval of 2 mm. An optimal distance of 35 mm is
found for the maximum gain, hence, 35 mm focal distance is in all the simulations. Therefore, the ratio
of focal distance to the dimension (F/D) is 0.19.
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Figure 5. MTS design: Phase proﬁle (a) at 10 GHz, (b) at 12 GHz.
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Figure 6. MTS lens antenna. (a) Designed PGMS. (b) Fabricated PGMS lens antenna.
Reﬂection coeﬃcients for the two diﬀerent antennas with MTS are shown in Figure 7(a). The black
and blue curves represent the simulated and measured responses of antenna-1 with MTS for x-polarized
incident wave. Similarly, red and green curves show the simulated and measured results of antenna-2
with MTS for y-polarized incident wave. It is observed that the antenna reﬂection coeﬃcient is less
than −15 dB at both the operating frequencies. A slight shift in the S11 response is observed between
the simulated and measured results due to the fabrication tolerance of antenna and MTS.
Figure 7(b) shows the simulated and measured gains of the antenna with and without MTS. In the
ﬁgure, solid lines are used to represent the simulated results, and dashed lines are used to represent the
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Figure 7. Simulated and measured results with and without MTS. (a) Reﬂection coeﬃcient. (b) Gain
variation with respect to frequency (Simulation and measured results are represented in solid and dash
lines, respectively).
measured results. The black and blue lines represent the gains of patch antennas without the MTS.
The gains of antenna-1 and antenna-2 with MTS are depicted by red and green curves, respectively. It
is evident from the ﬁgure that an average gain enhancement of 10 dB is observed in the frequency range
of [9.5–10.1] GHz and [11.6–12.1] GHz, respectively. Although the MTS and antennas are designed at
10 and 12 GHz, it is found that the maximum gain is obtained at 9.8 GHz and 11.8 GHz. Hence, the
radiation characteristics of the MTS antenna are presented for these frequencies. The measured peak
gain of the PGMS lens antennas is around 11.5 dB relative to the feed at 9.8 GHz and 11.8 GHz. The
simulated and measured radiation patterns at 9.8 GHz and 11.8 GHz in φ = 0 and φ = 90◦ plane are

(a)

(b)

Figure 8. Simulated and measured radiation pattern (a) at 9.8 GHz, (b) 11.8 GHz.
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shown in Figure 8. At 9.8 GHz, the simulated side-lobe-level (SLL) is −16 dB in both φ = 0◦ and
φ = 90◦ planes with a front to back ratio −25 dB, whereas the measured SLL is given by −18 dB and
−19 dB in φ = 0◦ and φ = 90◦ planes, respectively. At 11.8 GHz, simulated SLL is given by −19 dB
in φ = 0◦ plane and −18 dB in φ = 90◦ plane with front to back ratio of −15 dB, as compared to the
measured SLL of −16 and −18 dB SLL in φ = 0◦ and φ = 90◦ planes, respectively. The simulated
eﬃciency of the antenna is found to be nearly 60% at both the operating frequencies. The typical
radiation characteristics of the antenna with MTS are reported in Table 2. A comparison of the present
work with the earlier works on multi-band lens antennas is tabulated in Table 3.
Table 2. Gain enhancement of the MTS.
Property
Frequency (GHz)
Directivity (dB)
θpeak (deg)
SLL (dB)
Beam width (deg)
Eﬃciency(%)

x-polarization
9.8
17.7
0
18
13.2
60

y-polarization
11.8
20.1
0
20.1
11.4
61

Table 3. Performance comparison table with other multi-band lens antennas.

MTS Type
Center frequency (GHz)
Gain Enhancement (dB)
F/D ratio
SLL (dB)
Unitcell number
Dimension
(λ is the lowest frequency)

[22]

[30]

[31]

[32]

R (CP)
7.1/8.4/32
13.4/14.1/23
0.9
-/-/-

T/T
12.5/17.5
10/8
1
12/11.9
169

T/T
10/14
8.8/8.2
0.25
-/221

T/T
6.5/10.5
13.1/9.2
0.25
15.3/15.3
169

Proposed
structure
T/T
10/12
11.5/11.5
0.19
18/18
225

13.4λ × 13.4λ 9.2λ × 9.2λ 6.2λ × 7.3λ 2.8λ × 2.8λ 4.5λ × 4.5λ

T = Transmission type MTS; R = Reﬂection type MTS; F/D = ratio of focal length (F ) to the
dimension (D); LP/CP = Linear/Circular Polarization

4. CONCLUSION
A dual-band high gain MTS lens antenna has been designed and analyzed in the X-band. The MTS
consists of 15 × 15 unitcells occupying 135 × 135 mm2 having a focal point at 30 mm from the center
of the MTS. The high transmittance and compensated phase proﬁle give an average gain enhancement
of 10 dB for all MTSs in two diﬀerent frequency regions. The bandwidth of the system is limited by
the properties of narrow band antenna and unitcells. The proposed antenna oﬀers dual-band gain
enhancement with polarization purity, lower SLL, and low F/D ratio. The performance of the PGMS
remains same irrespective of feeding antenna; however, the polarization of the incident wave and the
feed position need to be taken care for achieving the gain enhancement with low SLL. Thus, this work
can eﬃciently ﬁt into the development of multi-functional antennas using polarization dependent MTS.
The beam direction can also be changed simultaneously with the present approach by recalculating the
phase proﬁle on the MTS.
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