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Metasurfaces have enabled unprecedented control over electromagnetic waves, providing new
opportunities in areas such as wireless communications, energy harvesting, imaging, and cloaking.
Despite significant progress in this area, most metasurface designs provide static functionalities. Here,
we theoretically propose and experimentally validate a transparent metasurface with dynamically tunable
properties. Notably, we present an electronically tunable metasurface that is capable of rotating the
polarization of an arbitrarily polarized incident wave, without changing its axial ratio. The designed
polarization rotator consists of a tunable birefringent structure sandwiched between two �45° rotated
metasurface-based quarter-wave plates. The birefringent structure is a bandpass metasurface which relies
on integrated varactor diodes for tunability. Through a simple biasing mechanism, different voltages
are applied to the diodes to rotate the polarization of a transmitted wave. The proposed idea may find
application in various areas where dynamic polarization control is required.
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I. INTRODUCTION

In recent years, a great deal of attention has been devoted
to tailoring electromagnetic wave fronts using metasurfa-
ces. Metasurfaces are surfaces textured at a subwavelength
scale to achieve tailored electromagnetic responses. The
reduced dimensionality of metasurfaces, compared to their
three-dimensional counterparts, metamaterials, makes them
less lossy and easily integrable.
To date, metasurfaces with various functionalities have

been introduced andpractically realized [1–6]. These electri-
cally thin layers have found applications in areas such as
microwave and millimeter-wave antennas, flat optical com-
ponents, energy harvesting, and terahertz devices. However,
most reported metasurfaces have static functionalities that
dependontheir fixedgeometricalparameters. Inotherwords,
their electric, magnetic, and magnetoelectric responses are
fixed by design, and cannot be changed after fabrication.
From a practical perspective, dynamic control over a

metasurface’s response is highly desired. Tunable meta-
surfaces can offer a multifunctional platform that dynami-
cally manipulates electromagnetic wave fronts. There have
been various developments in the emerging area of tunable

metasurfaces utilizing liquid crystals [7,8], phase transition
materials [9], nonlinear optical materials [10,11], voltage-
controlled doping [12], and mechanical tuning [13,14].
Recently, dynamically tuning the scattering characteristics
of metasurfaces has been the subject of several studies
which have resulted in metasurfaces for tunable beam
steering, absorption, and change of polarization state
[15–22]. However, most of the reported designs provide
limited tunability, or they achieve the tunability at the cost
of reduced operational bandwidth and overall efficiency.
Furthermore, most of the reported tunable metasurfaces
provide their tunable functionalities in reflection [15–19].
Achieving tunable scattering characteristics in transmission
is more challenging since in ideal, tunable transmissive
metasurfaces, reflection should be zero over the entire
range of tunability. Although a few attempts have
been made to design tunable transmissive metasurfaces
[13,14,20–22], the reported structures provide limited
tunability and performance. Another challenging issue
common to most of these tunable metasurfaces is the
limitations imposed by biasing networks on their perfor-
mance and realization. Designing biasing networks that do
not interfere with the wave-front-shaping functionalities
of these tunable metasurfaces is of significant importance.
In tunable reflective metasurfaces, the biasing network is
typically located behind a ground plane to minimize its
interaction with incoming wave fronts. However, in tunable
transmissive metasurfaces, there is no ground plane to
isolate the biasing network from the rest of the structure.
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Finally, tunable metasurfaces require controllable elements.
For example, at microwave frequencies, tunable metasur-
face designs have relied heavily on varactor diodes
[23–25], which introduce added losses.
Here, we develop a compact, configurable metasurface,

functioning as a transmissive electronically tunable polari-
zation rotator, with a relatively high efficiency and large
tunability range. In the reported design, not only does the
biasing network not disturb the microwave performance
of the metasurface, but it serves as an inductive element
essential to the metasurface’s functionality. Although, a
metasurface is designed that provides tunable polarization
control in transmission, the design principles outlined can
enable full control over the transmitted wave, both tunable
polarization and beam steering. In other words, with a more
sophisticated biasing network, the designed metasurface
could provide dynamic control over the direction and
polarization of the transmitted wave.
Polarization control is one of the most fundamental

functionalities that can be offered by metasurfaces. The
proposed structure is capable of dynamically varying the
tilt angle of the transmitted linearly or, in general, ellip-
tically polarized waves by an arbitrary angle (rotation angle
θr) through a simple biasing system. In addition to rotating
the polarization of the input wave, the proposed structure
also serves as a tunable phase shifter for circularly
polarized waves. Compared to static designs [26–29],
the reported design provides a high degree of freedom,
while maintaining a reasonable efficiency and bandwidth
performance, given the number of impedance sheets and
active elements integrated. The tunability offered by the
design may provide new opportunities in application areas
such as radar detection, polarimetric imaging, and milli-
meter-wave communication system.

II. VARIABLE POLARIZATION ROTATOR:
JONES MATRIX ANALYSIS

The proposed polarization rotator consists of a tunable
birefringent structure (BFS) placed between two quarter-
wave plates (QWPs) [29]. The geometry of the system is
shown in Fig. 1. Let us begin by considering the Jones
matrices for the QWPs and tunable BFS separately. The
QWPs are rotatedþ45° and −45° with respect to the optical
axis of the BFS. For an ideal QWP, the phase delays for two
orthogonal polarizations differ by 90°, and the transmit-
tance for each polarization is 1. Thus, the Jones matrix of a
generic QWP, aligned with the x-y coordinate axis, is

Q ¼ ejα
�
1 0

0 ejπ=2

�
; ð1Þ

where α is a phase delay common to both optical axes of the
QWP. If an optical device is rotated counterclockwise by an
angle θ about the origin, the Jones matrix for the rotated
device becomes

Qθ ¼ RðθÞQRTðθÞ; ð2Þ

where RðθÞ is the rotation matrix:

RðθÞ ¼
�
cos θ −sin θ
sin θ cos θ

�
: ð3Þ

Thus, the Jones matrices for the þ45° and −45° rotated
QWPs are

Qþ45° ¼ Rðþ45°ÞQRTðþ45°Þ

¼ ejα
" 1ffiffi

2
p − 1ffiffi

2
p

1ffiffi
2

p 1ffiffi
2

p

#�
1 0
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�" 1ffiffi
2
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2
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− 1ffiffi
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1 −j
−j 1

�
; ð4Þ

Q−45° ¼ Rð−45°ÞQRTð−45°Þ

¼ ejα
" 1ffiffi

2
p 1ffiffi
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�
: ð5Þ

The BFS is a transmissive metasurface with independently
tunable phase shift for both x and y polarizations. The Jones
matrix for the BFS can be expressed as

FIG. 1. Topology of the polarization rotator. The polarization
rotator consists of a birefringent structure (BFS) with rotated
quarter-wave plates (þ45° and −45° rotated) on either side. The
BFS consists of two tunable birefrigent boards (Board1 and
Board2). The distances between the boards are l1 ¼ 1.66 mm
and l2 ¼ 3.26 mm.
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B ¼ ejβ
�
1 0

0 ejδ

�
: ð6Þ

Here, β is the common transmission phase, and δ is the
transmission phase difference between the two polariza-
tions. The Jones matrix of the entire polarization rotator is
simply a product of the Jones matrices of the constitutive
elements:

P ¼ Q−45°BQþ45°

¼ ej½2αþðπ=2Þþβþðδ=2Þ�
"
cosðδ

2
Þ −sinðδ

2
Þ

sinðδ
2
Þ cosðδ

2
Þ

#
: ð7Þ

Comparing the Jones matrix of the polarization rotator
with the rotation matrix shown in Eq. (3), it is clear that the
proposed device can rotate the polarization of a wave by a
rotation angle θr ¼ ðδ=2Þ. The phase difference δ will be
tuned through a bias voltage applied to the BFS. Ideally, we
would like δ to have a tunable range of 360°. This would
allow θr to be tuned over a range of 180°. Note that if β and
δ can be independently tuned for each pixel, the proposed
polarization rotator could potentially provide simultaneous
wave front shaping and global polarization rotation.

III. DESIGN AND SIMULATION OF A TUNABLE
POLARIZATION ROTATOR

In this section, we propose and describe metasurface
designs for the QWPs and BFS that comprise the polari-
zation rotator. Furthermore, numerical simulation results
for the QWPs, BFS, as well as the entire polarization rotator
are reported.

A. QWPs: Design and numerical simulation results

The design of the QWP is based on that reported in
Ref. [30]. The topology of the designed QWP is shown in
Fig. 2(a). The design consists of three anisotropic admit-
tance sheets realized as patterned metallic claddings. In
order to achieve full transmission for both polarizations
(i.e., x̂ and ŷ) at normal incidence, the two outer sheets
should be identical; the QWP should be symmetric. The
sheet admittance of the outer and inner sheets can be
expressed as YS1 and YS2:

YS1 ¼
�
Yxx
s1 0

0 Yyy
s1

�
;

YS2 ¼
�
Yxx
s2 0

0 Yyy
s2

�
: ð8Þ

Here, Yxx
s1 and Yxx

s2 represent the outer and inner sheet
admittances for x-polarized plane waves, and Yyy

s1 and Yyy
s2

represent the outer and inner sheet admittances for
y-polarized plane waves. The sheet admittances can be
determined by stipulating a 90° phase difference between
the x and y polarization, near unity transmission amplitude
for both polarizations, and a common phase delay α. For the
designed QWP, the substrates are chosen to be Rogers
4003C (ϵr ¼ 3.55 and tan δ ¼ 0.0027), with a thickness of
d ¼ 1.524 mm each. For a given common phase delay of α
at the operating frequency of 10 GHz, the admittances can
be calculated (see Appendix A for details.). The metallic
patterns of the inner and outer sheets of the QWP are
designed to realize the calculated admittance values of YS1
and YS2. The unit cell dimensions are shown in Fig. 2(b).
The commercial electromagnetic solver ANSYS HFSS was

used to design the metallic patterns and simulate the
performance of the metasurfaces. For an incident field that
is linearly polarized in the ðx̂� ŷÞ= ffiffiffi

2
p

direction, the
simulation results for the designed QWP are shown in
Fig. 3. Note that, throughout the paper, the efficiency is
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FIG. 2. (a) Topology of the QWP. The design uses Rogers
4003C substrates (εr ¼ 3.55 and tan δ ¼ 0.0027) with a thickness
of d ¼ 1.524 mm. (b) Metallic patterns on the outer (left) and
inner (right) sheets of the designed QWP.
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FIG. 3. Simulation results of (a) efficiency and (b) axial ratio of
the designed QWP.
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defined as the ratio of the transmitted power to the incident
power. For instance, the efficiency is ðjSxx21 þ Sxy21j2 þ jSyy21 þ
Syx21j2Þ=2 for an ðx̂� ŷÞ= ffiffiffi

2
p

polarized incident wave (see
Fig. 3). For an x-polarized incident wave, the efficiency
is defined as ðjSxx21j2 þ jSyx21j2Þ. For a y-polarized incident
wave, the efficiency is defined as ðjSxy21j2 þ jSyy21j2Þ.
Theoretically, the QWP transforms a linearly polarized
incident wave to a circularly polarized transmitted wave.
Awave is considered circularly polarized if its axial ratio is
less than 3 dB. Figure 3(b) shows that the designed QWP
has a 3 dB axial ratio bandwidth of approximately 20%.
The efficiency of the QWP is higher than −3 dB over the
entire X band (8–12 GHz).

B. Birefringent structure: Design and numerical
simulation results

In the design of the BFS, the intent is to realize a
broadband transmissive metasurface with a tunable phase
delay for both x and y polarizations. The BFS consists of
two cascaded birefringent boards [i.e., Board1 and Board2
shown in Fig. 4(a)], rotated 90° with respect to each other.
Each board operates as a tunable phase shifter for the
electric field polarization directed along the varactor diodes
(MAVR-000120-1411 fromMACOM [31]). We refer to the
polarization along the diodes as the “parallel polarization,”
and refer to the orthogonal polarization as “perpendicular

polarization.” For the parallel polarization, the birefringent
board maintains a high transmission across the variable
phase delay range. For the perpendicular polarization, the
birefringent board still maintains a high transmission while
maintaining a fixed phase delay.
A circuit model of the phase shifter for the parallel

polarization is shown in Fig. 5(a). It consists of a quarter
wavelength of free-space transmission line separating
two shunt LC resonators. The resonant frequency of the
resonators is 10 GHz. The quarter-wavelength line converts
the second shunt resonant circuit, to a series resonant
circuit, resulting in the equivalent circuit model shown in
Fig. 5(b). The effective capacitance Cα and inductance Lα

can be easily calculated as (see Ref. [32])

Lα ¼ CZ2
0; Cα ¼

L
Z2
0

; ð9Þ

where Z0 ¼ 377 Ω is the free-space wave impedance. The
phase shifter shown in Fig. 5(b) provides a relatively linear
phase variation and an impedance match over a wide
frequency range [33]. An impedance match is also main-
tained over a wide range of capacitance C values. This can
be easily shown by calculating the circuit’s image imped-
ance and wave number [32].
However, the problem with the circuit shown in

Fig. 5(a) is that it is bulky, given that it employs a quarter

FIG. 4. (a) Topology of the BFS consisting of two birefringent
boards rotated 90° with respect to each other (l2 ¼ 3.26 mm).
(b) Each birefringent board consists of three patterned metal
sheets. The sheets are cascaded with substrates of overall thick-
ness of d ¼ 3.15 mm.

FIG. 5. (a) A tunable, transmission-line phase shifter that
maintains an impedance match (low insertion loss) over its
tunable range. (b) Equivalent circuit of the phase shifter shown
in Fig. 5(a). (c) A tunable phase shifter employing an impedance
inverter instead of a quarter-wavelength transmission line.
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wavelength of free-space transmission line. For miniaturi-
zation purposes, the quarter-wavelength, free-space trans-
mission line was replaced with the inverter design shown in
Fig. 5(c). The ABCD (transmission) matrix of a quarter-
wavelength, free-space transmission line is

�
A B

C D

�
free space

¼
�

0 −jZ0

−j 1
Z0

0

�
: ð10Þ

On the other hand, the ABCD matrix of the inverter [see
Fig. 5(c)] can be written as

�
A B

C D

�
inverter

¼
�

1 0

jωC1 1

�� cos βd
2

jZd sin
βd
2

j 1
Zd
sin βd

2
cos βd

2

�

×

�
1 0

jωC2 1

�� cos βd
2

jZd sin
βd
2

j 1
Zd
sin βd

2
cos βd

2

�

×

�
1 0

jωC1 1

�
: ð11Þ

Setting the two ABCD matrices above equal to each other,
the following expressions for C1 and C2 can be obtained:

C1 ¼
cos βd − 1

2
ZdωC2 sin βd

Zdω sin 2βd − Z2
dω

2C2 sin2
βd
2

; ð12Þ

C2 ¼
Z0 þ Zd sin βd

Z2
dω sin2 βd

2

: ð13Þ

In the design of the BFS, an RT/Duroid 5880 substrate
(εr ¼ 2.2, tan δ ¼ 0.0009, and d=2 ¼ 1.575 mm) from
Rogers Corporation was used. Using Eqs. (12) and (13),
the values of C1 and C2 were calculated to be C1 ¼
0.160 pF and C2 ¼ 0.656 pF. By replacing the quarter-
wavelength transmission line with the designed inverter, the
thickness of the birefringent board was reduced from 7.5 to
3.15 mm. This miniaturization came at the cost of a slight
increase in conductor losses and reduced bandwidth.
The circuit model shown in Fig. 5(c) can be realized by

three patterned metallic sheets, as shown in Fig. 4(b). The
outer sheets of each board have the same metallic pattern,
and are loaded with varactor diodes, as shown in Fig. 6(a).
In order to simplify the design, the capacitance C1 was
incorporated into the capacitance of the varactors. For the
parallel polarization, the varactor loaded strips and induc-
tive wires provide capacitive and inductive responses,
respectively. As a result, the outer sheet of each unit cell
behaves as a shunt LC resonator. The inner sheet of each
board provides the required capacitance C2 for the parallel
polarization, as shown in Fig. 6(b). The sheet impedance of

the inner sheet was calculated to be Zk
inner ¼ ½1=ðjωC2Þ� ¼

−j24.23 Ω, where the superscript “k” refers to the parallel
polarization.

Several considerations were taken into account when
designing the outer sheet. The inductive lines, in addition to
providing the required inductive response for the meta-
surface’s microwave performance, serve as a dc voltage
bias network for the varactor diodes. The width of the
inductive lines was chosen to provide the highest achiev-
able inductance value for L, given the fabrication limita-
tions. The parallel LC circuit shown in Fig. 5(a) has a Q
factor that decreases with increasing values of L, for a fixed
resonant frequency. Thus, it exhibits the widest possible
bandwidth given the fabrication constraints. Varactor
diodes (MAVR-000120-141) were chosen to provide the
required capacitance range. The SPICE model of the varactor
as well as its capacitance and resistance performances are
provided in its data sheet [31]. An antiseries varactor pair
was used for parallel biasing the variable capacitor. In
addition, the antiseries configuration provides second and
third harmonic suppression, and as a result reduces dis-
tortion [34]. Note that the unit cell size used for the
birefringent board is 8 × 10 mm2 (0.27λ × 0.33λ), which
is slightly larger than those typically used in metasurface
designs (approximately 0.1λ). This unit cell size was
chosen to reduce the required number of varactor diodes.
For the perpendicular polarization, the impedance of

the outer sheet was extracted from simulation for the unit
cell dimensions shown in Fig. 6(a): Z⊥

outer ¼ −j238.01 Ω,
where the superscript “⊥” refers to the perpendicular
polarization. The ABCD matrix of the birefringent board
for the perpendicular polarization can be calculated as

�
A B

C D

�
¼

�
1 0

1
Z⊥
outer

1

�� cos βd
2

jZd sin
βd
2

j 1
Zd
sin βd

2
cos βd

2

�

×

� 1 0

1
Z⊥
inner

1

�� cos βd
2

jZd sin
βd
2

j 1
Zd
sin βd

2
cos βd

2

�

×
�

1 0

1
Z⊥
outer

1

�
: ð14Þ

The transmission coefficient of the birefringent board for
the perpendicular polarization reads

10 mm

5.8 mm

0.2 mm

0.1 mm

8 mm1 mm

0.2 mm

Biasing 
voltages

10 mm

0.3 mm

0.12 mm

8 mm 0.4 mm

0.3 mm

FIG. 6. Dimensions of unit cells of the birefringent board.
(a) Outer sheet and (b) inner sheet patterns.
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S⊥21 ¼
2

Aþ B
η0
þ Cη0 þD

: ð15Þ

Setting jS⊥21j ¼ 1, the impedance of the inner sheet for the
perpendicular polarization was obtained: Z⊥

inner ¼ j89.89Ω.
So far, we have determined the sheet impedances of the

inner sheet for both polarizations. The metallic patterns
of the inner sheet were designed to realize these sheet
impedances [see Fig. 6(b)]. Interdigitated metallic patterns
were designed for the parallel polarization and thin metal
traces for the perpendicular polarization to provide the
required large capacitance and large inductance, respec-
tively. Once the metallic patterns were determined, the
entire cascaded birefringent board was simulated, and the
dimensions were slightly adjusted to compensate for near-
field coupling.
Simulation results demonstrating the tunability of the

birefringent board are given in Fig. 7. In the ANSYS HFSS

simulations, each varactor diode was modeled as a lumped
capacitance in series with a resistance. The varactor capaci-
tance and resistance characteristic used in the simulation is
given in Table I. The characteristic was extracted from its
SPICE model [31] simulated at 10 GHz. The plots show that
the transmission amplitude for the perpendicular polariza-
tion for all diode capacitances is around jS⊥21j ¼ −0.36 dB.
The transmission amplitude for the parallel polarization
remains above −3 dB at the operating frequency (10 GHz),

as the capacitance of the diodes is varied between 0.18
and 0.30 pF. At the operating frequency, the maximum

transmission amplitude (jSk21j ¼ −0.91 dB) for the parallel
polarization occurs at Cv ¼ 0.22 pF. The transmission
phase for this capacitance range can be varied from
−303.2° to −181.8°, providing a maximum phase range
of 121.4° for the parallel polarization. Thus, the phase
difference between the two polarizations of the BFS (with
Board1 and Board2 cascaded together) can be varied from
δ ¼ −121.4° to δ ¼ 121.4°.
In addition, for the parallel polarization, the extracted

circuit model with detailed component values of the
designed birefringent board is shown in Appendix B. The
frequency response of the circuit model and the full-wave
simulation results of the birefringent board agree closely.

C. Polarization rotator (cascaded structure):
Numerical simulation results

As shown in Fig. 1, the polarization rotator is a cascaded
structure consisting of an electrically tunable BFS and two
�45° rotated QWPs. Based on the simulation results of the
QWPs and birefringent boards presented in the previous
sections, the simulated performance of the entire polari-
zation rotator can be obtained by cascading the simulation
results of all its constitutive components. It should be noted
that near-field coupling effects between different boards are
neglected in the simulation.
The rotation angle θr of the polarization rotator can be

tuned with the bias voltage, which controls the birefrin-
gence of the BFS. We define the varactor capacitances in
the x and y directions as Cx and Cy, respectively. Based
on the configuration shown in Fig. 1, Cy is the varactor
capacitance of Board1 and Cx the varactor capacitance of
Board2. The capacitances, Cx and Cy, can vary from 0.18 to
0.30 pF. The polarization rotator was excited with linearly
polarized waves in the x and y directions. The simulated
rotation angle θr versus varactor capacitance is shown in
Tables II and III for x-polarized and y-polarized incident
waves, respectively. A comparison of Tables II and III
shows that, for the same Cx and Cy combination, the values
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8 9 10 11 12
Frequency (GHz)

-500

-400

-300

-200

-100
Parallel polarizaton

8 9 10 11 12

Frequency (GHz)

-30

-20

-10

-3
0

Perpendicular polarizaton

8 9 10 11 12

Frequency (GHz)

-400

-300

-200
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FIG. 7. Simulated transmission response of the birefringent
board. (a) Transmission amplitude for the parallel polarization.
(b) Transmission phase for the parallel polarization. (c) Trans-
mission amplitude for the perpendicular polarization. (d) Trans-
mission phase in the perpendicular polarization.

TABLE I. Varactor (MAVR-000120-1411) capacitance and
resistance verses reverse bias voltage, extracted from the SPICE

model.

Reverse bias
voltage (V)

Varactor
capacitance (pF)

Varactor
resistance (Ω)

5.9 0.30 0.25
6.5 0.28 0.22
7.4 0.26 0.19
8.3 0.24 0.16
9.6 0.22 0.12
11.6 0.20 0.08
14.7 0.18 0.04
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of θr at 10 GHz are very close for x- and y-polarized
incident waves. The simulated frequency performance of
the polarization rotator for x- and y-polarized incident
waves is shown in Fig. 8. Cases are shown where the

varactor capacitances on the two birefringent boards differ
the most, i.e., (Cx ¼ 0.18 pF, Cy ¼ 0.30 pF) and (Cx ¼
0.30 pF, Cy ¼ 0.18 pF). In Fig. 8, we see close agreement
between the simulation results for x- and y-polarized
incident waves around the operating frequency. Given that
the polarization rotator can rotate both x- and y-polarized
incident waves with very similar θr, it is capable of rotating
the polarization of arbitrarily polarized incident waves.
Hereafter, for the sake of brevity, the simulation and
measurement results of the polarization rotator are reported
only for y-polarized incident waves.
A wave will be considered linearly polarized if its axial

ratio is above 10 dB. At the operating frequency of 10 GHz,
Table III shows that the structure is capable of providing
rotation angles ranging from θr ¼ −69.27° to θr ¼ 59.23°,
resulting in 128.5° of tunable rotation angle.
A summary of the polarization rotator’s simulated

performance is given in Table IV. The results presented
in Table IV are at the operating frequency of 10 GHz. Note
that the simulated rotation angle θr range is larger than what
is theoretically predicted by the BFS δ range, due to slight
differences between the simulated and theoretical perfor-
mances of the QWP and BFS at 10 GHz.

IV. TUNABLE METASURFACE-BASED
POLARIZATION ROTATOR: FABRICATION

AND MEASUREMENT

This section describes the measurement setup used in
experiment. Measurements of the QWP and the birefrin-
gent board are reported, as well as those for the entire
polarization rotator.

A. Measurement setup

The QWPs and birefringent boards were experimentally
characterized using the quasioptical Gaussian beam tele-
scope shown in Fig. 9 [35]. In the experimental setup,
the fabricated samples are illuminated with a collimated

FIG. 8. Simulation results for the polarization rotator under
x- and y-polarized incident wave.

TABLE II. Simulated θr (degrees) for an x-polarized incident
wave (at 10 GHz).

Cx (pF)

0.18 0.2 0.22 0.24 0.26 0.30

Cy (pF)

0.18 −0.016b 10.53 25.6 41.04 52.48 68.85
0.2 −9.56 0.010 13.82a 27.91 38.73 54.98
0.22 −21.8 −12.68 0.015 13.01 23.27 39.44
0.24 −32.84 −24.3 −12.31 0.003 9.89 25.99
0.26 −41.87 −33.48 −21.72 −9.686 0.001 15.98
0.30 −58.26 −49.57 −37.42 −25.26 −15.68 0.006

aRotation angle value in standard font refers to an
efficiency larger than −3 dB, and an axial ratio larger than 10 dB.

bRotation angle value in bold font refers to an efficiency less
than −3 dB, and an axial ratio larger than 10 dB.

TABLE III. Simulated θr (degrees) for a y-polarized incident
wave (at 10 GHz).

Cx (pF)

0.18 0.2 0.22 0.24 0.26 0.30

Cy (pF)

0.18 −0.007b 11.82 24.69a 35.77 45.23 59.23
0.2 −12.58 0.008 14.09 26.24 35.33 50.67
0.22 −28.89 −15.33 0.000 13.12 22.69 38.08
0.24 −43.9 −29.94−13.82 0.004 9.937 25.38
0.26 −54.39 −40.57−24.23−10.13−0.001 15.64
0.30 −69.27 −56.03 −40.1 −26.13−15.97−0.006

aRotation angle value in standard font refers to an
efficiency larger than −3 dB, and an axial ratio larger than 10 dB.

bRotation angle value in bold font refers to an efficiency less
than −3 dB, and an axial ratio larger than 10 dB.

TABLE IV. Simulated performance.

BFS δ range −121.4° to 121.4°
Polarization rotator θr range −69.27° to 59.23°
Total tunable range of θr 128.5°

Horn
antenna

Focusing lens

Power 
supply

Network 
analyzer

Sample under 
test

Biasing 
wires

FIG. 9. Photograph of the quasioptical, free-space measurement
system.
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Gaussian beam. A rectangular horn antenna (i.e., Dorado
GH-90-25) excites the Gaussian beam. A pair of lenses
(telescope) focus the Gaussian beam to a beam waist with
size and location independent of the operating frequency
[36]. The lenses in the telescope are identical, with input
and output focal lengths equal to 45 cm. The diameter of
the Gaussian beam at its waist is 114 mm. The measured
metasurfaces had a diameter that is greater than 168 mm
(about 1.5 times the beam waist), to limit diffraction. The
antennas are connected to a vector network analyzer
(Agilent E8361A). For further details on this measurement
setup, see Ref. [35].
A calibration process is needed to measure the trans-

mission coefficients of metasurfaces. Prior to the measure-
ments, a free-space through, reflect, line calibration was
performed for the y polarization. Next, both antennas were
rotated by 90°, and the transmission coefficient was
measured for x polarization. This measurement character-
ized path loss (both amplitude and phase) between the two
horn antennas for an x polarization. To characterize the
rotator, the transmission coefficient between the two
antennas was measured for every polarization combination:
Sxx21, S

xy
21, S

yx
21, S

yy
21. The path loss for x polarization was then

calibrated out of these measurements. This procedure
provided calibrated measurements of the transmission
coefficients.

B. QWP: Fabrication and measurement results

A Rogers 4003C substrate (ϵr¼3.55 and tanδ¼0.0027)
with a 1 oz (35 μm) copper cladding was chosen for the
QWP. Rogers 4450F (ϵr ¼ 3.52 and tan δ ¼ 0.004) bond-
ply, with a thickness of 0.101 mm, was used as an adhesive
layer. A cross section of the material layers used to fabricate
the QWP is shown in Fig 10(a). The QWP was fabricated
with its optical axes rotated 45° with respect to the circuit
board edges, as shown in Fig. 10(b). The size of the
fabricated QWP is 172 × 172 mm2.

Measurement results for the QWP are shown in Fig. 11
for an incident wave linearly polarized in the y direction.
Since the Rogers 4450F bondply has a small thickness
(0.101 mm) and its permittivity is close to Rogers 4003C
substrate, it was neglected in simulation. Simulation and
measurement results are in close agreement, with a fre-
quency shift of about 1% between them.

C. Tunable BFS: Fabrication and measurement results

Two birefringent boards (i.e., Board1 and Board2) with
dimensions 170 × 168 mm2 were fabricated, as shown in
Fig. 12(a). The cross section of the birefringent boards is
shown in Fig. 12(b). RT/Duroid 5880 substrate was used
(ϵr ¼ 2.2 and tan δ ¼ 0.0009) together with Rogers 3001
bonding film (ϵr ¼ 2.28 and tan δ ¼ 0.003) as the adhesive
layer. The thickness of the copper cladding is 35 μm (1 oz).
Again, the bonding film was neglected in simulation, since

Rogers 4450F

Rogers 4003C

Rogers 4003C 1.524 mm
0.101 mm
1.524 mm

Metallic patterns

FIG. 10. (a) Cross section of the QWP. (b) Photograph of the
fabricated QWP.
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FIG. 11. Measurement results of (a) efficiency and (b) axial
ratio of the fabricated QWP.

170 mm

168
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m

Biasing circuit

3001 Bonding Film

RT/duroid 5880

RT/duroid 5880 1.575 mm
0.038 mm
1.575 mm

Metallic patterns

FIG. 12. (a) Photograph of the fabricated BFS. (b) Cross
section of the BFS.
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it has a small thickness (0.038 mm) and a permittivity close
to that of the RT/Duroid 5880 substrate. A total of 2856
MAVR-000120-1411 varactor diodes (diode dimensions
0.4 × 0.75 mm2) were mounted onto each board. As shown
in Fig. 12(a), all the unit cells in one column are biased with
the same voltage. A gradient in the bias voltages across
different columns could allow waveform control. However,
in this implementation, we biased all the columns with the
same voltage though a BNC connector.
The measurement results for each birefringent board

under different biasing voltages are shown in Fig. 13. The
varactor capacitance versus reverse bias voltage character-
istic quoted on the diode data sheet (as given in Table I) did
not accurately match the experimental results. Therefore,
the experimental capacitance versus reverse bias voltage
relationship of the varactors was fine-tuned by comparing
measurement to simulation, as shown in Appendix C.
Specifically, the varactor capacitance corresponding to
each bias voltage was extracted by aligning the measured
phase performance to simulation. The varactor resistances
corresponding to the capacitances were taken from Table I.
The extracted characteristic of the diodes is shown in
Table V.
A minimum bias voltage of 8 V and maximum bias

voltage of 13 V were chosen to maintain a transmission
amplitude above −3 dB for the parallel polarization at the

operating frequency, across the entire bias voltage range.
Within this voltage range, the transmission phase difference
between the two orthogonal polarizations for a single
birefringent board spans 117.8°. Thus, the experimental
phase difference of the BFS (with Board1 and Board2
cascaded together) given by Eq. (6) can be varied from
δ ¼ −117.8° to δ ¼ 117.8°. Therefore, a maximum rotation
angle range of θr ¼ ðδ=2Þ ¼ 117.8° is expected for the
overall polarization rotator. At the operating frequency,
the maximum transmission coefficient of each birefringent
board, under a parallel polarization, across all bias voltages,

is jSk21j ¼ −1.45 dB. This is approximately 0.54 dB lower
than predicted from simulation. This added loss can be
attributed to higher diode loss and extra loss introduced by
the tinning and soldering process used to attach the diodes.
For the perpendicular polarization, the transmission coef-
ficient across all bias voltages is −0.32 dB in magnitude
and −107.9° in phase, at the operating frequency. These
results closely match simulation: a transmission amplitude
of −0.36 dB and transmission phase of −115.4°. In general,
it can be seen that the simulation and measurement results
of the birefringent board are in very good agreement. A
detailed comparison between the simulation and measure-
ment results is provided in Appendix C.

D. Tunable polarization rotator: Measurement results

The experimental polarization rotator was assembled by
cascading the birefringent boards and QWPs (see Fig. 14).
Layers of the overall polarization rotator were held together
using nylon screws. The distance between the QWPs and
BFS is 1.66 mm, and the distance between the two
birefringent boards is 3.26 mm. The total thickness of
the fabricated polarization rotator is 19 mm, which is
approximately 0.6λ. The spacings between boards that
minimize evanescent coupling were determined through
experiment. Here, the bias voltages in the x and y directions
are denoted as Vx and Vy, respectively. In Fig. 1, Vx is the
bias voltage on Board2, and Vy is the bias voltage on
Board1. The bias voltages Vx and Vy were provided
through BNC connectors edge mounted to each birefrin-
gent board.
As noted earlier, the rotation angle θr of the polarization

rotator is controlled by the bias voltages applied to the BFS.
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-40

-20

-3
0
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Frequency (GHz)
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-300

-200

-100

0
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FIG. 13. Measured transmission response of the birefringent
boards. (a) Transmission amplitude for the parallel polarization
(y polarization for board1 and x polarization for board2).
(b) Transmission phase for the parallel polarization. (c) Trans-
mission amplitude for the perpendicular polarization (x polari-
zation for board1 and y polarization for board2). (d) Transmission
phase for the perpendicular polarization.

TABLE V. Varactor (MAVR-000120-1411) capacitance at each
bias voltage, extracted from measurements.

Reverse bias voltage (V) Varactor capacitance (pF)

8 0.30
9 0.26
10 0.24
11 0.22
12 0.20
13 0.18
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The bias voltage range used for the BFS was 8–13 V. These
bias voltages correspond to varactor capacitances ranging
from 0.3 to 0.18 pF. Measurement results of the fabricated
polarization rotator operating at 10 GHz are shown in
Table VI. In these measurements, the incident wave
generated by the quasioptical Gaussian beam telescope
is linearly polarized in the y direction. The measured axial
ratio shows that the transmitted waves are linearly polarized
for all bias voltage combinations. The measured results

show that the rotation angle of the fabricated polarization
rotator can be tuned from θr ¼ −76.98° to θr ¼ 69.18°,
with a total range of 146.16°. A summary of the meas-
urement results at 10 GHz is provided in Table VII.
Comparing Table VII with Table IV, we can see close
agreement between measurement and simulation.
Detailed measurements of the fabricated polarization

rotator are given for three representative bias voltage
combinations (Vx ¼ 8 V, Vy ¼ 13 V; Vx ¼ 11 V,
Vy ¼ 11 V; Vx ¼ 13 V, Vy ¼ 8 V) in Fig. 15. The polari-
zation rotator was measured for x-polarized and y-polarized
incident fields. Close agreement was observed in the
efficiency, axial ratio, and rotation angle between meas-
urement and simulation results over X-band frequencies.
In addition, close agreement is observed between x- and
y-polarized responses of the metasurface near the operating
frequency. The axial ratio behavior shows that the fabri-
cated polarization rotator’s performance is slightly fre-
quency shifted from simulation, due to the frequency shift
observed in the experimental QWPs. The measured effi-
ciency is around 1 dB lower than in simulation. For the bias
voltage combinations, the efficiency varies between −6 and

172 mm

172 mm

Connector for 
biasing voltage

Connector for 
biasing voltage

19 mm

Biasing voltages 
QWPs

Birefringent 
boards

FIG. 14. Photographs of the fabricated tunable polarization
rotator. (a) Top view. (b) Side view.

TABLE VI. Measured θr (degrees) of y-polarized incident
wave (at 10 GHz).

Vx (V)

13 12 11 10 9 8

Vy (V)

13 −1.641b 9.428 17.48a 32.73 47.29 69.18
12 −15.06 3.264 11.44 23.88 40.26 61.84
11 −34.67 −19 3.192 12.8 28.58 50.33
10 −52.18 −38.58 −19.57 −2.72 12.38 32.99
9 −64.7 −52.64 −35.62 −14.41 −0.26 19.64
8 −76.98 −67.35 −50.36 −31.48 −16.36 −5.355

aRotation angle value in standard font refers to an efficiency
larger than −3 dB, and an axial ratio larger than 10 dB.

bRotation angle value in bold font refers to an efficiency less
than −3 dB, and an axial ratio larger than 10 dB.

TABLE VII. Measured performance.

BFS δ range −117.8° to 117.8°
Polarization rotator θr range −76.98° to 69.18°
Total tunable range of θr 146.16°
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FIG. 15. Measurement results of efficiency, axial ratio, and
rotation angle for the polarization rotator under three extreme
biasing voltages combinations.
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−1.86 dB at the operating frequency. The lowest efficien-
cies occur at the minimum and maximum bias voltages.
In these cases, the birefringent board exhibits increased
reflection. The reflection of each metasurface is reported in
Appendix D.
The 10 dB axial ratio bandwidth of the polarization

rotator remains above 6.4% for all bias voltage combina-
tions. The bandwidth is limited for large rotation angles.
Adding extra metallic layers to each constitutive board
can improve the bandwidth. This comes at a cost of added
loss. In addition, adding extra birefringent boards into the
BFS can expand the bandwidth of the polarization rotator.
However, doing this will also increase loss, overall
thickness, and cost.

V. CONCLUSION

We propose a tunable metasurface which can dynami-
cally tune the polarization of an incident wave in trans-
mission. A proof-of-principle metasurface was designed
and experimentally demonstrated for the X band. The
designed metasurface uses a simple biasing mechanism
that does not interfere with the metasurface’s microwave
performance. At the operating frequency of the structure
(i.e., 10 GHz), the overall rotation angle range achieved by
the polarization rotator is 146°, with a reasonably good
overall efficiency.
The reported polarization rotator represents a large-scale

integration of cascaded metasurfaces. Overall 12 imped-
ance sheets were designed and cascaded together to form
four metasurfaces, two of which are reconfigurable. In the
end, a compact, quasioptical device was built to implement
advanced field control. The designed polarization rotator
can provide real-time manipulation of polarization for
communication, imaging, and radar systems.
Future research directions include making the metasur-

face programmable [37–39]. Further, independently bias-
ing columns of the unit cells shown in Fig. 12(a) would
enable the polarization rotator to simultaneously rotate
polarization and allow beam steering. In addition, as shown
in Ref. [40], two phase-discontinuous metasurfaces (inho-
mogeneous phase-shifting planes) could be used to inde-
pendently control the amplitude and phase distributions of
an aperture field in a lossless and reflectionless manner.
Therefore, by cascading two transmissive, phase tunable
metasurface, the amplitude and phase distributions of an
aperture field could be dynamically controlled.
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APPENDIX A: QWP DESIGN DETAILSs

The design of the QWP is based on the procedure
reported in Ref. [30]. The QWP consists of three aniso-
tropic admittance sheets, as shown in Fig. 2(a). The sheet
admittances of the outer and inner sheets can be expressed
as YS1 and YS2:

YS1 ¼
�
Yxx
s1 0

0 Yyy
s1

�
;

YS2 ¼
�
Yxx
s2 0

0 Yyy
s2

�
: ðA1Þ

Since there are no off-diagonal entries in the sheet
admittance (Yxy ¼ Yyx ¼ 0), separate 2 × 2 ABCD matri-
ces can be written for the x and y polarizations. We can
calculate the ABCD matrix of the QWP for x polarization
by multiplying the corresponding ABCD matrices of its
constitutive layers:
�
A B

C D

�
¼

�
1 0

Yxx
s1 1

�� cos βd jηd sin βd

j 1
ηd
sin βd cos βd

�
·

×

�
1 0

Yxx
s2 1

�� cos βd jηd sin βd

j 1
ηd
sin βd cos βd

�

×

�
1 0

Yxx
s1 1

�
: ðA2Þ

Given that the dielectric permittivity and the distance
between adjacent sheets are ϵr¼3.55 and d¼1.524mm,
respectively, the electrical length between each sheet is
βd ¼ ð2πÞ0.027. Further, the wave impedance of the
dielectric substrate is ηd ¼ 0.5307η0, where η0 ¼ 377 Ω
is the wave impedance of the free space.
The transmission coefficientS21 of theQWP forx polariza-

tion can be calculated from the ABCD matrix as follows:

S21 ¼
2

Aþ B
η0
þ Cη0 þD

: ðA3Þ

Similarly, the ABCDmatrix and corresponding transmission
coefficient for y polarization can be calculated. The trans-
mittance (jS12j2) and the phase of the transmission coefficient
of the QWP are plotted in Fig. 16 for different values of sheet
admittances, for a single polarization. The dashed lines in
both graphs identify the conditions of unity transmis-
sion (jS12j2 ¼ 1).
From Fig. 16(b), we can see that different combinations

of sheet admittances (Ys1 and Ys2) can provide unity
transmission and different transmission phases spanning
360°. By choosing different pairs of Ys1 and Ys2 for each
polarization, one can achieve 100% transmission for both
polarizations as well as a 90° phase difference between
the two polarizations. Multiple admittance combinations
can be used to achieve the QWP. In our design, the sheet
admittances for x and y polarization are given by point A
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for x polarization: Yxx
s1η0 ¼ 2.325j, Yxx

s2η0 ¼ −2.292j,
∠Sxx21 ¼ −134.3°; and point B for y polarization:
Yyy
s1η0 ¼ 0.223j, Yyy

s2η0 ¼ −2.091j, ∠Syy21 ¼ −43.28°. The
metallic patterns of the inner and outer sheets were
individually designed to realize these admittance values.
The near-field coupling between the patterned metallic
sheets was low and compensated for by slight adjustments
to the inner and outer sheet patterns. The final unit cell
dimensions are shown in Fig. 2(b).
The simulated results of the designed QWP for x and y

polarizations are shown in Fig. 17. In simulation, the
metallic cladding was modeled as zero-thickness copper
with finite conductivity (5.8 × 107 S=m) boundary con-
dition in the full-wave solver, ANSYS HFSS. At 10 GHz,
the magnitudes of the transmission coefficients for x and
y polarizations are −0.21 and −0.26 dB, respectively.
The transmission phases for x and y polarizations are
−120° and −34°, respectively.

APPENDIX B: EXTRACTED CIRCUIT MODEL
OF THE BIREFRINGENT BOARD FOR THE

PARALLEL POLARIZATION

In this Appendix, a circuit model of the birefringent
board for parallel polarization is demonstrated. The circuit
model (see Fig. 18) was extracted from scattering

simulations of the inner and outer sheets with the corre-
sponding dielectric on each side. As shown in Fig. 6, the
unit cell of the birefringent board has a width of a ¼ 8 mm
and a length of b ¼ 10 mm. Thus, the lump impedance of
each sheet can be calculated by its scattering performance:

FIG. 18. Extracted circuit model of the designed birefringent
board for the parallel polarization.

TABLE VIII. Detailed information and values of the extracted
circuit parameters shown in Fig. 18.

Z0 Extracted free space impedance, 301.6 Ω
Zd Extracted substrate impedance, 203.34 Ω
Cg Extracted pattern capacitance, 0.1 pF
L1 Extracted pattern inductance, 0.4 nH
L2 Extracted pattern inductance, 1.84 nH
C2 Extracted pattern capacitance, 0.675 pF
R Extracted pattern resistance, 2400 Ω
Cv Varactor diode capacitance
d=2 Substrate thickness, electrical length of 28.03°

FIG. 16. (a) The transmittance (jS12j2) and (b) the phase of the
transmission coefficient performances of the QWP under given
parameters (ϵr ¼ 3.55 and d ¼ 1.524 mm). Points A and B
represent the idealized sheet admittance pairs of inner and outer
sheets for x and y direction, respectively.
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FIG. 17. On-axis simulation results of the designed QWP.
(a) Amplitude and (b) phase of transmission coefficients for x
and y polarizations.
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circuit model simulation of the birefringent board for the parallel
polarization.
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Zlump ¼ V
I
¼ a

b
E
H

¼ 0.8
E
H
: ðB1Þ

The values of the circuit parameters extracted using
Eq. (B1) are shown in Table VIII. The circuit shown in
Fig. 18 was simulated with the commercial circuit solver
Advanced Design System (ADS). The varactor diode Cv
was modeled using the SPICE model for MAVR-000120-
1411 varactors [31]. The simulation results of the circuit
model in Fig. 18 are given for two representative varactor
capacitances (Cv ¼ 0.18 pF and Cv ¼ 0.30 pF) in Fig. 19.
The circuit simulations agree closely with full-wave sim-
ulations of the birefringent board. The close agreement
confirms the accuracy of the circuit model shown in
Fig. 5(c).

APPENDIX C: MEASUREMENT RESULTS FOR
BIREFRINGENT BOARDS UNDER DIFFERENT

BIASING VOLTAGES

The simulated and measured transmission coefficients
of the birefringent boards for the parallel polarization are
compared in this Appendix. For each bias voltage in the
range 8–13 V, the varactor capacitance is extracted by
aligning the measured transmission phase to simulation.
The extracted capacitances are shown in Table V. The
simulated and measured transmission coefficients of
Board1 and Board2 are shown in Fig 20. The varactor
resistance is taken from Table I for each varactor capaci-
tance used in simulation. Close agreement is observed
between simulation and measurement, verifying the varac-
tor diode parameters given in Table V.

APPENDIX D: MEASUREMENT RESULTS FOR
BIREFRINGENT BOARDS UNDER DIFFERENT

BIASING VOLTAGES

The simulated and measured reflection coefficient
entries for the QWPs and birefringent boards are shown
here. The reflection coefficients for polarizations along the
two orthogonal crystal axes of the QWP are shown in
Fig. 21. The reflection coefficients remain below −20 dB
around the operating frequency.
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FIG. 20. Simulation and measurement results of the transmission coefficient for the parallel polarization of the birefringent boards,
board1 and board2, for various biasing voltages.
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FIG. 21. Simulated and measured reflection coefficient entries
for the QWP. (a) Amplitude and (b) phase of the reflection
coefficients for x polarization. (c) Amplitude and (d) phase of the
reflection coefficients for y polarization.
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The simulated and measured reflection coefficients for
the birefringent boards are shown in Figs. 22 and 23,
respectively. For the parallel polarization, jS11j is not
negligible. This results in reflections which reduce trans-
mission and degrade the performances of the cascaded
polarization rotator.
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