EPJ Appl. Metamat. 2014, 1, 8
© Y. He and G.V. Eleftheriades, Published by EDP Sciences, 2015
DOI: 10.1051/epjam/2015002

Applied
Metamaterials

Available online at:
http://epjam.edp-open.org

RESEARCH ARTICLE

OPEN g ACCESS

Rotated infrared antenna transmitarray for the manipulation

of circularly polarized wavefronts

Yuchu He" and George V. Eleftheriades

Department of Electrical and Computer Engineering, University of Toronto, Canada

Received 28 March 2014 / Accepted 16 February 2015

1 Introduction

The conventional method of optical wavefront control and
manipulation often relies on bulky dielectric lenses. For exam-
ple, a glass lens that is used to focus light has a polished
parabolic surface such that light propagating through it experi-
ences spatially-dependent delay and arrives at the focal point in
phase. However, even with current nano-fabrication technology,
itis still difficult to create a dielectric lens with parabolic or non-
planar surface at the um scale to integrate with nano-photonic
systems. To overcome this challenge, novel techniques have
been proposed in [1-7]. In Yu et al. [1] and Aieta et al. [2], a
two dimensional patterned structure was demonstrated to con-
trol the wavefront of light by using 2D arrays of V-shaped gold
nano-antennas deposited on a silicon wafer. As the linearly
polarized light impinges on the V-shaped antennas, symmetric
and anti-symmetric currents are induced on the antennas such
that the phase of the scattered light in the cross-polarization
can be controlled while maintaining a constant scattering mag-
nitude. Hence, the emerging wavefronts of the scattered light
from the silicon interface are tailored into the desired pattern.
The advantage of this concept is that it leads to a thin planar
structure that can be easily realized with current fabrication
technology. The disadvantage is though that the scattered light
from those nano-antennas has a small intensity to be useful
for practical applications. In Ni et al. [3], Babinet-inverted
V-shaped slot antennas are introduced for focusing the transmit-
ted light in the cross-polarization. The working principal is sim-
ilar to these in [1, 2], but the efficiency is improved. However,
according to Monticone et al. [4], the fundamental upper limit
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of the power that can be coupled into the cross-polarization of
the scattered light is 50%. Even if this cross-polarization cou-
pling can be maximized, due to the symmetry of the design
in [1-3], half the power is scattered into the forward direction
and half into the backward direction. This implies that at most
only 25% of the incident power can be coupled into the trans-
mitted cross-polarization. To improve the transmission effi-
ciency, Monticone et al. [4] introduced the concept of the
meta-transmit-array which is similar to transmitarrays in the
microwave regime. Three cascaded metasurfaces are used to
provide full control of the transmission phase. The metasurface
is composed of periodically arranged unit cells. Each unit cell
consists of a block of a nonmetallic plasmonic material (alumi-
num-doped zinc oxide) and a block of a dielectric material
(silicon). Tuning of the phase delay of each unit cell is
achieved through changing the thicknesses of the two material
blocks. The complexity and required accuracy of the design
still remains a challenge for its realization with existing tech-
nologies. In Pfeiffer and Grbic [5], a more realizable lens
was proposed. Each unit cell in this lens comprises four cas-
caded patterned metallic sheets with dimensions parameterized
to obtain the required transmission phase and magnitude for
two orthogonal polarizations. The structure can convert a line-
arly polarized incident light into circularly polarized one and
achieve focusing at the same time. The drawback is that to
keep the lens functional, the linearly polarized incident light
has to be oriented at 45° relative to the horizontal X-axis so that
the X and Y components of the metasurface are equally excited.
Moreover, the unit cell design has to be parameterized
to achieve the required phase delays. In fact, the designs in
[1-7] all use aperiodic unit-cell structures to tailor the phase
component of the linearly polarized light. If a different phase
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requirement is imposed, the unit cells have to be re-designed and
optimized. Such a design process can be very cumbersome and
inflexible. In Chen et al. [8], a rotation technique has been intro-
duced to simplify the phase tailoring process which is related to
the concept presented earlier in Huang and Pogorzelski [9].
The unit cell in Chen et al. [8] consists of a plasmonic dipole
made of gold. By rotating each dipole, the incident circularly
polarized (CP) light is scattered into a right-hand circularly
polarized (RHCP) and a left-hand circularly polarized (LHCP)
light, with one of them having a controllable phase discontinuity
associated with the dipole rotation. By using a quarter-wave
plate (QWP) and a polarizer to filter out the controllable polar-
ization, focusing can be achieved. This concept leads to a sim-
pler phase control technique compared to the ones presented
in [1-7]. However, there are two major drawbacks. First, as
any single layer lens, the scattering efficiency has an upper
bound as mentioned before. In this particular case, the efficiency
is only 5%, which deems the lens impractical for real world
applications. Second, the transmitted light has both RHCP and
LHCP light and only one of the polarization is controllable,
the other one is not. Hence, with the uncontrollable polarization
present, a QWP and a polarizer are needed for filtering, which
ultimately undermines the potential for integration. Further-
more, the additional power loss introduced by the QWP and
the polarizer is undesirable in imaging applications.

In this paper, we propose an optical transmitarray that tailors
the transmission phase of the incident CP light by using the rota-
tion technique similar to the one in Chen et al. [8] but this time
we are able to greatly improve the transmission efficiency and
eliminate the uncontrollable polarization. This makes our
design very practical and amenable for integration since the
QWP and the polarizer are not needed. The method of eliminat-
ing the uncontrollable polarization originates from a reflectarray
design [9] for circular polarization in the microwave regime.
Transmitarrays working in the microwave regime have been
built in Phillion and Okoniewski [10] based on the method pro-
posed in Huang and Pogorzelski [9]. However, it is difficult to
directly translate these designs to the optical regime. The unit
cell in Phillion and Okoniewski [10] consists of five layers of
metallic structures. The top and bottom two layers are rectangu-
lar patches. The middle layer is a metallic sheet with orthogonal
slots, which are used to couple the top and bottom patches. This
makes it difficult to directly translate this design into the optical
regime. The achievable fabrication resolution might not reach
the required accuracy for the aperture size and this will have a
great negative impact on the performance of the transmitarray.
In this work, we can achieve the required phase delay by using
only three metallic layers instead of five, without using the aper-
ture coupling mechanism of Phillion and Okoniewski [10].
Therefore, the fabrication complexity of our structure is simpler
and can be readily realized in the optical regime.

The unit cell that we use is based on our recently intro-
duced thin wave-plates comprising three layers of antenna
array sheets AAS [11]. These AAS consist of elliptical metallic
patches in a dielectric matrix. By rotating each triple-patch unit
cell, the transmitted wave of each unit cell is delayed by a
phase that is directly proportional to its local rotation angle.
This is very appealing because one simply has to optimize
the design for one unit cell and achieve arbitrary phase delay
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Figure 1. Rotated unit cell with respect to the original (unprimed)
and the new (primed) coordinate system. The rotation angle is ¢.

just by rotation. This offers simplicity and flexibility to the
design process. In this paper, this concept is demonstrated by
designing optical transmitarrays for refraction and focusing
working at the long wavelength infrared (LWIR) region with
a design frequency of 30 THz. High transmission and low
reflection can be achieved over a reasonable bandwidth of
14%. The proposed design is compatible with existing fabrica-
tion technology so that it can be easily integrated. The lens
offers control for circularly polarized light which is very
appealing for industrial CO,-laser machining at 10.6 pm
because circularly polarized light offers more uniform and effi-
cient cutting [12]. The materials used in this design have high
laser-induced damage threshold (LIDT) which is especially
desired for high-power laser machining applications. It should
be noted that there is no constraint on the orientation of the lin-
early polarized incident beam as in the prior art. As long as the
incident beam is circularly polarized, the lens remains func-
tional. Lastly, we are introducing a new polarization discrimi-
nator concept: a flat refraction lens can be used to detect the
orientation angle of a linearly polarized plane wave at normal
incidence by simply measuring the spatial variation of the
transmitted intensity. Such concept can be very attractive for
potential infrared polarimetric imaging applications [13].

2 Theory and design

2.1 Theory

Suppose the incident field is LHCP propagating in the +z
direction, in an unprimed X-Y coordinate system, the incident
field is given by equation (1) in time harmonic form with e/’
terms omitted.

Einc = )ACE’C +Jj;Ey (1)

Once the incident field impinges on the unit cell, it may
experience changes in both the amplitude and phase in the X
and Y polarizations, then the transmitted field £, is given by
equation (2):

E, =XE " + jJE ™ (2)

Let the unit cell (gray patch) as shown in Figure 1 be
rotated by an angle ¢ with respect to the original (unprimed)
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Figure 2. (a) The unit cell design of the half-wave plate that comprises three metallic elliptical patches and interlayer dielectrics,
(b) transmission of the half-wave plate design for the X and Y polarizations.

coordinate system and aligned to the new (primed) coordinate
system. The incident field can be written in the new coordinate
system as in equation (3):

-

Ejne = (Y'E,cos ¢ — VE, sin )
+ j(XE,sing + J'E, cos )
= XEe i E e ®)
Then the transmitted field simply becomes:

E, =XE.e"e" + ji'E e (4)

We can further rewrite ¥’ and j/ in terms of % and J, then

E, can be written as:
E, = (kcos ¢ + ysinp)E. /el
+ j(—%sin @ + ycos (p)E;,efgv"e"‘f’ (5)
After some algebra, we have:

-

1 / y / . P
E =5 (B — Ee™)er (x - jp)
L/
+3 (B +Ee )5+ (6)

In equation (6), we have written the transmitted wave as a
summation of LHCP and RHCP waves whereas the incident
wave is LHCP. Only the first term, i.e. the RHCP wave has a
phase associated with the element rotation ¢. In order to con-
trol the phase of the transmitted wave by directly rotating the
element, the second term in equation (6) has to be eliminated.
The required conditions are:

E =E,
(7)
0,=0,+n

If the above amplitude and phase constraints are satisfied,
the transmitted field can be written as in equation (8). It is clear
that the phase of E, is directly controlled by the rotation angle
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Figure 3. Top view of the refraction transmitarray. Unit cells from
left to right have an incremental rotation angle of 20°.

@, however, the handedness of the polarization is converted.
If the incident wave is LHCP, then the transmitted wave would
be RHCP and vice versa.

=Ee"e™ (3~ j) (8)

2.2 Element design

To satisfy the constraints in equation (7), the unit cell
should behave like a half-wave plate. Such a design can be
implemented by using cascaded antenna array sheets [11] as
shown in Figure 2a. This unit cell comprises elliptical patches
made of 50 nm thick gold and dielectrics materials of ZnSe
and YbF3. Such materials have high LIDT [14] for high power
laser applications. The design can be fabricated by focused ion
beam (FIB) and chemical vapor deposition (CVD). The trans-
mission of such design is shown in Figure 2b. At the operating
frequency, the transmission phase difference between the X and
Y polarized field is 180° and the transmission magnitudes are
about 0.9. The transmission efficiency of this unit cell is
80% at operating frequency.



4 Y. He and G.V. Eleftheriades: EPJ Appl. Metamat. 2014, 1, 8

Z (um)

Vim

-30 — refraction
14 — reflection
12 -60
1
0.8
-90 a0
0.6
0.4
0.2 -120 120

-150 e 150
-180

(b)

Figure 4. Transmitted RHCP wave from a LHCP Gaussian beam at normal incidence. (a) Peak magnitude of the incident beam is v/2 V/m,

(b) normalized far-field pattern of the refracted and reflected beams.
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Figure 5. Over 70% transmission efficiency can be maintained over
the frequency range of 28-32 THz. This is equivalent to 14%
bandwidth.
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Figure 6. The central element has a free space path delay of ¢,.
The adjacent elements have additional free space path delays of ¢,
and ¢@,. By rotating the corresponding unit cells with phase delays
of —¢; and —¢,, the path delays can be compensated and the
transmitted waves from each unit cell will arrive at the focal spot in
phase.
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Figure 7. The 1D-focusing transmitarray is designed to focus the
incident normal beam into a focal line at the center (red dashed
line). Each unit cell is rotated according to its position to
compensate the free space path delay.

2.3 Applications: 1D-refraction

From the Huygens principle, the wavefront can be recon-
structed from the spherical wavelets of the constituent Huygens
sources. Refraction arises if there is a constant phase delay
between successive Huygens sources. By treating each unit cell
as a Huygens source and manipulating the phase delay of each
individual unit cell, we are able to create a transmitarray that
can refract a normally incident wave to an arbitrary angle. With
the unit cell design presented in Section 2.2, the required phase
delay can be achieved by rotating each unit cell. Figure 3
shows the top view of such a transmitarray. As shown, the unit
cells from left to right have an incremental rotation angle of
20°. Hence, each unit cell can introduce an additional 40° phase
shift compared to the adjacent unit cell on the left. The simulated
result of this transmitarray is shown in Figures 4a and
4b. The transmitted beam corresponds to a refraction angle of
17°. Figure 5 shows the extracted transmission efficiency vs.
frequency of the transmitarray. Above 70% efficiency can be
maintained over a 14% bandwidth (28-32 THz). At the operating
frequency, the transmission efficiency is 76%. It should be noted
that the efficiency of the entire transmitarray agrees well with
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Figure 8. Complex magnitude of the transmitted field. (a) The simulated focal length is taken to be the center of the beam spot which is
20.6 um away from the transmitarray and the designed focal length is 21 pm, (b) the complex magnitude of the transmitted E-field across the
focal plane. The incident field magnitude is v/2 V/m and the peak magnitude of the focused field is 3.89 V/m. The transmitarray has a

focusing power of 2.75 times.

Figure 9. Full-wave simulation model of a 2D-focusing transmit-
array lying in the X-Y plane.

efficiency of the single unit cell presented in Section 2.2.
Therefore, once the efficiency of a single unit cell is maximized,
the efficiency of the entire transmitarray is maximized as well.
Compared to prior art, the design process for this refraction lens
is greatly simplified and is more scalable.

2.4 Application: 1D-focusing

A focusing transmitarray can be created by using the unit
cells to compensate different free space path delays as shown
in Figure 6. By setting a desired focal length, each unit cell
is rotated accordingly. The design of the 1D-focusing transmit-
array is shown in Figure 7. With a normal incident plane wave,
the magnitude of the transmitted field is shown Figure 8a.
The focal spot of this transmitarray is designed to be 21 um
or 2/ away from the transmitarray. The simulated focal spot
is taken to be the center of the beam spot that is 20.6 um away.

The simulated result is in a good agreement with our calcula-
tion. The complex magnitude of the E-field across the focal
plane is plotted in Figure 8b. The incident field magnitude is
V2 V/m. The peak magnitude of the focused field is 3.89 V/m.
The transmitarray has a focusing power of 2.75 times. The half
power beam width is 5.2 pm, or half-wavelength.

2.5 Application: 2D-focusing

A small 2D-focusing transmitarray with unit cells arranged
in a 7 X 7 square array is shown in Figure 9. The full-wave
simulation result is shown in Figure 10 where the focusing
effect is clearly observable. Unfortunately it is not possible
to simulate larger transmitarray designs due to the large com-
putational resources needed. For larger designs, we can apply
Love’s equivalence principle [15] to do a near-field to far-field
transformation. The total E-field and H-field of the single unit
cell are sampled on two sampling planes as shown in Figure 11.
One sampling plane is above the top elliptical patch and one
sampling plane is below the bottom elliptical patch. The sam-
pling planes are parallel to the X-Y plane and reside in the near-
field region of the radiating patches. Equivalent electric and
magnetic surface currents Jg and Mg can be computed from
those sampled fields. The far-field radiation pattern of this sin-
gle unit can then be computed from those equivalent surface
currents. By stitching together the surface currents from all
the unit cells, the field pattern of the entire array can be calcu-
lated. Figures 12a and 12b show the complex magnitudes of
the E-field in X-Y and ¥Z plane for a square array with
81 x 81 unit cells. The focusing beam patterns match well
those from the full-wave simulation of the smaller 2D array.

2.6 Application: polarization discriminator

In addition to the refraction and focusing applications pre-
sented above, the refraction lens presented in Section 2.3 can
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Figure 11. Surface currents Js and Mg are computed from the
sampled E-field and H-field on the sampling planes that reside in the
near field of the radiating patches. By stitching together the surface
currents from all the unit cells in the array, the far-field pattern can
be computed.

be used to discriminate the orientation of a normally incident
wave with linear polarization. To begin with, in the theory part
of this paper, if the handedness of the incident CP wave
changes, it is not difficult to see that the phase delay due to
the rotation of the unit cell reverses its sign with equal magni-
tude. Hence, if the refraction lens introduces a positive phase
gradient for a normally incident RHCP wave, it will introduce
a negative phase gradient for a normally incident LHCP wave.
As shown in Figure 13, an incident LHCP wave is refracted
into a RHCP wave at an angle of —0, and an incident RHCP
wave is refracted into a LHCP wave at an angle of +6.

A normally incident linearly polarized wave can be decom-
posed into a summation of a LHCP and a RHCP wave.

For example, an X-polarized and a ¥polarized wave with unity
magnitude can be written as:

f= 2 )+ (4 9) o

§= gy E = 9) 3G+ ) (10)

As a result, for X-polarized and ¥polarized waves, the
refracted waves consist of both RHCP and LHCP waves, but
there is a 180° phase difference between the RHCP and LHCP
waves depending on whether the incidence is oriented along
the X or the ¥axis. This phase difference results to different
interference patterns of the transmitted waves.

To obtain an analytical expression of the interference
pattern due to different orientations of a linearly polarized
incident wave, we can assume that the two transmitted
waves are two CP plane waves with propagation vectors
k; = ksinOx + kcos 0z and kz = —k sin 0x + k cos 0z, where
0 is the refraction angle with respective to the z-axis as shown
in Figure 13. Then the relation between the incident and trans-
mitted CP waves can be mapped as in equations (11) and (12).

(x — jp) — (cos 0% + jp — sin fz)e/krsindhzcost) (77

(& +j9) — (cos 0% — jp + sin 02)e/*xsin0 ke (12)

With the help of equations (9) and (10), the transmitted
waves for normally incident linearly polarized waves with
fields polarized along the x and y directions can be mapped
as in equations (13) and (14), assuming that the field magni-
tudes are unity and dropping the constant phase term e /%,
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X — Xcos 0 cos (kxsin 0) 4 ysin (kx sin 0)
+ jZsin O sin (kx sin 6) (13)

» — xcosBOsin (kxsin ) — y cos (kx sin 0)
— jzsin 0 cos (kx sin 0) (14)

Finally, for a linear polarization with any orientation and
unity magnitude, we can decompose it as in equation (15),

-

Eine =Xcos¢ + psin¢ (15)

where ¢ is the angle between the x-axis and orientation of the
electric field. By substituting equations (13) and (14) into
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equation (15), the transmitted field E, due to Einc can be
written as:

E/(¢, x,0) = 3{cos ¢ cos 0 cos (kx sin 0)
+ sin¢ cos 0sin (kxsin )}
+ y{cos ¢ sin (kx sin @) — sin ¢ cos (kx sin 0) }
+ jz{cos ¢ sin 0 sin (kx sin 0)
— sin ¢ sin 0 cos (kx sin 0)} (16)

The full setup for the proposed polarization discriminator
is shown in Figure 14. If a normally incident linearly polarized
wave with orientation angle ¢ with respect to the x-axis passes
through a refraction lens with a phase gradient in the x-direc-
tion, the transmitted intensity is |E“,‘ with spatial variations in
the x-direction. The positions of the peaks and troughs of this
intensity pattern depend on the orientation angle ¢. By simply
placing photo-detectors behind the lens to measure the spatial
variation of the transmitted intensity, the orientation angle of
the normally incident linearly polarized light can be
determined.

We can illustrate this concept by using an example.
The refraction lens design in Section 2.3 has a designed refrac-
tion angle 6 of —17°. Using this refraction angle, we can plot
the intensity |E,|2 vs. x for various orientation angles ¢ as
shown in Figure 15. The transmitted intensities have sinusoi-
dally varying spatial distributions. As the orientation angle ¢
of the incident linearly polarized wave changes, the positions
of the peaks and troughs of the transmitted intensity distribu-
tions change correspondingly.

Fullwave simulated results using the refraction lens pre-
sented in Section 2.3 are shown in Figure 16. The intensity dis-
tributions are not pure sinusoids as in the theoretical case. This
is because the transmitted wave is not a perfect plane wave;
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there are distortions due to imperfect CP plane-wave recon-
struction. There are two major factors that affect the plane-
wave reconstruction. The first is due to the loss of the unit cell.
The unit cells consist of three elliptical patches. Upon normal
incidence, the current induced along the longer axis of the
elliptical patch experiences greater loss compared to the cur-
rent induced along the shorter axis. Hence, the transmitted
fields along the two axes of the elliptical patch have different
magnitudes. This can be observed in Figure 2b. Due to the dif-
ference in transmission magnitudes, the transmitted plane wave
is elliptically polarized instead of circularly polarized. Second,
the transmission property of each unit cell is characterized
under the assumption of infinite periodicity. However, once
the unit cells are sequentially rotated, the periodicity is lost.
The mutual coupling between patches in a periodic arrange-
ment is different than that in an aperiodic arrangement. In fact,
the mutual coupling will vary from cell to cell. Due to this var-
iation in mutual coupling, the reconstructed plane wave
experiences a nonlinear amplitude and phase delay along the
lens. Hence, the intensity shape in Figure 16 is not exactly
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sinusoidal. However, the simulated relative positions of the
peaks and troughs with respect to the various orientations in
¢ match well with the theoretical ones. Capturing these relative
positions is the most important factor for the functionality of
the proposed linear polarization discriminator. The detectors
behind the lens only need to determine the relative positions
of the highest and lowest received intensity in order to deter-
mine the angle of the orientation. The magnitude variation
between the peaks and troughs are less important. Figure 17
shows the theoretical and simulated positions for one peak
and one trough with respect to the orientation angle ¢. The
positions are sampled every 20° change in ¢. It can be seen,
that the simulated results follow the theoretical results fairly
well. This concept can result to a very simple and compact
imaging system for polarimetry applications. The conventional
methods for polarimetry application [16, 17] use a supercell
consisting of four wire grid micropolarizers oriented at 0°,
45°, 90° and 135°. By using CCD sensors behind each micro-
polarizer to measure the transmitted intensity, the Stokes
parameters are extracted to estimate the angle of the orienta-
tion. However, each micropolarizer suffers different degrees
of polarization mismatch which leads to power loss. If we
replace the wire grid micropolarizers in the supercell with
our refraction lens, also oriented at 0°, 45°, 90° and 135°,
we gain two important advantages. First, each refraction lens
offers some degree of estimation of the orientation angle;
hence, with four refraction lenses used in combination, we
can have a much better estimation of the Stokes parameter.
Second, the refraction lens has no polarization mismatch,
almost all the power is transmitted to the detectors and hence
the SNR of the system is improved. As a result, we should be
able to achieve resolution beyond the conventional method.

3. Conclusion

In summary, this paper presents a simple CP optical trans-
mitarray family comprising rotated unit cells. Each unit cell con-
sists of three stacked elliptical metallic patches. The
transmission phase of the light is only dependent on the rotation
angle of the unit cell in a simple deterministic manner. Thus, by
arranging the unit cells with particular orientations, transmitar-
rays for LWIR light refraction and focusing have been demon-
strated. The resulting structures are completely planar and
optically thin and offer a transmission efficiency above 70%
(which can be improved by stacking more metallic patches) over
the frequency range of 28-32 THz, which is equivalent to 14%
bandwidth. Lastly, by using a flat refraction lens made using this
approach, the orientation angle of a normally incident linearly
polarized light can be detected by simply measuring the trans-
mitted intensity pattern. This constitutes a novel and compact
polarization discriminator device.

4. Implication and influences

The presented concept of realizing IR transmit-arrays for
CP light using stacked rotated metallic patches could have sev-
eral important implications to the corresponding field and open

the door to new applications. First, the introduced phase delay
associated with each unit cell is only dependent on the rotation
angle of the unit cell instead of its linear geometrical parame-
ters. To refract the incident light to different angles or focal
lengths one only has to rearrange the unit cells to a different
orientation instead of redesigning each and every unit cell in
the array. Thus, this approach offers much more flexibility to
the design process. Second, the design is easily realizable with
current fabrication technology which is crucial for integration.
In addition, the materials used in this design have a high laser-
induced damage threshold (LIDT) which is very attractive for
high-power laser machining applications. Moreover, the con-
cept of using a so-realized refraction lens to detect the orienta-
tion of a linearly polarized incident light introduces a very
simple and compact solution for potential infrared polarimetry
applications. This polarization discriminator does not suffer
from power loss due to polarization mismatch as in conven-
tional designs. Finally, it should be noted that the proposed
structures are scalable to other optical spectral ranges as long
as the metal used remains reasonably opaque.
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