PHYSICAL REVIEW B 98, 205404 (2018)
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Antireflection or impedance matching is a topic that has been extensively researched by the optical and
microwave communities over the past century and until today. However, due to the diverging wave impedances
of TE (s) and TM (p) polarizations with increasing incident angle, it is impossible to achieve perfect matching
simultaneously for both polarizations at varying incidence angles with a single conventional isotropic matching
layer. To achieve polarization-insensitive matching at an arbitrary incident angle, we propose a magnetoelectric
uniaxial metamaterial layer (MEUML) that is inspired by the perfectly matched layer (PML) concept in
computational electromagnetics. Similar to the PML, the MEUML requires specific uniaxial permittivity
and permeability tensors. However, to simultaneously control both the transversal and longitudinal material
parameters is not an easy task. To date, a true PML has not been realized with metamaterials. In this paper,
we employ a simple and yet special metamaterial unit cell to achieve such control and synthesize a physical
MEUML. The unit cell comprises two parallel metallic rings separated by a holey substrate. The transversal
electric and magnetic dipole moments, and the longitudinal capacitive and diamagnetic coupling between the
rings are judiciously controlled to achieve the required permittivity and permeability tensors. To aid the MEUML
synthesis, we also introduce a technique that can extract the material parameter tensors at any incident angle.
We first demonstrate this concept by achieving polarization-insensitive matching of a high-index substrate at
45° with a single subwavelength-thick MEUML. We further adapt the concept to the microwave regime by
developing a MEUML-based radome. Exceptional matching performance was obtained both in the simulations
and measurements. The reflectance remains below 5% from normal incidence (0°) to near grazing angle (85°)
for both polarizations and over a wide bandwidth. With this unprecedented control of the material parameter
tensors, the MEUML concept not only can be applied to impedance matching, but also can be utilized in many

exotic applications that require extreme control of the material properties.
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I. INTRODUCTION

When an electromagnetic wave impinges on an interface
between two media with different refractive indices, the wave
will partially reflect and transmit due to the mismatch of the
wave impedances between the two media. In many optical or
microwave applications, such reflection is undesirable when
maximum transmission is required. This has led to the de-
velopment of antireflection theory and a plethora of antire-
flection structures. The simplest antireflection structure is the
quarter-wave transformer (QWT) [1] that consists of a single
dielectric layer with a refractive index of ,/n,, where n, is the
index of the substrate to be matched. Despite its simplicity,
the QWT is often limited in applications due to the strict
index and thickness requirements. In addition, the QWT only
achieves perfect matching at normal incidence. Reflectance
quickly rises as the incident angle becomes more oblique.
More complex structures, such as multilayer coatings [2,3]
and moth-eye type graded-index (GRIN) coatings [4] can be
used to extend the angular and frequency ranges, but they are
usually thick and complex for fabrication. In addition, these
thick coatings are usually impractical at longer wavelengths
due to their significant thickness and weight. A good overview
of various antireflection coatings can be found in Ref. [5].

So far, all these coatings, which are based on conventional
antireflection theory, usually utilize isotropic materials with
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positive & and unity u, corresponding to common natural
materials. With the developments in metamaterials [6-8],
conventional material constraints can be circumvented. Such
artificially engineered structures may possess a wide range
of ¢ and p values, including negative ones [9—12]. This has
led to the development of metamaterial-based reflection-less
absorbers [13—15] and low-loss antireflection layers [16,17].
Even though these metamaterial-based antireflection layers
are more compact, they work well only in a narrow angular
range near normal incidence.

The issue of minimizing reflections at large oblique an-
gles of incidence was previously addressed in Ref. [18].
A matching theory based on anisotropic metamaterials was
developed for matching an arbitrary substrate at an arbitrary
angle of incidence, including extreme ones. By employing
anisotropic metamaterial layers, the authors demonstrated
perfect matching at 88° for either TE or TM polarization. At
such an extreme angle, matching with conventional methods
becomes difficult if not impossible. In addition, the resulting
anisotropic layer is subwavelength thick, making it much
more practical than the 120Ao-thick GRIN layer that was
numerically investigated in Ref. [3]. Nevertheless, the short-
coming of this anisotropic matching layer is that the layer has
to be designed to match either TE or TM polarizations, but
not both. This is because the wave impedances for the two
polarizations diverge, as the incidence angle increases. Thus,
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it is difficult to design matching structures to match for both
polarizations. Conventional coatings are often prioritized to
match one of the two polarizations.

Polarization-insensitive matching was hinted by the per-
fectly matched layer (PML) [19] concept in the field of
computational electromagnetics. The PML is capable of ab-
sorbing an incident wave without reflection, regardless of
the incident angle and polarization. To achieve this perfect
matching, the PML has identical and lossy ¢ and u tensors
in uniaxial form. Inspired by the PML, in this paper, we
present a polarization-insensitive metamaterial matching layer
with uniaxial permittivity and permeability tensors. However,
we would like to point out that even though the MEUML
has some resemblance to the PML, they are far from being
equivalent. The most crucial difference is that the PML is an
absorbing medium whereas the MEUML is not. As a result,
the MEUML has to satisfy one more boundary condition
than the PML. Since the PML is absorbing, minimal amount
of power reaches the back surface of the PML, and the
boundary condition at the back surface of the PML is not
relevant. In fact, one can use a perfect electric conductor
(PEC) as the boundary without introducing large reflections.
In comparison, the boundary condition at the back surface
of the MEUML (the MEUML/substrate interface) is crucial.
Different amounts of reflections can arise at the interface for
different substrates and at different incident angles. To achieve
perfect matching, the required ¢ and p tensors depend on
the substrate and incident angle, and they are usually not
identical. Thus, the MEUML is a more constraint, nonlossy
version of the PML. For nonabsorbing structures, an all-angle
transmitting and polarization-insensitive Huygens’ metasur-
face was proposed in Ref. [20]. The authors derived analytical
angularly dependent surface impedance tensors, which enable
the metasurface to transmit an incident plane wave at any
angle without reflection. However, this type of metasurface
only works for the special case of transmittance from free
space to free space. It would not work if one side is changed
an arbitrary medium. In comparison, the MEUML is more
general and can be easily extended to matching between two
arbitrary media.

So far, physical implementation of these absorbing and
nonabsorbing structures are far from perfect. For the non-
absorbing Huygens’ metasurface in Ref. [20], the authors
proposed to implement such a metasurface as a thin layer
with a finite thickness and with the surface impedances
approximated with tangential and longitudinal permittivities
and permeabilities. However, the authors of Ref. [20] did
not provide a physical structure to realize these material
parameter tensors. On the other hand, for absorbing structures,
a true PML has not been physically realized with metamate-
rials. The implementations are always an approximate form.
Previously reported metamaterial-based absorbers [13,15,21—
25] do not work exactly as the theoretical PML. Absorbers
in Refs. [13,22,23] are resonance based; thus, the absorp-
tion can be narrowband, angle sensitive, and polarization
sensitive. Absorbers in Refs. [15,22-24] only demonstrated
control of the transversal parameters while the control of
the longitudinal parameters is absent. According to the PML
theory, the longitudinal parameters should be the inverse of
the transversal parameters. For the absorber in Ref. [25], the

longitudinal permittivity can be tuned for an absorber based
on a nanowire array, but the control on the magnetic parts is
absent. Comparing to the PML with identical ¢ and p tensors,
realizing a MEUML with nonidentical ¢ and p tensors is a
much more daunting task.

In this paper, we are proposing a metamaterial unit cell to
realize the more complex MEUML. By carefully controlling
the transversal and longitudinal electric and magnetic cou-
pling in the unit cell, we can simultaneously tune the uniaxial
permittivity and permeability tensors to the desired values.
The synthesis process is aided by a parameter extraction
technique we provide in the Appendix, which can be used
to accurately extract all the layer parameter values at any
incident angle. For demonstration purposes, the MEUML is
designed to match to a high-index substrate at 45° incidence
and at a design frequency of 10 GHz. Around —30 dB reflec-
tion levels are observed for both polarizations. The proposed
MEUML is a significant extension to our previous work in
Ref. [18], in which the anisotropic matching layer works for
either TE or TM polarization, but not both; and the matching
layers are designed for a specific orientation in the azimuthal
plane (y — z plane). In comparison, the MEUML not only
matches for both polarizations simultaneously, but also for all
azimuthal orientations.

To further demonstrate the matching possibilities enabled
by the MEUML, we adapt the MEUML to impedance match-
ing in the microwave regime, which has a slightly different
design philosophy than in the optical regime. For optical
applications, the matching layer or the coating is usually
designed to match from air to an optical substrate. Since
typical optical substrates are optically thick (thousands of
wavelengths), they can be assumed to be semi-infinite. Thus,
when designing the matching layer, it can be assumed that
the matching layer is sandwiched between a semi-infinite
air region and a semi-infinite substrate. In contrast, the as-
sumption of a semifinite substrate is typically not valid in
the microwave regime since the wavelength is much longer.
Hence, the matching layer is designed to match from air to air.
This kind of matching layer is essentially a radome. By using
the transfer matrix method (TMM) [26], a MEUML-based
radome is designed and optimized. The reflection levels of
the realized Xy/3 thick radome remain below —14 dB (4%
power reflection) from 0° at normal incidence to 85° near the
grazing angle for both polarizations. Comparing to radomes
based on half-wavelength dielectrics [27], sandwich structures
with high/low/high index dielectrics [28], metamaterial-based
frequency selective surfaces (FSS) [29-32], multilayer di-
electrics [33], and inhomogeneous dielectrics [34], which all
have reflections increasing rapidly beyond 60° or 70°, the
proposed MEUML radome is superior in angular stability and
polarization insensitivity, achieving a wide angular range for
maintaining less than 5% power reflection for both polariza-
tions and over a wide bandwidth.

II. MEUML MATCHING CONCEPT

A. Matching theory

As shown in Fig. 1, a plane wave with TE or TM po-
larization from air (medium 1) impinges on the MEUML
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FIG. 1. A plane wave impinges on the MEUML at 6, with an
arbitrary polarization. The MEUML has thickness d and sits on a
semi-infinite isotropic medium that is to be matched.

(medium 2) at an angle of ;. The MEUML sits on an isotropic
nonmagnetic semi-infinite substrate (medium 3) with an arbi-
trary permittivity e3. The permittivity and permeability ten-
sors of the uniaxial layer assume the following form:
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where subscript ¢ denotes the tangential material parameters
in the x and y direction, and subscript n denotes the longitu-
dinal material parameters along the z direction. In addition, all
the matrix elements are assumed to be real. The total reflection
in air can be calculated from Eq. (3):
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where 7;; is the Fresnel reflection coefficient at the i, j

media interface with the incidence from medium i; the phase
¢™/TE ig the total phase delay accumulated in the uniaxial
layer along the normal of the layer surface (z axis). By equat-
ing Eq. (3) to zero, the permittivity and permeability tensors
in Egs. (1) and (2) can be solved exactly (see Appendix A),

Ao NG

fu = ; “
\/cos 01+ &3 — sin” 4
Ao 1
Mo = ; &)

d \/cos 01+ g3 — sin’ 6

MEUML Expanded View

N —

Unit Cell View

0.787mm’
RO5870 |

0.787mm|
ROS870 |~

;7\ \CTTP'QQULQ?S ~ // >

(b)

FIG. 2. Unit cell design of the MEUML. (a) In the unit cell view,
the MEUML is sandwiched between a semi-infinite air region and
a semi-infinite substrate. The host medium of the MEUML is a
Rogers RO5870 (¢, = 2.3) slab with a total thickness of 4.75mm.
(b) The physical realization of the MEUML. The 4.75-mm slab is
realized by bonding a 3.175-mm substrate to two 0.787-mm ones as
shown in the exploded view. Two copper rings are patterned on the
inner surfaces of the 0.787-mm substrates and an air hole is drilled
through the 3.175-mm one. The geometries of the final structure are
ri = 1.04 mm, r, = 1.94 mm, and rg;; = 2.3 mm.
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where Aq is the free-space wavelength and d is the MEUML
thickness. Using Egs. (4)—(7), we can calculate the required
MEUML parameters to achieve perfect matching for a partic-
ular substrate at a particular incident angle for both TE and
TM polarizations. It is interesting to note that if we substitute
¢ =1 in to Egs. (4)~(7), we arrive at the same conditions
[Egs. (7) and (8)] in Ref. [20]. Thus, our formulation is more
general and rigorous and it can easily extend to the case of
arbitrary media on both sides of the layer.

B. MEUML unit cell design

To demonstrate the matching concept, a MEUML is de-
signed to match to a high-index substrate (¢, = 10.2) at 45°.
The physical MEUML can be synthesized according to the
iterative design procedure in Ref. [35]. The final unit cell
design is shown in Fig. 2. The MEUML is 4.75-mm thick
and the required material parameters are: &5, = 3.40, &, =
1.51, puy = 1.06, and u,, = 0.62. To achieve those parame-
ter values, we propose to use two copper rings lying in the x —
y plane that are separated by an air hole. The working princi-
ple of the proposed unit cell can be explained with the help
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FIG. 3. The working mechanism of the MEUML. (a) The electric
field of a TM-polarized wave at an oblique incidence can be decom-
posed into tangential and longitudinal components. The tangential
electrical field induces dipolar currents flowing on the rings, which
result in a capacitive loading and lead to an increase in &;. The
top and bottom rings can be treated as a capacitor; thus, &,, can be
tuned by controlling the spacing and the area of the rings. (b) The
tangential magnetic field from the TE-polarized component induces
counterflowing currents on the top and the bottom rings, which form
a partial current loop. This induces a weak magnetic effect and can
be used to tune p, slightly from unity. On the other hand, the
longitudinal magnetic field will induce current loops flowing around
the rings. According to Lenz’s law, the induced currents generate an
opposing magnetic field to the incident one. Due to this diamagnetic
effect, u,, is lowered. Since the required &, of 1.5 is lower than the
host substrate permittivity, an air hole is used to lower the effective
host permittivity and this in turn lowers the &,, to the desired value.

of Fig. 3. The electric and magnetic fields of the incident TE
and TM polarizations can be decomposed into their tangential
and longitudinal components. The tangential electric field
will induce current Jr flowing on both rings. The induced
currents are dipolar in nature and will produce a capacitive
loading as in conventional artificial dielectrics [26], which
results in an increase in the effective tangential permittivity.
This enables us to increase the effective g5, from the host
medium permittivity of 2.3 to the required permittivity of 3.4.
From the longitudinal electric field point of view, the top and
bottom rings constitute a capacitor and produce a capacitive
loading. By changing the outer and inner ring radii, and the
ring spacing, €;, can be tuned. The longitudinal magnetic field
will induce currents flowing around the rings [36]. Since the
rings are electrically small, they are diamagnetic according to
Lenz’s law. As a result, the effective longitudinal permeability
is reduced due to this diamagnetic effect. By controlling the
size of the rings, (;, can be tuned. The tangential magnetic
field induces counterflowing currents on the top and bottom
rings [36,37], which form a partial current loop. This partial
current loop can induce a weak magnetic response and causes
a change in the effective tangential permeability. The effect
generally gets weaker as the rings are spaced further apart.
Thus, by controlling the spacing between the rings, (o, can be
tuned slightly from unity. Lastly, notice that the required &;,
is 1.51, which is lower than the substrate permittivity of 2.3.
Due to the capacitive coupling between the top and the bottom
rings, &7, is always larger than the host medium permittivity.
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FIG. 4. Extracted MEUML parameters as a function of the
incident angle 6,. The real parts (solid lines) and the imaginary
parts (dashed lines) are shown for (a) &y, (b) wy, (¢) &,, and
(d) po,. The imaginary parts of all four parameters are near zero,
indicating the MEUML having a small loss. At normal incidence, the
electromagnetic wave is independent from the longitudinal material
parameters; thus, they and cannot be extracted from the parameter
retrieval procedure (see Appendix B) and are undefined.

Thus, a hole is drilled into the substrate to dilute the host
medium permittivity, which in turn lowers &;,. Varying the
air-hole diameter has minimal impact on the permeabilities,
but it does change ¢,,. Thus, the copper ring sizes have to be
adjusted accordingly. In general, the four material parameters
are coupled and varying one geometric parameter can change
all four material parameters simultaneously. To find optimal
geometries, extensive parametric sweeps and optimizations
were performed.

The extracted permittivities and permeabilities for the
proposed unit cell are plotted against the incident angle in
Fig. 4. The corresponding parameter extraction technique is
described in Appendix B. Table I compares the extracted
values and the required theoretical values for perfect matching
at 45°. The extracted parameter values are in a good agree-
ment with the theoretical ones. Figure 5 shows the simulated

TABLE 1. Theoretical vs extracted MEUML parameters.

Parameters Theoretical Extracted
&y 3.40 3.20
oy 1.06 1.09
Em 1 5 1 1 40
Uon 0.47 0.62
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FIG. 5. The simulated responses of the MEUML. (a) Reflection

r, (b) transmission ¢, and (c) loss are plotted against 6;. Minimum

reflections for both TE and TM polarizations are observed near 45°.

Since the matching layer exhibits very small loss, the transmission is
near unity at the design angle.

reflection, transmission, and loss of the proposed unit cell.
Minimum reflections for both TE and TM polarizations are
observed near 45° as expected. Due to the low-loss nature of
the unit cell design, the transmission is near unity at the design
angle. Since the extracted material parameters deviate slightly
from the theoretical values, the minimum reflection for TM
polarization is at 40°. We would like to point out that in this
unit cell design, the spacing between the rings is constrained
to a standard thickness of 3.175 mm. The results can be
further improved if one is not limited to standard substrate
thicknesses. In addition, the basic optimization routines in the
commercial simulator [38] often do not output optimal results
for this complexly coupled structure. A more sophisticated
optimization routine can be employed but it is out of the scope
of this paper.

The reflections for TE- and TM-polarized waves are plot-
ted against 6; and frequency in Fig. 6. Since the synthesized
MEUML is not resonant, the matching performance is wide-
band. At the design angle, the fractional bandwidths for a
—20 dB reflection reflection level are 15% and 29% for TE
and TM polarization, respectively. From Fig. 7, it is also
clear that the matching performance is independent from ¢,
which is the azimuthal angle in the x — y plane. This is a
result of the small unit cell size (A9/6) and the symmetrical
geometries (circular rings and holes). The MEUML behaves
as a well-homogenized slab with little material parameter

FIG. 6. Reflections are plotted against 6, and frequency. (a) TE
polarization. (b) TM polarization. Due to the nonresonant nature of
the MEUML, the matching performance is very wideband. At the
design angle, the fractional bandwidths for a —20 dB reflection level
are 15% and 29% for the TE and TM polarizations, respectively.

variations in the tangential directions. The independence from
¢ is important for practical applications since the incoming
signal may impinge at an arbitrary azimuthal angle. Matching
variations in ¢ may lead to performance degradation.

C. MEUML-based radome

As was mentioned previously, for practical microwave
applications, the matching layer is rarely used to match from
air to a semi-infinite thick substrate. Rather, the matching
is from air to air. In such a scenario, the matching layer is
essentially a radome. Radomes are mechanically robust and
act as RF (radio frequency) transparent enclosures that protect
expensive radar or telecommunication apparatus from envi-
ronmental effects. They have been widely used in weather and
airborne radars. With emerging 5G telecommunications [39]
and autonomous driving [40], phased arrays that operate at
millimeter-wave frequencies have been widely adopted. Since
the free-space loss at such high frequencies can be significant,
a proper radome design is critical for minimizing the addi-
tional loss due to reflections. For many practical considera-
tions, the radome should be low-profile such that the overall
system is compact [41]. This inevitably requires the radome to
maintain a good transmission as the phased array scans over
a wide angular range. To achieve a good transmission over
a wide angular range for both polarizations, a conventional

45 ] 0
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FIG. 7. The azimuthal response of the MEUML. (a) rrg and (b)
rrm are plotted against 0, and ¢, where ¢ is the azimuthal angle in
the x — y plane. Due to the symmetry of the unit cell, ¢ is only
plotted from 0° — 45°. It is clear that the matching performance is
independent of ¢.
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radome is usually a sandwich type of construction [28], which
consists of two high/low-index thin dielectric sheets separated
by a low/high index dielectric spacer. Minimization of the to-
tal reflection can be achieved by the mutual cancellation of the
reflections between the sheets. The indices of refraction and
the thicknesses of the sheets, and the spacer, are extensively
optimized to achieve the best angular performance for both
polarizations. However, since the materials used are generally
isotropic and nonmagnetic, it is difficult to achieve the same
performance for both polarizations. The performance for TM
polarizations is usually better due to the existence of a Brew-
ster’s angle.

With the proposed MEUML concept, one gains control
in the longitudinal and tangential permittivities and perme-
abilities, which enables additional degrees of freedom in the
radome design. To demonstrate this concept, a radome is
constructed by having a thin RO3010 substrate sandwiched
between two MEUMLSs as previously described. The total
reflection of the sandwich radome is calculated by the transfer
matrix method (see Appendix C) and it is given by Eq. (8):

rope'?? — rope ™' (toton — roara0)
ei?2 — e~i%2rpry

)

Fsandwich =

where fy, is the total transmission from the semi-infinite air
region to the semi-infinite substrate; t,, is the total transmis-
sion from the semi-infinite substrate to the semi-infinite air
region; rgy/ o0 is the total reflection with the incidence from
the semi-infinite air/substrate. Thus, ry, and #y, are equivalent
to r and ¢ in Figs. 5(a) and 5(b), respectively.

From Eq. (8), we immediately notice that if the MEUML
achieves perfect matching between the semi-infinite air and
the semi-infinite substrate (rp, = 0), the total reflection of the
sandwich structure is immediately zero and it is independent
of the thickness (which is related to ¢,) of the RO3010
substrate. In addition, as long as rg is small, rgndwich 1S also
small and has a weak dependance on the substrate thickness.
Thus, from Fig. 5(a), we can infer that the sandwich structure
will have a small reflection between 0° — 60° as rg, is very
small in this angular range. To reduce the reflection of the
sandwich structure beyond 60°, the thickness of the RO3010
can be optimized. Due to the weak dependance on the sub-
strate thickness for angles between 0° — 60°, the optimization
process will not introduce too much performance degradation
in this angular range. With an optimal thickness of 1.25 mm
(see Appendix C), the maximum reflections for both TE and
TM polarizations are —14.6 dB, which correspond to a re-
flected power of 3.5%. For fabrication purposes, the RO3010
substrate is chosen with a standard thickness of 1.27 mm.
The resulting radome is very compact and has an overall
thickness of 10.8 mm, which is about Ay/3. Figure 8 shows
the total reflection of the MEUML radome as a function of
the incident angle. Very good agreement is observed between
the calculated and simulated results, maintaining less than
5% reflected power over 0° — 85° for both TE and TM po-
larizations. In addition, the radome is wideband as shown in
Figs. 9(a) and 9(b). For TE-polarized waves, the bandwidth
is 9.95 — 10.25 GHz such that the reflection stays below
—10 dB for the entire angular range of 0° — 85°. For TM-
polarized waves, the —10 dB bandwidth is 9.1 — 10.2 GHz.
For applications that require a smaller angular range, e.g.,

(dB)

sandwich

0 20 40 60 80
0, (deg)

FIG. 8. The total reflection of the MEUML radome is plotted
against 0;. Excellent agreement is observed between the TMM
calculation and the simulation results. The reflections for both polar-
izations stay below —14 dB for the entire angular range of 0° — 85°.

0° — 60°, the —10 dB reflection bandwidths become 2.5 GHz
and 3.6 GHz for TE and TM polarizations, respectively.

For optimal radome performance, it is desirable to min-
imize the magnitude and phase differences to maintain a
good polarization fidelity. If the incoming linearly polarized
signal becomes elliptically polarized after passing the radome,
the gain of the linearly polarized receiver would drop. Fur-
thermore, for sources placed behind the radome, it is also
desirable that the magnitude and phase has small variations vs
the scan angle. Otherwise, the radiation pattern would be dis-
torted. Figure 10 shows the magnitude and phase differences
between the two transmitted polarizations. We can see that
near the design frequency, the maximum magnitude difference
is less than 5% and the maximum phase difference is less than
16° for angles between 0° — 85°.

III. EXPERIMENTS

Due to the limitation in fabrication and material availabil-
ity, it is not possible to characterize a MEUML sandwiched by
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FIG. 9. Reflection levels of the MEUML radome. The simulated
total reflections of the MEUML radome are plotted against 6; and
frequency for (a) TE polarization and (b) TM polarization. The
matching performance is wideband as expected. The bandwidths
for maintaining less than —10 dB reflection for the entire range of
0° — 85° are 0.3 GHz and 1.1 GHz for the TE and TM polarizations,
respectively.
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FIG. 10. The simulated transmission (a) magnitude difference
and (b) phase difference between the two polarizations are plotted.
Maintaining small magnitude and phase difference is important for
the polarization fidelity. Near the design frequency, the maximum
magnitude difference is less than 5% and the maximum phase
difference is less than 16°.

a semi-infinite air region and a semi-infinite (or a very thick)
substrate. Thus, we choose to only characterize the radome,
which in fact is a more relevant structure from the applications
perspective.

To characterize the radome, we performed a wideband
far-field measurement with the setup shown in Fig. 11
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(characterization details are described in Appendix D).
Figures 11(d)-11(g) compare the simulated and measured
radome transmission. The simulated and measured results are
in good agreement. The radome is wideband; it maintains near
unity transmission between 8.2 — 12.4 GHz for angles up to
80°. However, the accurate transmission of the radome cannot
be obtained for the following reasons: First, the far-field
measurement setup has an accuracy no better than 0.5 dB.
Second, the radome was placed in the near field of the small
receiving antenna, which may distort the radiation pattern of
the antenna. Thus, when calculating the transmission of the
radome from the measured gain difference, the transmission
can be inaccurate and sometimes exceed unity. Third, the
radome has a finite size; thus, diffraction occurring at the
edges of the MEUML may introduce additional inaccuracies,
especially at extreme angles.

To obtain a more accurate radome transmission, we con-
ducted a quasioptical measurement as shown in Fig. 12 (char-
acterization details are described in Appendix D). Since the
quasioptical setup is narrowband, the radome was measured
only at 10 GHz. The simulated and measured transmissions
are shown in Fig. 12(c). A very good agreement between the
simulated and measured results can be observed for angles
between 0° — 65°. The measured results drop more sharply
beyond 65°. This is due to the spill-over loss. As illustrated
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FIG. 11. Far-field measurement of the MEUML radome. (a) shows the far-field measurement setup. A receiving antenna is placed behind
the MEUML radome with a 1.5-cm thick foam as a spacer. Two gain measurements are conducted with and without the radome in front of
the antenna. The transmission of the radome can be extracted from the measured gain difference. As the pedestal rotates, the transmission of
the radome can be measured against the incident angle. The transmitting pyramidal horn can be rotated such that the radiated electric field is
polarized either horizontally or vertically. Thus, the transmission of the radome for TE- or TM-polarized waves can be measured accordingly.
(b) shows the expanded view of the MEUML radome. For details on fabrication, please see Appendix D. (c) shows the detailed features of
the fabricated prototype. (d) and (e) compare the simulated and measured transmission for TE polarization. (f) and (g) compare the simulated
and measured transmission for TM polarization. The simulated and measured results are in good agreement. The radome maintains near unity

transmission for angles up to 80° and for the entire 8.2 — 12.4 GHz.
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FIG. 12. Quasioptical measurement of the MEUML radome (a) illustrates the quasioptical characterization of the MEUML radome. Instead
of measuring the total reflection, the total transmission is measured as the radome rotates. The radome is placed at the beam-waist plane such
that the wavefront impinging on the radome is planar. (b) shows the quasioptical setup. Since this is a narrowband system, the measurement
is performed only at 10 GHz. (c) compares simulated and measured transmission of the MEUML radome for both TE and TM polarizations
at 10 GHz. Good agreements between the results can be observed for angles from 0° — 60°. For angles beyond 65°, the measurement results
drop more quickly due to spill-over loss caused by the finite size of the radome.

in Fig. 12(a), at 70°, the projection of the finite-size (30 cm
long) sandwich structure onto the beam-waist plane is smaller
than the Gaussian beam-waist. Thus, near 70°, diffraction
occurring at the edges of the radome leads to spill-over
loss and results in a decrease in the measured transmission.
Nevertheless, the good agreement between the simulated and
measured results for less oblique angles validates the theory
and the design of the MEUML-based radome.
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FIG. 13. The radome consists of a RO3010 substrate sandwiched
by two MEUMLs. The transfer matrix method is used to analyze the
total reflection of the sandwich.

IV. DISCUSSIONS AND CONCLUSIONS

Until the recent developments in metamaterials, the antire-
flection structures developed for either optical or microwave
applications were often limited to the use of isotropic di-
electrics since the discovery of the antireflection phenomenon
by Lord Rayleigh in the 19th century. However, most of the
metamaterial-based matching layers have similar structures to
FSS, which often employ metallic strip or patch arrays. From
the effective medium point of view, the metallic elements
usually only increase the tangential effective permittivity due
to the capacitive coupling between them. In this aspect, these
metamaterial layers are not so different than conventional di-
electric matching layers, which usually have a worse matching
performance for the TE polarization due to the lack of control
of the effective permeability. Although some metamaterial
layers do achieve control of the permeability through the use
of split-ring resonators (SRR), these resonant-based structures
are often lossy and narrowband. In addition, the effective
permittivity of the SRR structure is usually not of concern.
To our best knowledge, for metamaterial-based matching
layers and absorbers, simultaneous control of the transversal
and longitudinal permittivities and permeabilities (a total of
four material parameters) has not been demonstrated. In this
regard, unlike previous reported metamaterial-based matching
layers and absorbers, we demonstrated such a sophisticated
control of all four materials parameters in the MEUML
synthesis. The tangential and longitudinal permittivities, and
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permeabilities are judiciously tuned to achieve the required
values. As a result, the MEUML is able to simultaneously
match both TE- and TM-polarized waves at oblique inci-
dent angles. We demonstrated this concept by synthesizing
a physical MEUML, which achieves a near perfect match-
ing for the high-index RO3010 substrate (¢, = 10.2) at 45°.
The resulting reflection levels are around —30 dB for both
polarizations.

Compared to our previous work [18], the MEUML is much
more capable. In Ref. [18], the anisotropic matching layer
is designed to match either the TE or the TM polarization,
but not both; and the incident wave is limited to a particular
orientation in the azimuthal plane (y — z plane). On the other
hand, the MEUML matches simultaneously both TE and
TM polarizations, and there is no limit on the orientation of
the incident plane wave. This enhanced capability comes at
the cost of much stringent design constraints. In Ref. [18], the
matching conditions are stipulated by two equations, but we
have three materials parameters to satisfy the two constraints.
For example, when matching for TE polarization, we use
Eyy, Myx, and &, to satisfy those two equations. Thus, we
have more degrees of freedom in the synthesis procedure. In
comparison, the MEUML has four constraints [described by
Egs. (A12) and (A13)] that need to be satisfied by exactly four
material parameters (ey, o, €21, and Wy, ); hence, there are
no extra degrees of freedom. Furthermore, in Ref. [18], the
structure we synthesized only needs to satisfy the material
parameter values in one particular orientation. For exam-
ple, we only need to satisfy ¢,, but not &, because we
limit the incident plane to be in the y — z plane. For the
MEUML, we need to satisfy the transversal &), parameter,
which encompasses every orientation. Compared to Ref. [18],
the synthesis of the MEUML is in fact much more chal-
lenging since we have no extra degrees of freedom and the
unit cell has to work for both polarizations and all orienta-
tions. This calls for a completely different approach and unit
cell design.

Despite the fact that we are quite constraint in the MEUML
synthesis, we still have the liberty to relax some constraints
such that extreme or negative material parameters are not
required. Thus, we do not have to rely on resonances, which
otherwise would make the structure sensitive, narrowband,
and lossy, to achieve those extreme material parameters. In
the simulations, we showed that the MEUML is low loss and
broadband, which makes it very attractive for practical ap-
plications. We demonstrated the practicality of the MEUML
by designing a sandwich-type radome for microwave appli-
cations. We were able to show that a A¢/3 thick radome
can maintain reflection levels below —14 dB over the entire
angular range of 0° — 85° for both polarizations, and over a
wide bandwidth. To our best knowledge, this is the widest
angular range that has been reported in the literature for such
a compact radome. The transmission of the fabricated radome
is characterized by a wideband far-field measurement and
a narrowband quasioptical measurement. From the far-field
measurements, we can conclude that the radome is indeed
wideband and wide angle, albeit the measured transmissions
are less accurate. More accurate transmissions were obtained
from the narrowband quasioptical measurement. We observed
an excellent agreement between the simulated and measured

results for angles between 0° — 65°. For angles beyond 65°,
the measured results are less accurate due to spill-over loss.
Even thought the quasioptical measurement was conducted
only at 10 GHz, with the combination of the wideband far-
field measurements, the radome is indeed working as it was
proposed.

In summary, we have proposed a matching theory based
on magnetoelectric uniaxial metamaterials. Remarkably, we
have proposed a simple metamaterial structure that can
synthesize the necessary uniaxial parameters. The con-
cept has been verified both in simulation as well as in
measurement. Although the simulations and measurements
were performed in the microwave regime, the theory is
general and can be applied in the optical and terahertz
regimes. With the help of a provided synthesis procedure
and a proposed parameter retrieval technique, we can tune
the required uniaxial parameters precisely. We believe the
MEUML concept not only opens routes for impedance-
matching applications, but also opens possibilities for design-
ing more sophisticated metamaterials that provide advanced
functionalities.
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APPENDIX A: DERIVATION OF THE MEUML MATERIAL
PARAMETER TENSORS FOR PERFECT MATCHING

The total reflection in air is given by Eq. (A1):

TM/TE TM/TE _j¢™/TE
STM/TE _ 1 trs e (A
- TM/TE_TM/TE ,i2¢TM/TE’
1—rp, )3 e
TM/TE . . . ..
where 7;; /TE is the Fresnel reflection coefficient at the i, j

media interface with the incidence from medium i; the phase
¢™/TE ig the total phase delay accumulated in the uniaxial
layer along the normal of the layer surface (z axis). Specifi-
cally,

ZT™/TE _ Z;FM/TE

TM/TE j
PIM/TE _ , (A2)
J Z}“M/TE N Z;FM/TE
pMTE =k, (A3)
where ZiTM/ T is the wave impedance for TM or TE polariza-

.. . . TM/TE . .
tion in medium i, k,, /TE is the wave number along the z axis,

and d is the layer thickness. The wave impedances and the
wave numbers can be further expressed as

ZM — no cos by, (AD)
1
7" = 770\/ B in2o,—, (AS)
& E2t€n
P
1o 1— sin” 6;
Z3TM = 8 (A6)

NG
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sin” 6
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&
k= ko\/ 282 — sin? O Si = kony",  (A10)
2n

. 1%%)
K = ko \//1,2,82, —sin? 0, == = konlE,  (All)

M2n
where 7 is the free space intrinsic impedance and kg is the
free space wave number. The required conditions to achieve
zero reflection are [18]

2
( Z;M/TE) _ Z™/TE,TV/TE (A12)
e = I Al3

2z 2d ( )

By substituting Eqs. (A4)—(A9) into Egs. (A12) and (A10),
and Eq. (All) into Eq. (A13), we have a total of four
equations with four unknown material parameters. Hence, the
tangential and longitudinal permittivities and permeabilities
can be solved exactly:

A
en =17 /o : (A14)
Jcos 6y /s — sin?;
Ao 1
po =5 , (A15)
Jeoso1/es —sin? 6,
4d /5 sin® 6, cos 6,/e5 — sin? By a6
& = — s
Mo /&3 —cosfy/e3 —sin? 6,
4d 5in 01 cos 61z — sin? By )
Mon = — ’
Ao V& — cos b, \/m
where A is the free space wavelength. Notice that
u P (A18)
Mot Man

The general trends of the MEUML parameters vs. 0;, €3, and
d are shown in Ref. [35].

APPENDIX B: MEUML NUMERICAL SIMULATION
AND PARAMETER EXTRACTION

Full-wave electromagnetic simulation of the MEUML unit
cell is performed in ANSYS HFSS commercial software. Two
Floquet ports are used with periodic boundary conditions. The
host medium of the MEUML is a Rogers 5870 substrate with
& = 2.33. Since the 4.75-mm thickness is not readily avail-
able, it is realized by bonding a standard 3.175-mm-thick sub-
strate to two 0.787-mm ones. The bonding film between the
substrates is the Rogers 3001 bonding film with a thickness
of 0.0381 mm and a permittivity of 2.28. The thin bonding

films are included in the simulation. The copper and dielectric
losses are also accounted for in the simulation. From the unit
cell simulations, we can obtain the scattering parameters of
the MEUML and they are used in the parameter extraction
procedure, which is adapted from the method presented in the
Appendix of Ref. [18]. It takes into account both the angle of
incidence and the high-index substrate effect.

ngtM and ngtE of the MEUML in Egs. (A10) and (A11) can
be related to the scattering parameters through Eq. (B1):

1 1— 81182 + Sy 81\ ™M
;‘tM,TE:_COS_1< 11922 + 521 12) . (B
kod So1 + Si2

where ko is the free space wave number and d is the
MEUML thickness. The wave impedances of the MEUML in
Egs. (AS) and (A8) can be related to the S-parameters through
Egs. (B2)—(B4):

ZTM ZTM
Zgl\r:[()rm = ﬁ = ;’ (B2)
’ A o cos
ZIE  7ZTEcos0,
2o = 15 = — (B3)

zZE n

F™M [ VE— sin® 6, \/(1 + 510U + 822) — $21812

2onomm €3 (1 =811 —82)— Sk’
(B4)
ZE cos 0 \/(1 + 81+ 822) — $21812

(1 =811 —8»)— S S
(B5)

Ve —sin? 6,

Using the extracted indices and wave impedances, &, and
W2, can be obtained as in Eqgs. (B6) and (B7). Once &, and
o are obtained, they can be substituted into Egs. (A10)
and (A11) to obtain &;, and u,, in Egs. (B8) and (B9).

™

n
gy = ———, (B6)

= ™
cos 0, Zz,norm

TE »TE
n,~7Z
W 2t “2,norm , (B7)
cos 6

)
&y; SIn“ 64
& = Z—TMz’ (B3)
exiar — (n3M)
-2
o Sin“ Oy
o = —2 L (B9)
&2 — (n2, )

Notice that the wave impedances and wave numbers are inde-
pendent from the longitudinal parameters at normal incidence.
Thus, in Fig. 4, the longitudinal parameters of the MEUML
cannot be extracted at normal incidence.
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APPENDIX C: TMM ANALYSIS OF THE
MEUML RADOME

A radome is constructed by having a thin RO3010 substrate
sandwiched between two MEUMLSs as shown in Fig. 13. The
performance of the radome is analyzed by the transfer matrix
method and the transfer matrix is given by Eq. (C1):

[ao:| _ To1P1Ti2P2T21Pi Tho [a4:| _ [M][Zﬂ’ o

bo fo1t1221t10 by

where ¢; and b; are the wave amplitudes in medium i. 7;;, and
Py are defined as

T = [rlu ﬂ, €2)
u
J®k 0

Pk:[eo e_m], (C3)

where r;; and 1;; are the Fresnel coefficients at each layer
interface and ¢y is the phase delay in each layer. The terms in
Eq. (C1) can be grouped as in Eq. (C4) to gain insight in the
total reflection of the sandwich structure. % or %t‘mﬂ”
is in fact the transfer matrix for calculating the reflection
and the transmission of an MEUML, sandwiched between
a semi-infinite air space and a semi-infinite substrate. 7y, is
the total transmission from the semi-infinite air region to the
semi-infinite substrate; tyg is the total transmission from the
semi-infinite substrate to the semi-infinite air region; rgy /720
is the total reflection with the incidence from the semi-infinite
air/substrate. Thus, ro, and #y, are equivalent to r and ¢ in

Fig. 5 of the paper.
[Mn M12i| _ 7517717'1273 Ta1P1Tho

Moy Mn| for1t12 it

1 _To el 0 1 —0

_ | t2 o2 o o
2 toatro—ro2r20 0 e—i¢z oo footao—=roar0 |°
102 I o o

The total reflection of the sandwich structure is given by
Eq. (C5):

My

roae'? — rope ™' (ta0t0r — roara0)
Fsandwich — M - .
1

el — e~iP2rpyry

(€5

Using Eq. (8), we can calculate the maximum reflection within
the angular range of 0° — 85° as a function of the RO3010
substrate thickness. The results are plotted in Fig. 14.

APPENDIX D: MEUML RADOME FABRICATION
AND MEASUREMENT

The expanded view of the MEUML radome is shown in
Fig. 11(b). The MEUML consists of three layers: two 0.787-
mm and one 3.175-mm Rogers RO5870 substrate. The copper
rings are patterned on the 0.787-mm substrates and the holes
are drilled on the 3.175-mm one. After the patterning and the

11

sandwich (dB)

Maximum r

-25 ! !
0.5 1 1.5 2

d3010 (mm)
FIG. 14. Maximum radome reflection as a function of RO3010
thickness. Based on the transfer matrix method, the maximum re-

flection of the MEUML radome is calculated for the angular range
of 0° — 85°.

drilling processes, the three substrates are bonded together
with the Rogers 3001 bonding film to form the MEUML. The
fabricated MEUML is cut in half and bonded to two sides
of the 1.27-mm thick Rogers 3010 substrate. The resulting
structure is the MEUML radome. The patterning, drilling, and
alignment errors are better than 0.1 mm.

The far-field measurement setup is shown in Fig. 11(a). A
small slot antenna was placed behind the MEUML radome
with a 1.5-cm-thick foam as a spacer. Two gain measurements
were conducted with and without the radome in front of the
antenna. The transmission of the radome can be extracted
from the difference of the gains. As the pedestal rotated, the
transmission of the radome was measured against the incident
angle. The transmitting pyramidal horn can be rotated such
that the radiated electric field is polarized either horizontally
or vertically. Thus, the transmission of the radome for a TE- or
a TM-polarized wave can be measured accordingly. The trans-
mitting pyramid horn has a bandwidth of 8.2 — 12.4 GHz,
so it is difficult to use a single antenna receiver to cover the
entire bandwidth. Three slot antennas were designed and each
covers a different band (see Ref. [35]). By stitching the results
from each band, the radome can be characterized over the
entire bandwidth.

The quasioptical setup is shown in Fig. 12. It consists
of two dual-polarized X-band horns and two Rexolite (¢, =
2.1) lenses. The electromagnetic radiation from the horns is
collimated by Rexolite lenses. A plane-wave incidence on the
radome is emulated by placing it at the collimated Gaussian
beam-waist. Since the collimating lens has a high numerical
aperture, the location of the Gaussian beam-waist would
shift with frequency. As a result, the quasioptical setup is
narrowband and the radome was only measured at the design
frequency of 10 GHz. Since the horn used is dual-polarized,
TE and TM transmissions of the radome can be characterized
simultaneously as the radome rotates. The rotation of the
MEUML is achieved through an electronically controlled
rotational stage. The transmission of the radome is measured
every 5°.
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