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Broadband Antireflective Properties of Inverse
Motheye Surfaces
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David Wikner, and Joseph N. Mait, Senior Member, IEEE

Abstract—A new method for synthesizing broadband antireflec-
tive (AR) surfaces at microwave and millimeter wave frequencies
is demonstrated. The AR surface, we call an inverse motheye, was
formed by machining a multi-layer grating of subwavelength cir-
cular holes into a non-absorptive dielectric. This created low re-
flected energies ( 30 dB) over reasonably large bandwidths
and incidence angles. An optimization algorithm, based on a direct
pattern search, integrated with a rigorous electromagnetic model
was used to design the grating geometries. Experimental results are
provided at Ka-band demonstrating the validity of the method.

Index Terms—Antireflection, effective medium, millimeter wave,
rigorous couple wave, subwavelength gratings.

I. INTRODUCTION

R ECENT advances in passive imaging at millimeter wave
frequencies [1]–[3] have created a need for high quality

optical components, such as lenses, designed specifically for
these wavelength bands. For most passive millimeter wave
imaging applications it is of critical importance to collect as
much incoming radiation as possible since signal strengths are
commonly many orders of magnitude smaller than intensities
encountered at visible or infrared wavelengths. Even at optical
wavelengths, however, it is desirable to maximize light collec-
tion. To accomplish this, antireflective (AR) coatings are often
applied to the surface of passive components, such as lenses, to
suppress Fresnel reflections and, as a consequence, collect more
energy in the desired waveband. The most common method for
implementing broadband AR surfaces is to coat the surface with
multiple layers of thin films. Various optimization algorithms
are used to determine exact values for the number of layers,
dielectric constant and their respective thicknesses such that
the coating produces the least amount of reflected energy over
the desired spectral band. In general, as the number of layers
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Fig. 1. The corneal surface of many insects is structured with a subwavelength
grating of protrusions that are believed to provide wide bandwidth antireflective
properties over the optical spectrum.

increases, the antireflective behavior improves. Unfortunately,
implementing this same approach at microwave and millimeter
wavelengths can be challenging since materials with the de-
sired dielectric constants are scarce. An alternative method,
originally developed for designing AR surfaces in visible and
infrared applications, utilizes a multi-level subwavelength
grating fabricated directly on the surface of a dielectric [4]–[6].
This technique was biologically inspired by the subwavelength
surface pattern on the cornea of common insects including
many moths and butterflies (see Fig. 1).

In fact, these insect’s eyes appear completely black due to
the AR properties of its subwavelength structure. Consequently,
man-made AR surfaces of this type are often called “motheye”
surfaces (see Fig. 2). Similar to the conventional thin film AR
coatings the performance of motheye AR surfaces improves as
the number of levels increases. Unfortunately, most multi-level
designs of conventional motheye surfaces result in very thin
needle-like structures protruding from the surface of a dielectric.
These structures can be difficult to fabricate and often lack the
mechanical rigidity required for some applications. In this paper
we present an alternative structure, an inverse motheye surface,
which can be significantly easier to fabricate than a motheye,
is more mechanically robust, and still provides good broadband
AR behavior. This new structure, illustrated in Fig. 3, is formed
by drilling multi-level subwavelength holes of various diameters
into a non-absorptive substrate. Two design algorithms were de-
veloped and are presented here. One is a direct design approach
based on the effective dielectric properties of the subwavelength
hole arrays. The other is an iterative optimization algorithm,
based on a direct pattern search, integrated with a rigorous elec-
tromagnetic model (rigorous coupled wave algorithm (RCW)).
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Fig. 2. Illustration of a conventional motheye AR surface.

Fig. 3. Illustration of an inverse motheye surface formed by drilling a multi-
level pattern of subwavelength holes into a non-absorptive dielectric substrate.

Both methods were used to design inverse motheye AR surfaces
within the Ka-band. We validated our design methodologies by
fabricating a test sample and characterizing it experimentally.

II. PROBLEM GEOMETRY

Fig. 3 depicts the subwavelength structures that we investi-
gated for use as an AR surface. The gratings were multi-level
(three levels shown in the figure) subwavelength holes with cir-
cular cross sections. We assumed we could form this surface by
drilling holes in a non-absorptive dielectric of permittivity, ,
and index of refraction, . To avoid any propagating diffracted
orders, other than the zeroth order, the period of the gratings
along the - and -axes, denoted by and respectively,
should be smaller than the material wavelength. The hole di-
ameter and depth of each layer, denoted by and respec-
tively, were assumed variable and chosen to produce a minimum
amount of reflected energy over some desired frequency band
and incident angles. In the examples we present in this paper
the incident field is restricted to TE polarized plane waves prop-
agating at an angle with respect to the z-axis (as illustrated

Fig. 4. Variations to the basic inverse motheye design (shown in Fig. 3)
includes hexagonally packed array (top) and dielectrically backfilled design
(bottom).

in Fig. 3). However, one can apply the algorithm, without mod-
ification, to problems involving plane waves of arbitrary inci-
dent angles and polarizations. Two variations to the basic de-
sign, illustrated in Fig. 3, were also studied. In particular, we
considered hexagonally packed hole arrays, as well as structures
in which the holes were backfilled with a different material of
index of refraction . These alternative geometries are illus-
trated in Fig. 4.

III. ELECTROMAGNETIC MODELING

Two approaches are generally reported in the literature for
simulating the electromagnetic properties of subwavelength
gratings. The first uses effective media theory [7] to provide
closed form approximations for the effective dielectric con-
stants as a function of the grating structure. Although attractive
from a computational perspective, the approximate expressions
are accurate only for gratings whose period is much smaller
than the wavelength of illumination. As the grating period
approaches the wavelength, which is referred to as the reso-
nance regime, the assumptions on which these closed form
expressions are based are no longer valid. For our designs we
assumed grating periods only slightly smaller than the material
wavelength and thus could not accurately utilize effective
media theory.
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We employed a second approach, which utilizes a rigorous
electromagnetic model to determine the relationship between
structural form and response. Although computationally more
difficult, this approach is capable of generating accurate results
for gratings of any period size and shape. Several rigorous
electromagnetic models can be used for this calculation. We
chose the rigorous coupled wave (RCW) algorithm originally
presented by Moharam and Gaylord [8], [9]. Our specific
implementation, is based on the enhanced transmittance matrix
approach introduced by Moharam et al. [10] and later refined
by Lalanne [11] and Noponen and Turunen [12].

Using this method we define regions within the solution do-
main illustrated in Figs. 3 and 4. These are; (1) an incident re-
gion which was assumed to be an infinite half-spaced filled with
a lossless dielectric of index , (2) an exit region which was
assumed to be another infinite half-spaced filled with a lossless
dielectric of index , and (3) a layered grating region which
contains multiple layers of dielectric slabs with subwavelength
circular holes. The total thickness of the layered region is

(1)

where denotes the thickness of each layer and N denotes the
total number of layers. The first step in the RCW method is to
represent the electromagnetic fields in each of the three regions.

A. Incident Region

Within the incident region, denoted by region I, the electro-
magnetic fields consist of an incident plane wave plus all of the
diffracted orders reflected from the structure [12]. This is written
for the electric fields as

(2)
where and denotes the wave vector and unit polarization
vector of the incident plane wave respectively. The second term
in (2) accounts for all the reflected diffractive orders. Since each
of the components in (2) represent plane waves the magnetic
field equations can be easily derived from these. In (2) and

denotes the vector reflection coefficient and wave vector
of the mn-th reflected order in region I respectively. The vector
components of , resulting from the phase matching and
Floquet conditions, and are given by

(3)

where is the polar angle and is the azimuth angle of the
incident plane wave [8], [9] and [12]. The z component of the
wave vector, given in (3), is written more explicitly in (4), shown
at the bottom of page where and denotes the x and y
component of the wave vector given in (3). It is easily deduced
from (3) and (4) that if the grating periods, and , are small
compared to the incident wavelength only the

diffractive order will propagate in reflection (i.e., all
other diffractive orders will be evanescent). This condition is
written mathematically as

(5)

In this work we are interested in generating only zeroth order
AR surfaces thus the conditions given by (5) must be enforced.

B. Exit Region

Within the exit region, denoted by region III, the electro-
magnetic fields consist all of the diffracted orders transmitted
through the structure [12]. This is written for the electric fields
as

(6)

Here and denotes the vector transmission coeffi-
cient and wave vector of the th transmitted order in region
III respectively. The wave vector in region III is of the same
mathematical form as (3) and (4) in region I with the one ex-
ception of replacing with . Using a similar analysis to
that of region I it can easily be shown that to avoid any propa-
gating diffractive orders in the transmitted region, other than the

term, the grating periods must satisfy the relations

(7)

C. Multi-Layered Grating Region

Between the incident and exit regions is a multi-layered stack
of N grating layers, denoted as region II. Each of the layers
within region II is assumed to be of finite thickness and con-
tains an array of subwavelength circular holes drilled out of a
dielectric substrate (illustrated in Fig. 5). Both rectangular and
hexagonally packed hole arrays were investigated.

(4)
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Fig. 5. Each layer within the grating region is assumed to be composed of a
periodic lattice of holes whose cross section is independent of depth. In (a) the
holes are packed in a rectangular array and in (b) the holes are packed in a
hexagonal array.

In the RCW method the electric and magnetic fields within
the each layer of the grating region, denoted by the superscript
p, are written as a Fourier expansion of spatial harmonics given
by

(8)

where and represent the amplitudes of the spa-
tial harmonics in the th layer for the magnetic and electric fields
respectively [12]. Substituting (8) into Maxwell’s two curl equa-
tions and eliminating the z component results in the following
coupled system of first order differential equations for the spa-
tial harmonic amplitudes of (8)

(9)

In (9), and denote the Fourier components for the
permittivity distribution, , and the inverse permittivity
distribution, of the pth layer given by

(10)

For the geometries of interest here, shown in Fig. 5, (10) can be
solved analytically. For the rectangular array, shown in Fig. 5(a),
the solution to (10) is given by

(11)

where denotes the Bessel function of the first kind of order
one, represents the diameter of the circular holes within the

th layer and and are the permittivity of the substrate and
hole material of the th layer respectively. For many applica-
tions is assumed equal to free-space (i.e., unfilled holes) but
could be backfilled with some other material to form a solid flat
surface.

If the holes are packed in a hexagonal array, as depicted in
Fig. 5(b), the solution to (10) is given by

(12)

After substituting (11) or (12) into (9) and enforcing boundary
conditions across all planar interfaces an eigenvalue problem re-
sults that can be solved numerically for the reflected and trans-
mitted diffracted orders and . For a more detailed de-
scription of the numerical implementation of RCW the reader is



MIROTZNIK et al.: BROADBAND ANTIREFLECTIVE PROPERTIES OF INVERSE MOTHEYE SURFACES 2973

Fig. 6. Effective permittivity of the subwavelength hexagonally packed hole
array, depicted in Fig. 5(b), as a function of the periodicity normalized to the free
space wavelength ����� and the hole diameter normalized to the period �����.
In (a) the substrate was assumed to be a homogenous dielectric slab of dielectric
constant � � ��� and thickness � �� (b) the substrate was assumed to be
a homogenous dielectric slab of dielectric constant � � ��	
 and thickness
� ��.

referred to [10]–[12]. Our custom RCW code, developed using
the Matlab programming environment, was used to calculate
the complex transmission and reflection coefficients from multi-
level two-dimensional subwavelength gratings.

IV. EFFECTIVE DIELECTRIC CONSTANT

The effective properties of the subwavelength geometry il-
lustrated in Fig. 5 can be estimated using the RCW method de-
scribed in the previous sections. The effective properties are de-
termined by first calculating the zeroth order reflection coeffi-
cient, as a function of the grating’s geometry (i.e. ,
h and d). The effective permittivity, denoted by , can then be
determined by solving the transcendental equation

(13)

where is given by

Fig. 6 illustrates a typical effective permittivity distribution of a
hexagonally packed hole array, depicted in Fig. 5(b), as a func-
tion of the periodicity of the array normalized to the free space
wavelength and the hole diameter normalized to the pe-
riod . The dielectric constant of the incident and exit re-
gions are assumed to be 1.0 while the dielectric constant of the

Fig. 7. The multi-level subwavelength grating shown in (a) is approximated by
an antireflective interference filter shown in (b). The ERAR algorithm was used
to determine the effective properties and thickness of each layer.

substrate is in Fig. 6(a) and in Fig. 6(b). For
both Fig. 6(a) and (b) the slab thickness was assumed to be one
half the free space wavelength . It is interesting to
note that in Fig. 6 as long as the period of the hole array is small
compared to the material wavelength (i.e., ) the most
sensitive design parameter is the ratio of the hole diameter to the
array period (i.e. ).

V. DESIGN METHODOLOGIES

A. Direct Design of Inverse Motheye Antireflective Surfaces
Using Effective Chebyshev Quarter Wavelength Transformers

In this section we present a direct method of designing inverse
motheye surfaces by mapping the “effective” properties of the
subwavelength structure to the dielectric properties of a multi-
layered dielectric stack. The first step was to employ conven-
tional AR coating design algorithms to construct an interference
filter [Fig. 7(b)]. While there are a large number of good algo-
rithms for designing antireflective interference filters we chose
to implement the equal ripple algorithm (ERAR) originally de-
scribed by Collin [11]–[14]. In Collin’s method each layer of a
multilayered dielectric stack is designed to be of quarter wave-
length phase thickness at the center frequency, , of the band
of interest (i.e., ). Under these conditions the re-
flectance R(f), as a function of frequency f, for a stack of M
layers can be written in the following polynomial form:

(14)
where, the coefficients, , will depend on the refractive indices,

, of each layer. By properly selecting the refractive indices a
reflectance function can be derived with desirable antireflective
characteristics. Due to their equal ripple character the Cheby-
shev polynomials are a particularly attractive choice. Fitting
(14) to Chebyshev polynomials Collin’s derived equations for
the refractive indices given the total number of layers M, and de-
sired fractional bandwidth, . While Collin only derived
equations up to four layers, Riblet [11] presented a recursive
algorithm that could be used to determine ni for an arbitrary
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Fig. 8. Inverse motheye AR surface designs described in Example #1 using
both the direct effective medium based design algorithm and the iterative opti-
mization. The dielectric constant of the substrate material is � � ���� Shown
are the geometry for a hexagonally packed hole array (a) and for a rectangular
packed hole array (b).

number of layers. The mathematical details of the Collin/Riblet
algorithm are described in numerous references and for the sake
of brevity are not presented here.

The next step was to construct a multi-layered subwavelength
grating in which each layer had the same thickness and “effec-
tive” refractive indices as the multi-layered design found via
Collin’s method. We then assumed that when single level sub-
wavelength gratings are stacked to produce a multi-level struc-
ture the effective properties of each level could be approximated
by the effective properties of the single layer. The authors fully
acknowledge that this is an approximation to the true multi-lay-
ered structure [Fig. 7(b)], however, as illustrated later by exam-
ples, this direct design method did provide reasonably good re-
sults. Most often, however, the designs generated by this direct
method provided excellent initial conditions for the iterative op-
timization algorithm described in the next section.

B. Iterative Design Algorithm Using Pattern Search
Optimization

To refine the solution of the direct design method we im-
plemented an iterative optimization algorithm. Here the RCW
method is used to calculate the full wave solution for the re-
flected energy of any specific grating structure as a function of
frequency and angle of incidence. An optimization algorithm is
then used to refine the grating geometry such that an objective
function is minimized. The objective function we chose to min-
imize was simply the sum of squared reflection coefficients, r,
at a discrete number of frequencies within the band of interest,

, and a discrete number of angles of incidence, , as given by
(15)

(15)

A number of iterative optimization algorithms could be em-
ployed to refine the Chebyshev quarter wavelength transformer

based designs discussed in the previous section. These include
traditional derivative-based algorithms, genetic algorithms
or direct pattern search algorithms. An advantage of both
genetic and pattern search algorithms is that they do not re-
quire derivatives, and so they work well on non-differentiable,
stochastic, and discontinuous objective functions. Both simple
genetic algorithms and direct pattern search algorithms were
implemented and tested for the application of interest here.
While both methods produced comparable results the pattern
search algorithm was often computationally less expensive.
However, the authors fully acknowledge that a comprehensive
comparison of the two methods was not conducted.

Pattern search works by searching, or polling, a set of points
called a mesh, which expands or shrinks depending on whether
any point within the mesh has a lower objective function value
than the current point. The mesh size can be expanded or con-
tracted about the current point by adjusting a scaling parameter.
If the algorithm finds a point within the mesh whose objective
function is less than the current point then that is called a suc-
cessful poll. After a successful poll, the algorithm moves the
current point to the new location and then multiplies the cur-
rent mesh by a scaling factor greater than one (i.e., expands
the mesh). If, however, the poll is unsuccessful then the current
point is retained and the algorithm multiplies the current mesh
by a scaling factor less than one (i.e., contracts the mesh). The
search can be stopped after a minimum pattern size is reached,
a maximum number of iterations is exceeded, or the minimum
distance between the current points at two consecutive iterations
is achieved in the equation at bottom of the following page.

In the next section, we present several examples of AR
surfaces designed using both the direct and iterative design
methods.

VI. DESIGN EXAMPLES

A. Example #1: Ka-Band (30–40 GHz) Normal Incidence

In this first example an inverse motheye AR surface was
designed to reflect a minimum amount of energy within the
Ka-band (30–40 GHz) at normal incidence. We assumed that
the substrate in which the AR surface would be formed had a
dielectric constant of and was infinitely thick (i.e.,
half-space). For this example we investigated both rectangular
and hexagonal arrays.

Hexagonal Hole Array: Implementing both the direct and it-
erative design approaches described in the previous sections we
synthesized a two level AR inverse motheye surface, depicted in
Fig. 8(a), using hexagonally packed hole arrays. The grating pe-
riod, , was fixed at 3.1 mm but the grating heights, ( and ),
and hole diameters, ( and ), were assumed variable. Shown
in Fig. 8 are the geometrical design results after applying the
direct and optimized design approaches.

Rectangular Hole Array: We also designed inverse motheye
surfaces composed of subwavelength hole arrays packed in a
rectangular configuration, as shown in Fig. 8(b). To allow for a
fair comparison we similarly used two grating levels and fixed
the period in both the x and y dimensions at 3.1 mm. As in the
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Fig. 9. Simulated results for the AR surfaces of Example #1 using both the
hexagonal and rectangular arrays shown in Fig. 8 under normally incident illu-
mination. Plotted is the reflectance in dB as a function of frequency using both
the direct (effective media design approach) and the iterative optimization. As
a baseline for comparison also presented is the reflected intensity coefficient
when no AR surface is added.

previous case the grating heights, ( and ), and hole diame-
ters, ( and ), were assumed variable.

For the structures given in Fig. 8 the intensity reflection co-
efficient or reflectance, , where r denotes the complex
reflection coefficient, is plotted as a function of frequency in
Fig. 9. As a baseline for comparison also presented in Fig. 9 is
the reflectance of a half-space with no AR surface. Clearly the
inverse motheye AR surfaces for both rectangular and hexag-
onal array designs significantly reduced the reflected energy
over the entire frequency band of interest (30–40 GHz). In fact,
within the band of interest, R never exceeded 30 dB. This is
an impressive result considering the relatively high fractional
bandwidth (37%).

It is interesting to note that in this example, as well as most
of the design problems we attempted, the designs using hexag-
onal arrays consistently had lower reflectance than the rectan-
gular arrays. This is not too surprising considering that in the
hexagonal geometry the holes can be packed much closer to-
gether allowing for a higher volume fraction of material to be

Fig. 10. Simulation results for Example #2 in which an inverse motheye surface
was designed to minimize reflected energy over both a wide frequency band-
width and incident angles for TE polarization. In (a) reflectance is plotted as a
function of incident angle at the center frequency of 35 GHz. Also plotted is the
reflectance for the optimized hexagonal array given in Example #1 (optimized
only for normal incidence) and a reference with no AR surface added. In (b)
reflectance is plotted as a function of both frequency and incident angle for the
optimized motheye surface and a non-patterned surface.

removed. Consequently, the effective index of refraction of the
top layer can more closely approach free-space in the hexagonal
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Fig. 11. Inverse motheye AR surface machined on both sides of a Rexolite slab.
Designed to be antireflective within the Ka-band (32–38 GHz).

geometry. However, for some applications it might be benefi-
cial to remove less material while still having a reasonably low
reflectance. For those applications a rectangular array may be
preferred.

B. Example #2: Ka-Band (30–40 GHz) at Wide Incident
Angles

In this example an inverse motheye based AR surface was de-
signed to have a low reflectivity over both frequency and angle
of incidence. The incident field, as shown in Fig. 3, is assumed
to be a TE polarized plane wave incident on the slab at an angle,

. The inverse motheye surface was optimized to create a
minimal amount of reflectance over the frequency range 30–40
GHz and incident angles varying from . The
substrate in which the AR surface would be formed had a di-
electric constant of , same as the previous example,
and was infinitely thick (i.e. half-space). Only the hexagonally
packed hole array was used for this example. Similar to the pre-
vious example the grating period, , was fixed at 3.1 mm but
the grating heights, ( , and ), and hole diameters, ( and

), were assumed variable.
The geometry of the optimized structure is identical to that of

Fig. 8 with the optimized geometrical parameters provided in
the table below. Also provided in the table are the results from
the optimization for only normal incidence. The reflectance for

Fig. 12. A numerical comparison between a traditional dielectric stack AR de-
sign (12b) and the inverse motheye surface described in Example #1 (12a). The
substrate is an infinite half-space of Rexolite �� � �����. Both structures were
designed to be antireflective within the Ka-band (30–40 GHz).

these structures is plotted in Fig. 10 as a function of frequency
and angle of incidence. The results in Fig. 10 clearly demon-
strate how an inverse motheye surface can be used to suppress
reflections below 30 dB over incident angles ranging from
0 –60 and a broad frequency band (30–40 GHz). (See the
equation at bottom of the page).
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Fig. 13. A numerical comparison between a traditional dielectric stack AR de-
sign (13b) and the inverse motheye surface described in Example #2 (13a). The
substrate is an infinite half-space of Rexolite �� � �����. Both structures were
designed to be antireflective within the Ka-band (30–40 GHz) and over incident
angles varying from 0–60 degrees. The results shown in Fig. 13(c) are at the
center frequency of 35 GHz.

C. Example #3: Transparent RF Window (Dual AR Surfaces)

In this final example we designed a dielectric slab with an
inverse motheye pattern applied to both the top and bottom sur-
faces, as shown in Fig. 11. The goal was to create a transparent
slab (e.g. dielectric RF window) at normal incidence by ap-
plying AR surfaces to both the top and bottom surfaces, within
the Ka-band (32–38 GHz). We assumed that the substrate in
which the AR surface would be formed had a dielectric constant
of and was 0.5 inch thick. We also employed
only a two level grating, as depicted in Fig. 11, with the struc-
ture on the top and bottom surfaces being identical. For conve-
nience during fabrication the hole diameters, ( and ) were
fixed at two conventional drill bit sizes, 0.1 and 0.05 inches re-
spectively. The grating period, , and grating heights, ( and

), were assumed variable during the iterative design. Shown
in Fig. 11 are the geometrical design results after completion of
our iterative design method. The predicted and experimentally
measured transmittance, , from this structure is pre-
sented in the next section.

D. Comparison of Inverse Moth-Eye Surfaces With a
Traditional Dielectric Stack Design

In this section, we provide numerical comparisons between
the AR properties of an optimized inverse motheye surface and
a traditional dielectric stack. It is worth repeating that the main

Fig. 14. A �� � �� � ��� slab of Hik �� � 	��� ����
� machined to
have the hole array structure shown in Fig. 11.

Fig. 15. Experimental system used to measure transmission from the sample
shown in Fig. 14.

goal of the inverse motheye design is to create good broadband
antireflective properties using known materials and a simple fab-
rication process (i.e. drilling holes). However, we also hope that
the performance will approach that of a traditional AR surface
composed of a stack of homogenous dielectrics. To numeri-
cally examine this point we looked at the problems described
in Examples #1 and #2 and designed dielectric AR stacks using
two homogenous dielectric layers to create antireflective be-
havior over the same frequency band (i.e. Ka-band (30–40 GHz)
normal incidence).

For the structure described in Example #1 (see Fig. 8) we
employed Collin’s equal ripple algorithm (ERAR) described in
a previous section to synthesize a dielectric stack [11]–[14]. It
was assumed for this case normally incident plane wave illu-
mination. Fig. 12 presents the simulation results from the in-
verse motheye surface of Example #1 and a two layer dielectric
stack designed over the same spectral band. The substrate, as
in Example #1, had a dielectric constant of and was
infinitely thick. The calculated reflectance at normal incidence
for both the inverse motheye and dielectric stack are shown in
Fig. 12(c). Over the band of interest both designs provided very
good AR properties ( 40 dB) however the dielectric stack
outperformed the inverse motheye, particularly, near those fre-
quencies in which the reflectance theoretically drops to zero.
Due to scattering it is unlikely that any structured surface, such
as the inverse motheye, will achieve exactly zero reflectance. It
is also interesting to note that the optimization algorithm for the
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Fig. 16. Simulated and measured %transmitted power at normal incidence for the antireflective sample shown in Fig. 11 and designed in Example #2. Also
shown are experimental and predicted results for a reference sample (i.e., no AR surface). Over the design frequency band (32–38 GHz) the AR machined sample
transmitted over 86% of the incident power.

inverse motheye surface appears to be driving the effective prop-
erties as close to that of a dielectric stack as possible. While we
did not quite achieve the performance of the dielectric stack our
design was created out of a single substrate with known dielec-
tric properties. Within the Ka-band it would be very difficult to
find two materials with exactly the right index of refractions to
create the design shown in Fig. 12(b).

In Fig. 13 we provide a similar numerical comparison for the
problem described in Example #2. In this case, however, we em-
ployed the pattern search optimization algorithm, described ear-
lier in this paper, to optimize the index of refractions and layer
thicknesses for each of the two homogenous layers shown in
Fig. 13(b) over both frequency (30–40 GHz) and incident angle

. The results shown in Fig. 13(c) show that in
this particular case the inverse motheye surface performed better
than the optimized dielectric stack for incident angles below 60
degrees. We speculate that there is an angular dependence to the
effective index of the grating layers that helps to reduce reflec-
tions at higher these incident angles.

VII. EXPERIMENTAL VALIDATION

To validate the performance of our algorithm experimentally
we fabricated the design presented in Example #3 and measured
the transmissivity and reflectivity within the Ka-band (30–40
GHz).

The inverse motheye AR surface, shown in Fig. 11, was fabri-
cated from a plate of high Hik material sold by
Emerson & Cuming. We measured the dielectric permittivity of
the material to be within the 30–40 GHz band
with very little dispersion. The hole array, shown in Fig. 11,
were machined into the Hik material using a 3-axis computer-
ized numerical control (CNC) router. The router machined the
multi-level hole array on both the top and bottom surfaces of the
plate. An image of the fabricated surface is shown in Fig. 14.

To measure the properties of the samples in both transmission
and reflection we used the experimental setup shown in Fig. 15.
At the heart of this setup is an Agilent PNA Vector Network an-
alyzer with external heads that extend the frequency range from
20 MHz to 110 GHz. On the transmit side a standard gain horn
was used to form a quasi-plane wave at the surface of an en-
trance aperture (8 in diameter). On the receive side an identical
standard gain horn was used to detect the transmitted energy
through an exit aperture of the same size as the input side. The
transmitting horn, input aperture, sample, exit aperture and re-
ceive horns are all centered and aligned for maximum transmis-
sion of RF energy. The sample was placed on a rotary stage at
the center of the chamber to vary the angle of incidence. The en-
tire setup was constructed inside a larger chamber covered with
radar absorbing material on all surfaces. Frequency averaging
and time-domain gating were used to remove extraneous reflec-
tions. In addition the transmit horn is mounted on a linear stage
that allows measurements to be taken at different distances to
the input aperture. By spatially averaging the results at various
transmit locations diffraction effects, due to the finite size of the
apertures and samples, can be reduced. This system was mod-
eled after a similar dual anechoic chamber design developed at
the Space and Naval Warfare Systems Center (SPAWAR), San
Diego CA [17].

A. Experimental Results at Normal Incidence

Experimental results for the sample shown in Fig. 14 are pre-
sented in Fig. 16 for a normally incident plane wave illumina-
tion. Here the measured transmission in %Transmitted Power
at normal incidence is plotted as a function of frequency for
both the AR machined sample and a reference sample (i.e. Hik
plate of the same dimensions but with no AR-surface). Also pre-
sented in the figure are the simulated results, using the RCW
method, for both samples. The sample machined with the AR
inverse motheye surface on both sides transmitted over 86% of
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Fig. 17. Measured transmittance as a function of incident angle and frequency for both TE and TM polarizations. Results are given for the AR-machined sample
(16a and 16b) and the non-machined reference sample (16c and 16d). Over the design frequency band (32–38 GHz) the AR machined sample transmitted over
80% of the incident power over incident angles of �� �� for both TE and TM polarization.

the incident power over the entire 32–38 GHz band. The non-AR
machined sample produced the expected standard wave pattern
caused by multiple reflections from the two interfaces. There
was generally good agreement between the measured and sim-
ulated results for both the machined and non-AR machined sam-
ples.

B. Experimental Results: Effects of Incident Angle and
Polarization

Experimental results are shown in Fig. 17 as a function of fre-
quency, incident angle and polarization for the sample shown
in Fig. 14. For these measurements, incident angle was varied
by rotating the sample between to with respect to
the incoming incident plane wave. Due to the limited size of
the samples it was not possible to test incident angles much
greater than 30 . For each incident angle measurements were
made for both TE and TM polarization. Measurements were ac-
quired within the 30–40 GHz band for both the AR machined
sample (Fig. 14) and the non-machined reference sample.

Referring to Fig. 17 it is interesting to note that even though
this sample was designed and optimized to be non-reflective
only for normally incident illumination it still transmitted over
80% of the incident power over the entire range of incident an-
gles (e.g., to ) within the designed frequency band of
32–38 GHz. This was true for both TE and TM polarization. It
was not surprising that for the non-machined reference sample
the transmitted power was highly dependent on the frequency
and, to a lesser extent, the angle of incidence and polarization.

VIII. DISCUSSION AND CONCLUSION

In this paper we presented a method for creating broadband
anti-reflective surfaces using subwavelength arrays of holes
drilled into a lossless dielectric. Analogous to motheye type
AR surfaces used primarily at optical frequencies we refer
to this geometry as inverse motheye surfaces. Both a direct
design approach, using effective media theory, and an iterative
optimization algorithm were described. Several design exam-
ples were presented that demonstrated the inverse motheye
surface’s ability to minimize reflections over a broadband of
frequencies and incident angles. One of the design examples
was experimentally fabricated and characterized for validation.
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