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Miniaturized-Element Frequency Selective Surfaces
for Millimeter-Wave to Terahertz Applications
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Abstract—This paper presents a single-face, membrane-sup-
ported, miniaturized-element frequency selective surface (MEFSS)
for image rejection of a J-band upconvertor mixer. In this design,
a new miniaturized-element patch-wire MEFSS configuration is
proposed to select the upper-side band (USB) response of a wave
radiated from an upconvertor. The proposed MEFSS produces
a single pole and an adjacent transmission zero to suppress the
lower sideband. It is shown that the frequency response of this
MEFSS can be predicted by an equivalent circuit model and
that the location of pole and zero can be tuned independently
with physical parameters. MEFSS elements are supported and
protected by a 10 pem thick low-loss polymer membrane which
allows flexible handling and minimizes substrate losses. Thickness
of the metallic traces is increased to reduce the conductor loss.
A salient feature of this design is low sensitivity of its frequency
response to the angle of incidence and the absence of a harmonic
response. This feature allows placement of the spatial filter in close
proximity to radiating elements with spherical wavefronts. The
membrane-supported MEFSS is fabricated using a microfabrica-
tion method with tolerances that allow such filter implementations
up to terahertz frequencies. Performance of the fabricated device
is experimentally verified using a free-space measurement setup.
Experimental results show that the transmission response has 0.6
dB insertion loss in the passband (221-223 GHz) and more than 25
dB rejection out-of-band (206-208 GHz) which is in good agree-
ment with full-wave simulation and its circuit model prediction.

Index Terms—Miniaturized-element frequency selective surface
(MEFSS), single-side band filter, millimeter-wave (MMW), micro-
fabrication technology.

1. INTRODUCTION

N RECENT years, millimeter-wave (MMW) radars have

been widely investigated for collision avoidance and
imaging applications [1]-[3]. Reduction in size and mass of the
radar while maintaining a certain angular resolution and the
ability to see through optically opaque atmospheric conditions
are among the important advantages of radars operating at
higher millimeter-wave through terahertz frequency bands.
These radars typically have a harmonic mixer at the last stage
to upconvert a modulated IF signal to the desired RF transmit
frequency. Harmonic mixer nonlinear intermodulation creates
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different mixing products of LO and IF signals. Among these
signals, the image signal has the highest amplitude and is
downconverted into the same band as the RF signal. Mixture of
these signals in the receiver can cause a significant error in radar
measurements. To avoid measurement errors, a bandpass filter
is required to provide high isolation between adjacent bands
of the RF signal and its image. Waveguide and planar MMIC
filters have been traditionally used in communication and radar
systems [4], [5] to achieve band isolation between different
channels. To achieve channel selection between adjacent bands,
high order filters are required to achieve the necessary suppres-
sion of the undesired sideband. The design and realization of
multipole filters at high millimeter- and submillimeter-wave
frequencies is very difficult and leads to higher than desired
insertion loss. Planar MMIC filters, on the other hand, are easy
to fabricate but their loss is prohibitively high for most radar
and communication applications at these high frequencies.
Frequency selective surface (FSS) structures have been
utilized in millimeter- and submillimeter-wave remote sensing
instruments to provide spatial filtering [6]-[8]. Multilayer
resonant-element FSSs are reported with low insertion losses
(as low as 0.6 dB) and 30 dB isolation in adjacent bands with
a band separation of 1:1.07 [6], [7]. One common feature
among traditional resonant FSS structures is that the size of
the resonant elements and their spacing are comparable to the
wavelength at the operating frequency. The frequency response
of these structures is the result of mutual interactions of many
adjacent unit cells and energy coupling of many slowly de-
caying evanescent Bragg modes. Hence, in order to observe the
desired frequency response, the surface must include a large
number of resonant elements and be illuminated by a planar
phase front at a particular designed angle of incidence. Hence
for certain applications FSS structures with relatively small
electrical dimensions that are less sensitive to the incidence
angle and can operate with non-planar phase fronts are highly
desirable. A new class of FSSs called miniaturized-element
FSSs (MEFSS) was introduced in [9]. The MEFSSs consist of a
multilayer periodic array of metallic structures with dimensions
that are much smaller than the wavelength at the operating
frequency. This design allows for localization of bandpass
characteristics to a small area on the surface, which allows
flexible spatial filtering for an arbitrary wave phase front.
Another advantage of the miniaturized-element design lies in
the fact that the interaction of the surface and incident plane
wave is predominantly in the TEM mode. As a result, higher
order Bragg modes are suppressed, and harmonic responses are
eliminated. In addition, the interaction of these MEFSS struc-
tures with an incident electromagnetic wave can be modeled as
lumped inductive and capacitive elements. This allows for de-
sign and tuning of MEFSS structures with arbitrary frequency
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Fig. 1. Proposed single face, membrane supported, MEFSS illuminated by a
vertically polarized plane wave.

responses based on their equivalent circuit model. In recent
years, numerous variations of the miniaturized-element FSSs
have been reported with operating frequencies up to 26 GHz
[10], [11]. Single and multilayer multipole MEFSSs are fabri-
cated using standard printed circuit board (PCB) technology at
these frequency bands.

The work presented in this paper is motivated by the need for
a high isolation between upper-side band (UPS) and lower-side
band (LSB) signals present in the output spectrum of a Y -band
instrumentation radar [12]. The filter objective is to provide min-
imum insertion loss in the 221-223 GHz band and more than
25 dB signal suppression in the 205-207 GHz band. In addi-
tion, the spatial filter needs to be placed at a small distance from
the radar feed antenna where we have a spherical phase front. A
new MEFSS consisting of arrays of patch and I-shaped wires,
as shown in Fig. 1, is proposed to meet the required filtering
characteristics for a vertically polarized incident wave. In this
design, metallic elements are supported on a thin membrane
sheet. In Section II, the design procedure based on the equiv-
alent circuit model is described and a full-wave numerical anal-
ysis is performed to verify the model accuracy. Sources of loss
have been analyzed to improve the insertion loss and the out of
band rejection of the MEFSS. It will be shown that the trans-
mission response of the proposed FSS has small dependency on
the angle of incidence near the normal direction. Section III de-
scribes the MEFSS fabrication process using a microfabrication
technique. In Section IV, the experimental response of the fabri-
cated prototype is presented using a free-space millimeter-wave
measurement setup. Finally, a summary of the work is presented
in Section V.

II. DESIGN AND EQUIVALENT CIRCUIT MODEL DEVELOPMENT
OF PATCH-WIRE MEFSS

To achieve the desired filtering response using a simple struc-
ture with a low insertion loss, a single pole filter with an adjacent
transmission zero is considered. This simple filtering response
can be obtained from the circuit model shown in Fig. 2. Such
a circuit can easily be realized in terms of a MEFSS structure.
The configuration of such a MEFSS is shown in Fig. 3. Basi-
cally, the I-shaped elements interact with a V-polarized wave
and behave as a series L-C' branch. The inductance is a func-
tion of the length, width, and thickness (D,, wr,, t,,,) of the wire
section, while the capacitance is mainly affected by the gap be-
tween two adjacent caps (s). The spacing between the I-shaped

Ry
Zy L, L Zy
C C

Fig. 2. Equivalent circuit model of the MEFSS for a vertically polarized wave
front at a normal incident angle. L = 0.5837 nH, C = 1.0105fF, C, = 7.147
fF, L, = 0.0166 nH, Ry, = 6.4479 Q, Zo = 377 2.

Fig. 3. A unit cell of the MEFSS. Dy = D, = 470 gm, g. = 60 um,
s =20pm, t,, =7 pm,w; = 5.7 pm, w, = 5 pm, t, = 10 pm.

elements and patches can affect the inductance of the I-shaped
elements if it becomes small enough. Basically the inductance
of the I-shaped elements decreases as the metallic patch gets too
close because it suppresses the circulating magnetic field around
the wire. The patch array is modeled by a capacitor which is in
parallel with the L-C branch. The patch capacitor value, C,, is
a function of the gap between adjacent elements (g..) and the
dielectric constant of the supporting membrane. The patch el-
ements create a small inductance which is modeled as an in-
ductor, L,, in series with C,. As mentioned before, the cir-
cuit model has a passband frequency and an adjacent transmis-
sion zero frequency in its transmission response. There is also a
second zero associated with the L,,-C), branch which occurs at a
much higher frequency compared to the other two resonant fre-
quencies. Since wL > Ry (R represents the wire resistance),
these resonant frequencies are approximately equal to:

1 1 1
W= —= < wp = LWy = —F/——.
/ CcC,
LC (L+LP>C+CP L,C,
M

It is noted that the pole frequency (w,) is always larger than
the first transmission zero frequency (w.1) which is desired to
suppress the LSB of the mixer. All the lumped element values
in the model can be tuned independently using elements dimen-
sions in the structure. This provides flexibility in adjusting the
resonant frequencies in the transmission response by changing
the dimensions of the structure. w1 is determined by the dimen-
sions of the I-shaped elements. Considering L, < L, w, canbe
defined as a function of w.; as follow:

wp C
=r _ 14 = 2
oo + c, 2
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Fig. 4. Magnetic field distribution around a wire element for two different
thicknesses: (a) t,, = 0.5 gm (b) t,, = 7 pm.

Hence, the passband frequency can be pushed as close as de-
sired to the first transmission zero by increasing C),, or equiva-
lently reducing g.., without changing the transmission zero fre-
quency.

In submillimeter-wave frequencies and higher, two main
sources of loss, namely substrate loss and conductor loss, limit
the performance of spatial filters by increasing the insertion
loss and decreasing the rejection in the transmission response.
The dielectric substrate increases insertion loss by creating an
impedance mismatch with free space. In addition, the dielectric
loss in the substrate can become large in these frequency bands.
To reduce losses associated with the substrate, the MEFSS is
designed on a 10 pm thick (~A/80) Parylene membrane. Ex-
cellent physical and electrical properties such as low intrinsic
thin film stress, homogeneous surface and low dielectric con-
stant, makes Parylene suitable for this application. Large areas
of a thin layer of Parylene can be released and handled which
makes it ideal for freestanding structures. The low dielectric
constant and loss tangent (¢, = 2.9 @ 1 MHz, tan§ = 0.004
@ 60 GHz [13]) of Parylene is desirable to reduce the mismatch
and dielectric loss of the FSS structure.

Ohmic loss in the metallic elements is another source of loss
which increases the insertion loss in the passband and reduces
the rejection in the bandstop. This loss is modeled as a resis-
tance Ry, in series with the inductor in the circuit model. This
loss is a function of the surface resistivity of the metal strips and
the current distribution on the wire elements. Gold has a high
bulk conductivity (¢ = 4.1 x 107 S/m) and its surface resis-
tivity is Ry = 0.146 2 at 220 GHz. However, similar to planar
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Fig. 5. Simulation results for the patch-wire MEFSS with different element
thicknesses. The insertion loss in the passband and the rejection out of the band
improves as the element thicknesses increase.

transmission lines, e.g., microstrips and coplanar waveguides,
the induced currents are not uniformly distributed on the wire
strip surface, as they are mostly concentrated near the edges of
the strips. This effect is due to the singular behavior of the elec-
tromagnetic field near a conductor wedge [14]. Fig. 4 shows the
magnetic field distribution around the wire element. The sur-
face current density is equal to the tangential component of the
magnetic field. To reduce the current density on the edges and
increase the effective surface of the strip, the curvature of the
strips near the edges must be reduced. This can be done essen-
tially by increasing the thickness of the strips. Numerical simu-
lations verify that the current distribution is much more uniform
on a thick strip as shown in Fig. 4(b). Fig. 5 shows that the in-
sertion loss and isolation are improved as a result of increasing
the wire thickness.

Full-wave analysis of the structure was performed in a com-
mercial finite-element method solver (Ansoft HFSS). A single
unit cell (Fig. 3) is excited by Floquet ports and the reflection
(S11) and transmission (S21) responses of the proposed MEFSS
are computed. Master and slave boundaries are incorporated to
model the planes of periodicity for the array and to ensure phase
continuity across the unit cells for a desired angle of incidence.
The transmission response of the FSS as a function of angle of
incidence is shown in Fig. 6. As shown, the transmission re-
sponse is not very sensitive to the angle of incidence. Resonant
frequencies shift by 1% and 5% for angles of incidence equal to
20° and 50°, respectively, with respect to the normal direction.

The equivalent circuit model is simulated with Advanced De-
sign System (ADS). The circuit parameters have been optimized
to fit the full-wave analysis results. The lumped-element model
is valid so long as the interaction of the FSS elements and the
incident wave remains mostly in TEM mode. The first Bragg
mode contribution starts to come to effect when the periodicity
approaches A/2. As the frequency increases and the unit cell di-
mensions become comparable to the wavelength, the lumped-el-
ement circuit model accuracy drops, especially for oblique an-
gles of incidence. Fig. 7 shows the reflection and transmission
responses of the optimized structure and the equivalent circuit
model up to 450 GHz. The responses are in close agreement over
the entire band. It can also be noted that the second harmonic
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Fig. 6. Simulation results of the patch-wire MEFSS for different angles of
incidence.
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Fig. 7. Numerical simulations for patch-wire MEFSS at normal incidence.
There is good agreement between the structure and the circuit model simulation
results in the operating frequency band.

response is not present (at 414-444 GHz) unlike an equivalent
resonant FSS structure design.

The structure dimensions can be scaled to create the same fil-
tering response at higher submillimeter-wave and terahertz fre-
quencies. Full-wave simulation results for the scaled MEFSS
structures are shown in Fig. 8. It can be seen that the scaled
structures create a filtering response with characteristics iden-
tical to the original structure in the corresponding bands. The
insertion loss and LSB rejection are slightly worsened as the
operating frequency increases due to higher conductor loss on
the metallic traces.

III. FABRICATION PROCESS

The membrane-supported FSS structure was fabricated using
wafer microfabrication technology. The fabrication process
consists of three major steps: deposition of a thin Parylene sheet
on a carrier wafer, pattern and growth of miniaturized elements
over the Parylene layer, and release of the Parylene-supported
structure from the carrier wafer. More detail steps in the fabri-
cation process are shown in Fig. 9. First, a bare polished silicon
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Fig. 8. Full-wave simulation of the scaled MEFSS for terahertz applications.
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Fig. 9. Schematic diagram of microfabrication steps of membrane-supported
MEESS. (a) Sacrificial layer spin. (b) Parylene deposition. (c) Seed layer evap-
oration. (d) Photoresist spin. (e) Lithography. (f) Gold electroplating. (g) Pho-
toresist removal. (h) Seed layer etch. (i) Coating with Parylene. (j) Removing
sacrificial layer. (k) Released FSS.

wafer is coated with a thin photoresist layer and a 10 pm thick
layer of Parylene-C is deposited over carrier. Photoresist is used
as a sacrificial layer which will be dissolved on the last step to
release the Parylene membrane. The structure consists of 7 ym
thick elements with feature dimensions as small as 5 pm. Gold
electroplating technique is used to achieve thick elements with
highly accurate dimensions. First, a thin layer of chrome and
gold (500°A/500°A) is evaporated on the Parylene membrane
as a seed layer. Next, the seed layer is patterned with the 2D
array of FSS elements shown in Fig. 1. A 10 pm thick layer
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Fig. 10. Photos of fabricated a single-face miniaturized-element FSS. (a) scan-
ning electron microscope image of electroplated gold elements. (b) membrane-
supported miniaturized-element FSS after release.

of photoresist AZ 9260 is patterned with the features to allow
electroplating up to 7 um. Then, the features are electroplated
to the desired thickness. After electroplating, the photoresist
is dissolved and the seed layer on the previously covered
areas is removed by wet etching gold and chrome. Although
chrome/gold elements have good adhesion to Parylene, the
elements will fall off the membrane when moved and shaken
on portable radar systems. To resolve this problem, a thin
layer of Parylene (0.5 pm) is deposited on the FSS to seal the
surface and keep the gold elements in place. This thin Parylene
layer increases the capacitance in the circuit model and so the
thickness of this layer can be further used as a parameter to

Fig. 11. Free-space measurement setup. FSS screen is placed normal to an-
tennas broadside.

tune the resonant frequencies of the filter. Microscopic images
of the fabricated structure are shown in Fig. 10(a).

For the last step, the membrane-supported FSS needs to be
detached from the carrier wafer. This is done by dissolving the
photoresist underneath the Parylene layer in an acetone solution.
Acetone etches the photoresist through cuts made at several lo-
cations near the edge of the wafer. After the photoresist is com-
pletely etched, the sample is placed in isopropanol to remove
any acetone residues on the membrane. A PVC circular support
is glued to the FSS and the membrane is cut and released from
the carrier as shown in Fig. 10(b).

IV. MEASUREMENT

The transmission response of the fabricated structure is
obtained experimentally using the free-space measurement
setup shown in Fig. 11. An Agilent N5245 4-port performance
network analyzer is used along with OML millimeter-wave
frequency extending modules to perform full 2-port S-param-
eter measurements at Y -band. Two identical pyramidal horn
antennas are connected to the frequency extending modules
to create a vertically polarized wave front. The beamwidth of
the antennas is 13° in the E-plane and 10° in the H-plane and
the far-field range is 16 cm. The two antennas are separated
by 32 cm and the FSS is placed in between, normal to the
broadside of the antennas, equally spaced from each antenna.
The antennas foot print at the FSS location is 3.6 cm which is
far less than 10 cm diameter of FSS holder. Hence, there is little
perturbation due to scattering from the edges of the holder.
Transmission (Sy;) measurements are range gated in the time
domain to eliminate multiple reflections from the frequency
extending modules. Range gating is achieved by applying the
Kaiser-Bessel gating function (8 = 15) centered at 1.07 ns
on the time-domain transmission response. The two antennas
are aligned for maximum transmission response and system is
calibrated using the free-space thru response. Fig. 12 shows the
measured transmission response of the membrane-supported
MEFSS at normal angle of incidence. The measured response
shows a 0.6 dB insertion loss in the 221-223 GHz band and
more than 25 dB rejection in the 206-208 GHz band for vertical
polarization at a normal angle of incidence.

V. CONCLUSION

A new single face, membrane-supported bandpass MEFSS
with an adjacent zero in the transmission response for image re-
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Fig. 12. Measured and simulated transmission response of membrane-sup-
ported miniaturized-element FSS.

jection in a 222 GHz radar system is presented. The proposed
miniaturized-element patch-wire configuration creates a pole
and an adjacent transmission zero filtering response for verti-
cally polarized electromagnetic wave. The location of the pole
and the zero can be independently adjusted by varying the geo-
metrical dimensions of the structure. The proposed MEFSS is
designed using a simple circuit model and a full-wave anal-
ysis which is then realized on a thin Parylene sheet to mini-
mize losses associated with the substrate. The thickness of the
metallic traces is optimized to reduce the conductor loss. The
membrane-supported MEFSS is fabricated using microfabrica-
tion techniques and its transmission response is measured using
a free-space measurement setup. Measurement results show that
the transmission response has 0.6 dB insertion loss in the pass-
band (221-223 GHz) and more than 25 dB rejection around the
lower side-band (206-208 GHz) which is in good agreement
with numerical simulations of both the structure and its circuit
model.
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