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Resonant metal-mesh

bandpass filters for the far infrared

D. W. Porterfield, J. L. Hesler, R. Densing, E. R. Mueller, T. W. Crowe, and R. M. Weikle ||

The spectral performance of freestanding resonant metal-mesh bandpass filters operating with center
frequencies ranging from 585 GHz to 2.1 THa is presented. These filters are made up of a 12-um-thick
capper film with an array of cross-shaped apertures that fill a circular area with a 50-mm diameter. The
filters exhibit power transmission in the range 97-100% at their respective center frequencies and
stop-band rejection in excess of 18 dB. The theoretically predicted nondiffracting properties of the
meshes are experimentally verified through high-resolution beam mapping.  Scalability of the filter
spectra with mesh dimensions is demonstrated over a wide spectral range. Several modeling methods
are considered, and results from the models are shown.
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Introduction

There are a number of important applications for
bandpass filters in the far-infrared {submillimeter
wave) spectrum, For example, superconductor—
insulator-superconductor tunnel junction mixers re-
quire bandpass filtering to avoid saturation by ther-
mal radiation. In addition, one may reduce the noise
equivalent power of a cooled bolometer by using a
cooled bandpass filter to block thermal radiation over
much of the bolometer's spectral range. One can
use bandpass filters designed for operation at 45°
angles to split signal radiation into multiple channels
for simultaneous ohservation. This ability is of great
importance in airborne or space-based environments,
for which observation time can be costly. In a
subharmonically pumped mixer, one can use a band-
pass filter to suppress fundamental mixing by block-
ing signal radiation near the local oscillator frequency
and passing signal radiation near the Nth harmonic
of the local oscillator.

A number of interesting structures with bandpass—
reject characteristics have been reported in the litera-
ture, including arrays of circular! and square? conduct-
ing rings and pairs of concentric circular conducting
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rings.? Krug et al.* described arrays of annular slots
and square annular slots in metal films situated on
dielectric substrates. These annular arrays exhib-
ited peak transmittances approaching 70%. We re-
port here on freestanding resonant metal-mesh band-
pass filters made up of solid copper films (typically
12-pm thick) perforated with arrays of cross-shaped
apertures. Photographs of two of these devices with
center frequencies at 585 GHz and 2.1 THz are shown
in Fig. 1. These filters are compact, relatively easy
to fabricate, coolable to liquid-helium temperatures,
and exhibit high center-band transmission, narrow
bandpass, and significant stop-band rejection. Their
performance is determined by periodicity G, cross-
member length K, and cross-member width o/ [Fig.
1{a)|. Design of resonant meshes is highly simplified
by the fact that one can shift the filter profile by
linearly scaling the dimensions G, K, and .J, provided
that G is smaller than the wavelength.

The theory behind this type of device can be traced
back to the research of Pelton and Munk,® Agrawal
and Imbriale,’ and Rhoads, et al’ on arrays of crossed
dipoles on dielectric substrates referred to as fre-
quency-selective surfaces. One can apply the phys-
ics of frequency-selective surfaces to freestanding
resonant meshes by choosing the refractive indexn =
1 (no substrate) and by applying Babinet's theorem
for transformation between complementary struc-
tures.

Reports on resonant meshes were first published by
Ulrich,® Davis,” and Tomaselli et al.'" A theoretical
description for meshes with finite thickness is given
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Fig. 4. Slices through a Gausaien laser beam at 585 GHz, with or
without a mesh filter in the beam path

normalization constant was used for both slices. As
shown in Fig. 4, the data from the two slices overlap
to at least 35 dB down, the dynamie range noise floor
of the lock-in amplifier. It is apparent from this
graph that the beam profile is essentially unaltered by
the insertion of the mesh filter.

Scaling-Modeling

The initial 585-GHz filter photomask design was
based on theoretical considerations. We then ana-
lyzed the resultant filter spectrum to determine the
actual center frequency Using these data, we
slightly adjusted the photomask dimensions to obtain
a filter centered at 585 GHz. The remaining filters
were scaled directly from the final 585-GHz filter
dimensions (all dimensions were rounded to the
nearest micrometer]. The resultant peak frequen-
cies were all within 2% of the design frequencies,
confirming the theoretically predicted scaling charac-
teristic of these devices.

We used the simple circuit shown in Fig. 5 to model
the mesh filters. The circuit is based on the model
used by Davis.® Transmission lines with the charae-
teristic impedance of free space provide a means to
propagate electromagmnetic energy to and from the
filter. The load resistance, R}, and the source resis-
tance, Rg, are matched to the characteristic imped-
ance of the transmission lines (Z; = 377 (1) so that
standing waves are avoided. Capacitor C and induc-
tor L set the resonant frequency [w, = (LC)-12], and
resistor R models ohmic losses in the mesh. In the
case of very small ohmic loss, a condition satisfied for
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Fig. 5. Simple transmission line model for bandpasa resonant
mesh filters.
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Fig. 8. Modeled data (curves| and measured FTS data (data
points) for four mesh filters.  The model uzed is that of Fig, 5 with
R, L, and C values fitted to the FTS data for the 585-GHz mesh
filter and then scaled for the higher-frequancy filters,

Transmission

transmission peaks in excess of 97%, quality factor @
of the cireuit is given approximately as @ = w,CZ,/2,
and the fractional bandwidth is approximately given
as 1/6. Under the matched conditions Ry = Rg =
Zy, the power transmission of the circuit is given by

Pr [Hz o) = zunq2
=18 2=1 - A L L S , 2y
Py Sl [ ZgialZa) + Zp) {

with £y = (R + joll| jeC)

We found valuesof R = 7.8 x 10-%(), L = 8.345 pH,
and C' = B.782 {F for the 585-GHz model by matching
the FTS data of the 585-GHz mesh filter to the
relevant circuit equations. We scaled the L and C
values of the 585-GHz model to obtain inductor and
capacitor values for the remaining filters. Resistor
values were not scaled in this manner; instead we
calculated them to give peak power transmission
equal to the FT'S data for each filler. It is not in the

‘least surprising that the resonant frequency scaled

accurately, but it is notable that the bandwidth of the
scaled models closely matched the measured band-
widths. It is apparent from the transmission curves
of Fig. 6 that this model can fairly accurately predict
mesh filter performance provided that the G /K and
G/ ratios are maintained. However, it is desirable
for us to have a modeling method that can predict
performance for arbitrary G/K and G/J ratios or
other arbitrary aperture geometries.

Two other modeling methods were explored that
predict the mesh filter performance from first prin-
ciples. The two models were the finite-element
method and the EMF analysis. Both methods as-
sume an infinite mesh array and utilize symmetries
to reduce the structure to a single unit cell defined by
electric and magnetic walls. The structure shown in
Fig. 7 represents a single element of the metal-mesh
filter embedded in a waveguide. Evanescent modes
around the metal-mesh unit cell act as reactances in
the waveguide.

Hewlett-Packard's high-frequency structure simu-
lator (HFSS) solves Maxwell's equations on arbitrary
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Fig 7. Mesh filter unit cell embedded in 8 waveguide with electric
wallz on the top and bottom and magnetic wallz on both sides.

three-dimensional structures composed of lossy met-
als, dielectric materials, and perfect conductors hy
using the finite-element technique and determines
reflection and transmission coefficients.'" We used
the HFSS to obtain the two port [s] parameters of the
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Fig. 8 Meazured and modeled transmizsion for the (a) 585-GHz
mesh filter, (b] 2,1-THz mesh filter; transmiasion line eurves are
the zame as the anes shown in Fig, 6,
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mesh over a wide range of frequencies centered at the
resonant frequency of the mesh. We used only one
quarter of the symmetric structure of Fig. 7 in the
HFSS simulations to reduce the solve time. Figure
8 shows the HFSS solution and the FTS measure-
ment for the 585-GHz and 2.1-THz filters. The
HFSS model peak frequency for both filters was
within 1.5% of the measured FTS transmission peak
frequencies. The percentage bandwidth for both
filters was predicted by HF3S to within 4% of the
measured FTS percentage bandwidth. In addition,
the HFSS percentage bandwidth decreased with fre-
quency from 14.5% at 585 GHz to 11% at 2.1 THz,
which agrees with the trend of the experimental FTS
data. We believe that differences between the mea-
sured FTS data and the modeled HFSS data are
attributable to small errors in the measurement of
the mesh dimensions, slight imperfections in the
apertures, and the assumption of an infinite mesh
array.

The main disadvantages of using the HFSS are the
large amount of computer resources required for a
solution and the high cost of the software. We
explored the EMF method because of its relatively
simple implementation compared with either the
finite-element method of the HFSS or the Floquet
mode-expansion technigue. The induced EMF
method starts by assuming a current distribution on
the structure being modeled. Once these currents
are given, the method uses Poynting’s theorem to
find an expression for the impedances of the structure
in the waveguide. The structure shown in Fig. 9,
one quarter of the mesh unit cell, is the dual of the
post in a waveguide solved by Eisenhart and Khan,
and the derivation of the impedances follows a similar
procedure. *"?!  We assumed that magnetic currents
in the cross arm perpendicular to M were negligible.
The effect of adding in the eross arm is to reduce the
distributed capacitance along the intersecting area
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Fig. 9. Unit cell used in the EMF method, where M iz the assumed
magnetic current distribution in the aperture



between the two arms, thus reducing the overall
capacitance by a geometrical factor of approximately
Lyeom = d/{d +w). The equations for the circuit
elements derived from this method are given by
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where k, = mm/a, k, = nw /b, and £y, is the Neumann
factor given by

2, n=0

Egn = 1, A {6)

Factors Y,,,™ and Y,,,"E are the characteristic admit-
tances for the waveguide modes (plus or minus
superscripts indicate the impedances looking in the
positive and negative z directions, respectively), given
by

2 wE
YoM = i (7
ks
YmnTE = E " (8)

where k, is the mode propagation constant

kz = {WEH£ = k_rz - k;g]""z- {9)
The terms v, , and y,,, are dependent on the assumed
current distribution. For a uniform eurrent distribu-
tion acroas the aperture,
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We also looked at a more accurate current distribu-
tion with singularities at the aperture edges. This
distribution was based on the assumption that mag-
netic currents in the aperture have the same spatial
distribution as static charges on an infinitely long
strip of metal. The current distribution in the aper-
ture is then given by

M,
E (11)
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Fig. 10. Transmission line model derived from the EMF method.

Using the nonuniform current distribution, we found
Yim and Yrn tO be
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The circuit model resulting from the EMF formula-
tion is shown in Fig. 10. We use the impedances
calculated from Egs. (3)-(5) with Eq. (2) to calculate
the transmission characteristics of the mesh |we
truncated Eqs. (8}-{5) at m =nr = 50]. Figure 8
shows the results of the EMF method for both the
uniform and nonuniform magnetic current distribu-
tions. The assumption of a uniform current distribu-
tion caused the EMF method to overestimate the grid
impedance, The EMF method with the nonuniform
current distribution estimated the peak frequency for
both filters to within 4% cf the measured FTS
transmission peak frequencizs and estimated the
percentage bandwidth for both filters to within 3% of
the measured FTS percentage bandwidth. A limita-
tion to the EMF method is that the structure must be
simple enough so that the current distribution can be
approximated with reasonable accuracy.

Conclusion

Bandpass filters for the submillimeter wave range
with center-frequency power transmission ranging
from 97 to 100% have been fabricated. The power
transmission for one of the filters has been measured
with three independent methods. Corresponding
stop-band rejection in excess of 18 dB has been
achieved, and the filters exhibited no noticeable dif-
fraction effects. We believe the enhanced perfor-
mance over previous results is due to an increase in
pattern uniformity resulting from improved photoli-
thography. The ability to shift a filter's spectral
profile through simple scaling of the mesh dimen-
sions was demonstrated to within a 2% margin of
error.
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An RLC circuit embedded in a transmission line
was shown to provide a simple and fairly accurate
model for predicting mesh filter performance. We
based R, L, and C values on FTS measurements of a
previously fabricated 585-GHz mesh. The circuit
elements were shown to scale accurately with fre-
quency and mesh dimensions so that mesh filter
performance could be predicted as long as the G/
and G/ ratios were maintained. To overcome this
limitation we used Hewlett-Packard's HFSS to solve
Maxwell's equations over a single mesh element and
to obtain two port [s] parameters for an infinite mesh.
The HFSS also has the advantage of being able to
determine the electromagnetic properties of meshes
with arbitrarily shaped mesh elements. The in-
duced EMF method provides a closed-form math-
ematical formulation that can be used to predict the
performance of meshes with cross-shaped apertures.
This method provides fairly accurate results for
structures in which a reasonable guess for the mag-
netic current distribution can be made. The EMF
method is less expensive and easier to implement
than the more cumbersome finite-element and Flo-
guet mode-expansion techniques.
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