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Abstract —A comparative numerical and experimental analysis of
scattering from dielectric-backed frequency selective surfaces in W-band
(75-110 GHz) has been carried out. The examples studied include metal
(aluminum), resistive (bismuth), and bismuth-loaded I-pole or “lin-
earized” Jerusalem cross arrays on fnsed silica, all of which exhibit a
band-stop resonance in W-band as a general feature. The arrays were
fabricated using standard photolithographic techniques. The numerical
analysis involves the solution of an electric field integral equation rising
subdomain “rooftop” basis and testing functions within the framework
of the Galerkin testing procedure. The 10SSYnature of the materials has
been fully accounted for. A comparative analysis of doubly stacked
aluminum I-pole arrays was also carried out. The numerical analysis
exploits a variant of the cascade method in that the immediately
adjacent dielectric layers are included in the constriction of the scatter-
ing matrix for the frequency selective surface. This allows the higher
order evanescent Floquet modes to sufficiently decay at the dielectric
boundaries so they can be ignored in the scattering matrix.

I. INTRODUCTION

oVER the years, thin periodic arrays serving as fre-
quency selective surfaces (FSS’S) have been widely used

for a number of millimeter- and submillimeter-wave applica-
tions. These include filters [1]–[3], laser cavity output COU-
plers [4]-[6], polarization diplexers [71, spectral diplexers [81,
interferometers [9], detectors [10], and, more recently, phase
shifters [11], [12] and frequency doublers [13]. In most cases,
the FSS is mounted on one or more supporting dielectric
layers and in some cases, several FSS’S are cascaded together
to achieve the desired spectral response [1], [2], [6], [8], [9]. In
this paper, the frequency selective properties of a number of
I-pole or “linearized” Jerusalem cross type arrays are inves-
tigated for use in W band (75–110 GHz). The purpose of the
investigation is a comparative study of numerical and experi-
mental results for the various arrays. Results for single
dielectric-backed arrays and double arrays in. a cascaded
configuration are presented. The examples considered in-
clude a metal (aluminum) I-pole array, a resistive (bismuth)
I-pole array, and a bismuth-loaded aluminum I-pole array,
all on fused silica. An example involving doubly stacked
aluminum I-pole arrays on fused silica is discussed. An
I-pole array has the advantage over a standard dipole array
(with dipoles of the same length) in that the resonance
position occurs further from the diffraction edge. This re-

Manuscript received January 30, 1990; revised August 27, 1990.
T. R. Schimert and A. J. Brouns are with the LTV Missiles and

Electronics Group, P.O. Box 650003, Dallas, TX 75265-0003.
C. H. Chan and R. Mittra are with the Electromagnetic Communica-

tion Laboratory, Umverslty of Illinois, Urbana, IL 61801.
IEEE Log Number 9041463.

duces any undesirable effects that the diffraction edge might
have on the frequency selective properties.

The numerical method used here to describe scattering
from a dielectric-mounted FSS has been described elsewhere
[14], [15]. The most general dielectric configuration involves
an FSS sandwiched between (1OSSY)dielectric layers together
with a lossless superstrata and (1OSSY)substrate. The method
involves solving an electric field integral equation (EFIE) for
the current distribution on the FSS and employs rooftop
subdomain basis [16], [17] and testing [18] functions within
the framework of the Galerkin testing procedure [15]. The
method applies to the case of real, i.e., 10SSYand/or reactive,
materials through the use of a complex sheet conductance to
describe the FSS. In general, multiple materials can be used
as, for example, in the case of a resistive-loaded metal dipole
array. The resulting operator equation may be solved itera-
tively using, for example, the conjugate gradient method
(CGM) [17], [19] or solved directly using matrix inversion
[16], [20].

The description of scattering from stacked FSS’S has been
addressed using the cascade approach [15], [21], [22]. In the
approach described in these works, a separate scattering
matrix is constructed for each FSS and each dielectric layer.
A composite scattering matrix for the stack is then formed by
a matrix product. For example, the response of an FSS
mounted on a dielectric half-space is obtained by cascading
the scattering matrix of the free-standing FSS with that for
the dielectric interface in the limit where the separation
between the FSS and the half-space interface goes to zero.
The method, however, has been found [15], [23] to yield
incorrect results when used to calculate the resonance of a
dipole array on a dielectric half-space unless a prohibitively
large number of Floquet modes are retained in the scattering
matrix. This is because in the limit of zero spacing between
the dielectric interface and the dipole array, the higher order
evanescent Floquet mode amplitudes do not decay and hence
cannot be ignored when implementing the cascade connec-
tion. Because of this, the cascade connection has limited
usefulness in any stack configuration which involves cascad-
ing freestanding FSS’S with immediately adjacent layers,
particularly when the dielectric constants are large.

A variation of the cascade connection is described in this
paper. It is found to be useful for cascading multiple FSS’S in
the presence of dielectric layers. The method involves calcu-
lating the scattering matrii for the FSS in the presence of
the immediately adjacent dielectric layers on either side of
the FSS [141, [151. Inclusion of these dielectric layers allows
higher order evanescent Floquet modes to decay sufficiently
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at the dielectric interfaces so they can be safely ignored
when constructing the scattering matrix for the FSS. For
given dielectric layer thicknesses, it can be determined
a priori which of the lower order evanescent Floquet modes
have not sufficiently decayed at the dielectric interfaces and
must thus be included in the cascade connection.

We remark that other general theories describing scatter-
ing from stacked FSS’S in the presence of dielectric layers
have been discussed [24], [25]. In these theories, the stacked
configuration is treated in a single formulation involving a
single set of equations which describes the interactions be-
tween all the elements in the stack. This is in contrast to the
cascade approach used here. Also, single FSS scattering in
the presence of multiple dielectric layers has been discussed
[26].

II. MATHEMATICAL PRELIMINARIES

The mathematical formulation of scattering from a dielec-
tric-mounted FSS and a derivation of the EFIE for the
current distribution on the FSS have been described else-
where [14], [15] and are briefly reviewed in this section. We
then discuss the scattering matrix for an FSS in the presence
of immediately adjacent dielectric layers.

The dielectric configuration in Fig. 1 shows an FSS be-
tween (lossy) dielectric layers that have complex permittivi-
ties, ~11 and ~lz, and thicknesses dl and d2, respectively.
There is in addition a (lossy) substrate g,,, and lossless
superstrata e,,. Fig. 2 shows the geometry of the periodic
surface with periodicities tx and ty in an orthogonal x – y
coordinate system. In this coordinate system the wave vector
components are defined as follows:

2m-m
kx~ = — + k;

t.V

2~n
k,. = — + k;

ty

(id)

(le)

with k; = ~w / c. ~~t is the transverse (to z) component

of the incident wave vector; kx~ and k ~n are the transverse
components of the (m, n) Floquet mode wave vector; and
-yl,(,t)m~is the z component for the (m, n) mode in the l$st)
layer, i = 1,2. The + ( – ) sign in (If) is used when the real
part of the square root argument is positive (negative),
corresponding to a propagating (evanescent) mode,

The EFIE to be solved [14], [15] can be written in the
operator form

.,
%

where ~1 is the incident excitation field, ~ is the relevant
Green’s function for the dielectric configuration described in
Fig. 1, ; is the unknown surface current, and us, is the
complex sheet conductance for the FSS describing its ohmic
properties. As will be shown in Section IV. this term is
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Fig. 1. Description of an FSS in the presence of dielectric layers. Also
shown are the incident and scattered voltage waves used in the scatter-
ing matrix construction.
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Fig. 2. Geometry of a periodic surface,

important not only in the resistive and resistive-loaded I-pole
arrays but also for the aluminum I-pole array. In solving (2),
we have employed rooftop subdomain basis and testing func-
tions within \he framework of the Galerkin testing procedure
[15]. For the results presented herein, (2) was solved itera-
tively using the conjugate gradient method [17], [19].

We now turn to a discussion of the cascade connection for
a stack of dielectric-supported FSS’S and the construction of
the scattering matrix for an FSS in the presence of the
immediately adjacent dielectric layers. The cascade method
used here is a variant of that described in [15], [21], and [22].
In these works, the scattering matrix for an FSS/dielectric
stack is constructed by cascading the scattering matrices of
the freestanding FSS’S together with the supporting dielec-
tric layers. As remarked previously, this method has been
found to yield incorrect results unless a prohibitively large
number of Floquet modes are retained in the scattering
matrix [15], [23]. In the method used here, the scattering
matrix for the freestanding FSS is replaced with that of the
FSS together with the immediately adjacent dielectric layers,
i.e., the layers denoted by 11 and 12 in Fig. 1. In this way,
higher order evanescent Floquet modes are vanishingly small
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at the dielectric boundaries z = dl and – dz, and do not
contribute to the cascade connection. Furthermore, owing to
the exp ( – I-yltIz ) dependence in the evanescent modes, it can
be determined for given layer thicknesses which modes need
to be retained in the scattering matrix for the FSS. The
method retains most of the versatility of the original method
in that, once solved for, the scattering matrix for the compos-
ite FSS/adjacent layers structure can be used to analyze a
FSS stack in various configurations, e.g., different layer con-
figurations, provided the layers adjacent to the FSS remain
unchanged.

For an FSS san~wiched between dielectric layers, the
scattering matrix S relating the incident Floquet voltage
waves Vi to the scattered Floquet voltage waves @ is
defined in the usual manner [15], [21], [22]:

@ = w.
Referring to Fig. 1, (3) can be written as

with

i=

and

p, =
‘?E,00

‘1

, etc.

‘$M, mn

(3)

(4a)

(4b)

(4C)

The l?,, and i% submatrices contain the reflection and
transmi&ion coe~ficients for the ingident fie~d on the FSS
from the left in Fig. 1. Similarly R22 and T12 contain the
reflection and transmission c~effici~nts for t~e incident field
from the right. In general, R ~1# R22 and T12 $ Tzl, as was
the case for the freestanding FSS because the dielectric
layers on either side of+the FSS+are, in general, different,
The derivation of the Rij and Tij follows that outlined in
[15].

III. FABRICATION AND TESTING OF ARAYS

Photographs of an aluminum and a bismuth; loaded alu-
minum array are shown in Fig. 3. The arrays were fabricated
on 25-mm-diameter by 0.82-mm-thick fused silica substrates
of dielectric constant 3.8. Contact photolithography was em-
ployed utilizing a Suss MJB3 mask aligner with 320 nm
wavelength exposure, an image reversal resist (AZ-5214),
and a lift-off procedure. The bismuth-loaded aluminum array
in Fig. 3(b) required a two-step process involving the deposi-
tion of center-gapped aluminum I-poles followed by deposi-
tion of the bismuth loads. Measured I-pole dimensions are
given in the first column of Table I. The vertical and hori-
zontal periodicities are tY= 1.02 mm and tx = 0.88 mm. The
all-bismuth array appears similar to the aluminum array.

Transmittance measurements were made (with electric
field parallel to the I-pole) using a Hewlett-Packard Model
851OB vector network analyzer with a millimeter-wave source

Fig. 3, (a) Aluminum and (b) bismuth-loaded aluminum I-pole arrays
with dimensions given in Table I.

module and mixers covering the freauencv range 75–100
GHz. The test arrays were mounted in’ a 22-mm ~perture in
an opaque baffle covered by millimeter-wave-absorbent ma-
terial. The separation between the transmitting and receiving
horns was 61 cm. A simple response calibration was per-
formed. The response reference was established by measur-
ing the transmittance through the open aperture. Phase
measurements were made only on the aluminum I-pole ar-
ray. A phase reference was established by measuring the
transmission phase through the array with the I-poles ori-
ented transverse to the incident electric field. Error-free
reflectance measurements were not possible in the test envi-
ronment, so the absorption of the test articles could not be
derived.
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TABLE I
DIMENSIONS FOR THE I-POLE ARRAYS COMPARED WITH THE MODELED DIMENS IONS

(NUMBER OF RESOLUTION ELEMENTS SHOWN IN PARENTH=ES)

Measured 52x 54 28X 24 28X 24
Dimensions

(mm) Grid (mm)
Grid (mm) Grid (mm)

Case 1 Case 2

1 0.85 0.85 (45) 0.85 (20) 0.85 (20)
w 0.058 0.051 (3) 0.063 (2) 0.063 (2)
w’ 0.048 0.056 (3) 0.042 (1) 0.085 (2)
1’ 0.188 0.187 (11) 0.189 (6) 0.189 (6)
t? 0.036 0.038 (2)
u 0.193 0.188 (lo)
b 0.099 0.085 (5)

IV. RESULTS

For the numerical analysis, the complex sheet conduc-
tance of the metal films were derived from d$ resistance
measurements. The dc conductivity of the 1800 A aluminum
I-pole film was 1.8 x 105 (Q” cm)- 1, about half that of pure
bulk aluminum. For metals at millimeter and longer wave-
lengths (~< 300 GHz), the imaginary part of the complex
conductivity is small while the real part can be approximated
by the dc conductivity [27]:

&=~~+j~2wu~-~d~.
Applying the relation & = o ~0 [2NK + j(N2 – K 2)], the re-
fractive indexes of the film are foun~ to be IV - K -1300.

The corresponding skin depth is 4100A. Applying the proce-
dure described in the Appendix, an effective sheet conduc-
tance of d,,= 3.0 – j.08 (Q/square)- 1 was obtained for the
aluminum I-poles. In Fig. 4, the measured transmittance of
the aluminum I-pole array is compared with predicted values
for various modeling parameters. The array is resonant at
91 GHz, exhibiting a band-stop response in transmittance.

In the numerical analysis, a trade-off is involved in select-
ing the number of resolution elements (per unit cell) used to
model the array dimensions. Increasing the resolution pro-
vides a more accurate representation but may lead to exces-
sive computation times.

The results for a 52X 54 (x – y) grid in Fig. 4(a) are in
excellent agreement with the experimental transmittance,
both in the position and in the width of the band-stop
resonance. Using such a large grid allows all the modeled
I-pole dimensions to correlate well with the measured values,
as shown in Table I. Results for a smaller, 28x 24, grid are
also presented for two cases in Table I. The I-pole width
parameters w and w’ are not accurately modeled in either
case. In case 1, the modeled vahre for w is 13910larger than
measured and w’ is 8$% smaller, resulting in a predicted
resonance shift to 94 GHz. However, in case 2, where w’ has
been doubled and is now 34% larger than measured, the
agreement is again excellent.

This example illustrates the advantage of high grid resolu-
tion when modeling FSS’S with complex resonant elements.
The larger grid size, however, is considerably more computa-
tionally intensive. For example, the 52X 54 grid solution took
an average of 150 iterations to conveme to less than 19%
error, w~ile the 28X 24 grid solution in case 2 took an
average of only 45 iterations. In light of this, considerable
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dimensions can be found using a smaller grid, e.g. the 28X 24 Fig. 4. Aluminum I-pole array results: (a) Measured (.) and predicted
transmittance for three different grid solutions, and predicted absorp-grid in case 2, to model the FSS in varied dielectric and/or tance (o), (b) Measured (.) and predicted phase results, for the 52x 54

stacked configurations (see below). and case 2, 28X 24 grids.
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Fig. 5. Bismuth I-pole results: measured (0) and predicted (sohd line)
transmittance and predicted absorptance (0).

The predicted absorptance for the 52X 54 grid is also
shown in Fig. 4(a). It is essentially flat across the band, with
an average value of N 7%. The results of the transmission
phase measurement are shown in Fig. 4(b). Phase predictions
were obtained using the 52x 54 grid and the 28x 24 grid in
case 2 for the numerical analysi$

The transmittance of a 1500-A-thick bismuth I-pole array
is shown in Fig. 5, with excellent agreement between simula-
tion and experiment. An average absorptance of - 30?% is
predicted across the band with a broad peak centered at
-94 GHz. The 52x 54 resolution grid was used for the
simulation. The measured sheet conductance of the bismuth
film was 0.024 (Q/square) -1. Since the estimated skin depth
far exceeds the film thickness, a dc measurement of sheet
conductance was used for the numerical analysis.

The transmittance and predicted absorptance for the bis-
muth-loaded I-pole array (Fig. 3(b)) are shown in Fig. 6. The
results were obtained using a 52X 54 grid with an average of
470 iterations required for convergence to within 1% error.
The large number of iterations indicates that direct matrix
inversion might be more efficient in modeling this structure
[151, [20].

The cascaded aluminum arrays in Fig. 7 are separated by
distance d. The scattering matrix elements are not equal for
the two arrays because the substrates are respectively in
front of and behind the FSS. This allowed the separation
distance to be made small enough so that the effect of
first-order evanescent Floquet mode coupling could be stud-
ied.

The transmittance and predicted absorptance for various
separation distances are shown in Fig. 8. In Fig. 8(a), d = 0.2
mm, and the transmittance exhibits a band-stop characteris-
tic with the band edge at -86 GHz. At this separation, the
evanescent ( ~ 1, O) and (O, ~ 1) first-order diffractive mode
couplings are large and are included in the cascade analysis.

75 80 85 90 95 100

f (Gtlz)

Fig. 6. Bismuth-loaded aluminum I-pole results: measured (0) and
predicted (solid line) transmittance and predicted absorptance (0).

0.82mm-+ *

I 1 + P 0.82mm

rlrl

I !J+-A’R’AP
FUSED SILICA

$
= SUBSTRATES

INCIDENT
RADIATION *

ALUMINUM

ARRAYS

‘-l 1-
Fig. 7. Doubly stacked aluminum I-pole array geometry.

Evidence of this is a discrepancy in the band edge observed
when these higher order terms are ignored, while the correct
band edge is predicted when the terms are included (al-
though a discrepancy is observed at lower frequencies). The
scattering matrix elements were calculated using a 28x 24
grid and the case 2 modeling dimensions given in Table I.
This considerably reduced the computer time required to
calculate the scattering matrices (including first-order modes)
compared with use of the 52x 54 grid.

Results for the d = 0.4 mm separation are shown in Fig.
8(b). At this separation the evanescent-mode couplings are
small enough to be ignored. The transmittance exhibits a
band-stop with the band edge at -79 GHz. Results for the
28X 24 grid of case 2 and the 52X 54 grid are shown. Both
are in close agreement with experiment. Results are essen-
tially the same when the first-order diffractive modes are
included. Finally, the results for d = 0.8 mm separation are
shown in Fig. 8(c).
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Fig, 8. Doubly stacked aluminum I-pole array results. (a) Measured
(o) and predicted transmittance with first-order Floquet modes (solid
line) and (O,O)mode only (dashed line) for d = 0.2 mm. (b) d = 0.4 mm
results for measured transmittance (.), case 2 28x 24 grid (solid line),
and 52X 54 grid (dashed line). (c) d = 0.8 mm results.

V. CONCLUSION

The purpose of this investigation was a comparative study
of numerical and experimental results for the W-band fre-
quency selective properties of various arrays.

The numerical method used to describe scattering from a
dielectric-mounted FSS has been previously discussed [14],
[15]. The most general dielectric configuration considered
involved an FSS sandwiched between (1OSSY)dielectric layers
together with a lossless superstrata and (lossy) substrate. The
electric field integral equation was obtained using rooftop
subdomain basis and testing functions within the framework

of the Galerkin testing procedure and is applicable to the
general case of an arbitrarily shaped FSS consisting of multi-
ple lossy and/or reactive materials. The resulting operator
equation was solved iteratively using the conjugate gradient
method. We have addressed scattering from stacked FSS’S
using the cascade approach. The immediately adjacent
dielectric layers are included in the construction of the FSS
scattering matrix, thus reducing the size of the scattering
matrix necessary to obtain accurate results for stacked
FSS’s/dielectric layers within the framework of the cascade
connection.

The results presented for the aluminum, bismuth, and
bismuth-loaded I-pole arrays on fused silica included spec-
tral transmittance measurements and predictions together
with predicted spectral absorptance. To accurately model the
I-pole arrays, a large (52x 54) grid was used to discretize the
unit cell. Very good agreement was found between theory
and experiment in all cases. The use of effective dimensions
and a smaller (28x24) unit cell grid size was also investi-
gated for the case of the aluminum array in an effort to
reduce CPU requirements. Excellent agreement with experi-
ment was observed if the I-pole width parameters were made
larger than the measured values.

Results for transmittance through a pair of stacked alu-
minum I-pole arrays mounted on fused silica were also
obtained, with excellent agreement between theory and ex-
periment observed for three separation distances between
the two arrays. The cascaded arrays exhibited a band-stop
characteristic in W-band. At the smallest separation the
effect of the first-order evanescent Floquet modes on the
position of the band edge was observed. The inclusion of
these models leads to a correct prediction for the band edge.
In constructing the scattering matrix for this case the smaller
(28 X24) grid size was used to significantly reduce computer
time. For the larger separation distances, for which only the
lowest order (O,O) mode was needed in the scattering matrix,
the results for both the 28X 24 and 52X 54 grid sizes were
analyzed and found to be in excellent agreement with experi-
ment.

APPENDIX

SHEET CONDUCTANCE OF THIN MESH FILMS

To accurately simulate scattering by the numerical method
described in this paper, the thickness, t,of the frequency
selective surface must be small, t << A. The materials in the
FSS can then be approximated by films of infinitesimal
thickness and specified sheet conductance. The sheet con-
ductance will be derived by first considering Fig. 9, which
shows a continuous film that is not an FSS. The film is
characterized by a complex index of refraction, N = IV – jK,
from which on: can obtain the complex condu~tivity, 6 = ~1
+ juz = jw ●o(JV)2; the intrinsic admittance, Y = (l\377)N;

and the propagation constant, ~ = j(2~ /A) P/.
At the input and output surfaces, the complex electric and

magnetic fields are represented by E1~, H1~ and E~, H~
respectively. E1~ and H1~ are the sums of the incident and
reflected fields. The admittance of free space to the right of
the film is Y~ = H~ /E~ = l/377(Q) – 1. The film admittanceA
including the effect of the right-hand half-space is YIN=
H1~ /EIN. However, the desired sheet conductance is &~=
H~ /E1Jf2 /square) -1, where HF is the contribution to the
magnetic field at the input due to the conduction and dis-
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Fig. 9. Boundary conditions on (a) continuous and (b) mesh films.

placement current in the film only:

H~ H1~ – H~ E~Ag~=—. =PIN– —YR.
E IN E IN E IN

The quantity ti~ can be obtained by solving the
Maxwell-Ampere integral equation for H~ or by simply
applying well-known transmission line equations [28]:

.coshft + I’?sinh?t
flN=Y A

Ncosh~t +sinh~t
(Al)

(A2)

.cosh~t + $sinh?t –1
&~=y

I’?cosh;t +sinh?t “
(A3)

Because of the open areas in the thin FSS described in
this paper, the electric field is impressed nearly equally on
both sides of the film. Applying superposition as shown in

Fig. 9(b), the current in the film is doubled and the sheet
conductance, $~~, is given by

2HF 26~A

‘ss= EIN+ E~ = l+(E~/E1~)

cosh~t + fisinh~t –1
=29.

Ncosh+t +sinh?t + fi”

If the fi~m thickness is much smaller or larger
depth, 6 = h/2 rrK, 6ss reduces to

6ss - C?t (t’=<s)

and

6,,N2Y (t>a).

(A4)

than the skin
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