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Antenna—Filter—Antenna Arrays as a Class of
Bandpass Frequency-Selective Surfaces
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Abstract—A method is introduced for designing band-
pass frequency-selective surfaces (FSSs) using arrays of
antenna-filter-antenna (AFA) modules. An AFA module is a
filter with radiation ports, which is obtained by integrating two
antennas and a nonradiating resonant structure in between. AFA
modules are designed based on circuit models and microwave
filter design techniques. Three types of these AFA modules are
designed using microstrip antennas and coplanar-waveguide
resonators, and are used to form FSSs with three- and four-pole
shaped bandpass response at 35 GHz. FSS structures are formed
by arraying these modules in a periodic grid with an optimal cell
size. The proposed concept and the design method are validated
using numerical simulation (finite-element method), as well as
experimental results.

Index Terms—Antenna-filter-antenna (AFA), , bandpass filter,
frequency-selective surface (FSS), high-order FSS.

1. INTRODUCTION

REQUENCY-SELECTIVE surfaces (FSSs) can be

viewed as filters with radiative ports, which are generally
realized using planar periodic structures. High-order filters
are commonly designed using multilayer FSS structures [1],
[2]. Since computational complexity drastically increases for
multiple layers, design of the high-order FSSs is performed
by combining the individually designed FSS layers. The FSS
layers, acting as individual resonators, are stacked using thick
(0.2-0.3\p) dielectric slab spacers, which can be considered
as simple impedance inverters, to form multipole filters. How-
ever, there are several problems with this method. First, the
resulting filter topology as a chain of resonators and inverters
is suitable only for a limited class of filter responses, which
reduces the design space considerably. Second, the direct
near-field coupling between the FSS layers in the stack and
the loading effect of the dielectric slabs can invalidate the
simple resonator-inverter interpretation. As a result, the filter
synthesis methods offer only a rough first-pass design, and the
design procedure generally has to be followed by retuning the
individual FSS layers and dielectric slabs using elaborate opti-
mization methods. Third, the overall stacked structure can be
thick and bulky, which is not desirable for many applications.
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Fig. 1. AFA array composed of patch antennas and CPW resonators.

Alternatively, frequency selectivity can be achieved by using
an array of antenna—filter—antenna (AFA) modules [3]. Each
AFA module is composed of a receive antenna, a nonradiating
resonant structure, and a transmit antenna. This concept is sim-
ilar to using antenna—amplifier—antenna elements to form quasi-
optical amplifier arrays [4], or antenna—delay line—antenna ele-
ments to form discrete lens arrays [5]. However, a different type
of delicacy is involved when the frequency response is of pri-
mary concern. Also, as compared to the standard approach, the
AFA method can be used to synthesize a more general category
of the filtering shapes. A simple example of an AFA-based FSS
has been proposed in [1] (based on an earlier work [6]), where a
pseudo-high-pass filter is formed between the input and output
apertures of an array of open-ended waveguides.

Fig. 1 shows the case where the radiative elements in
the AFA modules are two back-to-back microstrip patch
antennas, and the middle resonant structure is an ensemble
of coplanar-waveguide (CPW) resonators, fabricated in the
common ground plane (referred to as the CPW layer). The
antennas and CPW resonant structure are coupled at localized
coupling points, where the CPW geometry is altered so as to
carry a net magnetic current (the net magnetic current in a sym-
metric continuous CPW line is zero). The coupling, therefore,
can be achieved through short slots, open-ended CPW lines, or
step variations in the width of the CPW lines. If resonant-type
radiative elements are used, each antenna element can be
considered as a combination of a radiative resistance and a
resonator. Since these built-in resonators function as the first
and last resonators of the filter, formed between the radiative
ports (Fig. 2), for a given filter order IV, the required number
of CPW resonators reduces to N — 2. A special case of this
structure is used in [7], where two patch antennas are coupled
through a nonresonant slot to form a two-pole bandpass filter.
As opposed to the conventional stacked FSS designs, a higher
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Fig. 2. AFA as a bandpass filter between two radiative ports.

order response can be obtained simply by adding resonators in
the CPW layer, instead of increasing the number of layers.

Developing an FSS design methodology based on the de-
scribed type of AFA modules is the main subject of this paper.
The following sections describe the design, modeling, fabri-
cation, and measurement of several types of AFAs and FSS
structures.

II. DESIGN OF THE AFA MODULES

As soon as the circuit models of the antennas and coupling
slots are extracted and their role in the filter topology is
understood, designing the AFA modules is streamlined using
microwave filter design techniques. The design method and
some possible topologies are presented through three illustra-
tive examples.

A. Type-1 AFA: Three-Pole Chebyshev Bandpass

According to the circuit model shown in Fig. 2, the first and
last resonators and the input/output coupling of the bandpass
AFA depend solely on the choice of the radiative element. The
input/output couplings of the filter are related to the external
Q (Qext) of the first and last resonators [8], which, for lossless
resonant patch elements, can be written as [9]

ZﬂfoLa 1

ext — = 1
Qext R, 27 foCu Ra 1)

where fy is the resonant frequency, and R,, L,, and C, are
determined from the equivalent RLC circuit model of the an-
tenna. For the case of patch antennas, the substrate thickness is
particularly important in achieving the desired value of Qoxy:
the thicker the substrate, the lower Qox¢ and the wider the pass-
band. Also, the geometry of the patch element can slightly affect
the value of Q).x¢. For a 35-GHz hexagonal patch element on a
500-pm-thick 7740 Corning glass substrate (e, = 4.45,tan § =
0.006), the estimated value of the external () is 15.6 (obtained
by a lossless finite-element method (FEM) simulation! ). Based
on the design equations in [8], this can be used to synthesize a
three-pole Chebyshev filter with a fractional bandwidth of up to
nearly 10% and a passband ripple of < 0.45 dB (> 10-dB re-
turn loss).

The couplings between the antennas and CPW resonators are
also very important and have to be realized in a controlled and
localized fashion. Discontinuities, bends, or any geometrical de-
formations in the CPW lines that result in a net magnetic cur-
rent can generate parasitic coupling mechanisms and must be
avoided.

'High Frequency Structure Simulator (HFSS), Ansoft Corporation, Pitts-
burgh, PA, 2003.
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Fig. 4. Type-1 AFA. (a) Layout. (b) Circuit model. Top and bottom patch
antennas lie exactly on top of each other.

To simplify the design task, the same type of patch element
and layer structure is used for all designs that will be considered
here. The CPW resonators have the cross-sectional dimensions
of G/W/G = 50/100/50 pm with a metal thickness of ¢t =
3 pm (Fig. 3).

The first design is a three-pole Chebyshev bandpass AFA
with 8% bandwidth at 35 GHz [see Fig. 4(a)]. This AFA, which
we refer to as Type I, is composed of two patch antennas and a
quarter-wave CPW resonator. The CPW resonator is coupled to
the fundamental resonant mode in each patch through its open
end. The equivalent circuit consists of two series LC resonators,
and a shunt stub that presents a parallel resonance at the center
frequency [see Fig. 4(b)]. In practice, due to the finite induc-
tance of the shorted end, the physical length of the shunt stub is
slightly less than A, /4 (), is the CPW guided wavelength).

The model parameters for the Type-I AFA are given in Table I.
The parameters in the antenna model can be extracted from
the simulation of the antenna and coupling slot in an infinite
structure. The real design parameter after fixing the antenna and
CPW line dimensions is the value of coupling between the an-
tennas and resonator (or, equivalently, 72), which is controlled by
the position of the coupling slot with respect to the center of the
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TABLE 1
MODEL PARAMETERS FOR THE TYPE-I AFA AT 35 GHz
Ry (£2) 50 n 0.196
Lq (nH) 3.7 Z1 () 65
C, (fF) 5.6 61 (deg.) 90
l I—IC‘ircluit S'im. i
—— HFSS
2]
0=
A
-10 E
-20
-30

Frequency (GHz)

Fig. 5. Simulated S-parameters of the Type-I AFA using the circuit model in
Fig. 4(b). HFSS simulations show the reflection and transmission coefficients
for a periodic array of such elements (see Section III-B).

patch. Fig. 5 presents the simulated S-parameters based on the
circuit model. S5; and S7; represent the ratio of the transmitted
and reflected power to the total power received by a single AFA
cell (Prec). The proposed circuit model and the resulting fre-
quency response are only valid for a normal incident wave with
the electric field polarized in parallel to the CPW resonator. This
polarization will be hereforth referred to as the principal polar-
ization for this structure.

B. Type-II AFA: Three-Pole Bandpass With a
Transmission Zero

The geometry of the Type-II AFA cell is shown in Fig. 6 along
with its equivalent-circuit model. This AFA has an equiripple
response in the passband and an attenuation zero in the lower
rejection band. A handful of topologies may be considered to re-
alize transmission zeros, but what makes this design interesting
is the presence of a 180° phase shift between its input and output
at the center frequency.

The Type-II AFA is composed of two patches and a half-wave
short-ended CPW resonator. The patches are coupled to the res-
onator through flared ends of the CPW gaps, which form two
coupling slots. The phase translation is achieved by moving
each patch toward one end of the resonator and coupling it to a
different slot. In the fundamental resonant mode, the magnetic
currents generated in these slots are out-of-phase, resulting in a
180° phase difference between the receive and transmit patches.
Although the dominant coupling to each patch is through the slot
that lies inside its resonance region (represented by the trans-
formers with the turn ratio nq), it also receives a residual cou-
pling through the opposite slot, which interacts with its fringe
field (represented by the transformers with the turn ratio ns).
Presence of this parallel signal path is, in fact, responsible for
the existence of the transmission zero in the lower rejection
band. As the dominant and residual couplings take place at dif-
ferent locations, a transmission line (Zg, fg) is introduced in the
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Fig. 6. Type-II AFA. (a) Layout. (b) Circuit model.

model to account for the resulting phase difference, as shown
in Fig. 6(b). Due to the out-of-phase nature of these two cou-
pling mechanisms, which reduces the net amount of coupling
between the antennas and CPW resonator, the coupling slots
have to be designed significantly longer than in the Type-I AFA.
The long slots present a considerable self-inductance, which is
included in the model by adding inductors to the ends of the
CPW resonator. Presence of these inductors modifies the reso-
nant length of the half-wave resonator. The long slots also in-
crease the length of the current path in the patch ground plane,
and the patches need to be made smaller to compensate for the
resulting change in the resonant frequency.

The design process for the Type-II AFA includes finding the
lengths of the coupling slots and CPW resonator, and the relative
location of the patch elements. As these parameters are gener-
ally linked in the physical layout, the design task requires more
optimization through full-wave simulation. However, the circuit
model proves extremely helpful in understanding the effect of
the geometrical parameters. The values of the model parameters
for an 8% bandpass filter at 35 GHz are given in Table II. Fig. 7
shows the simulated S-parameters for the Type-II AFA. Again,
the model and simulated response are valid only for the inci-
dent waves with principal polarization, which is defined similar
to the previous example. The simulated S5; has a transmission
zero in the lower rejection band at 32.0 GHz.
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TABLE 11
MODEL PARAMETERS FOR THE TYPE-II AFA AT 35 GHz
R, (Q) 50 na 0.089
L, (nH) 3.82 Zo () 50
C, (fF) 5.6 0o (deg.) 107.9
L (pH) 210 Z1 () 65
ni 0.431 61 (deg.) 107.9
T I—l Cir(!uit Slim,
—— HFSS i

1 1 1
28 30 32 34 36 38 40 42
Frequency (GHz)

Fig.7. Simulated S-parameters of the Type-II AFA using the circuit model in
Fig. 6(b). HFSS simulations show the reflection and transmission coefficients
for a periodic array of such elements (see Section III-B).

1500 um 1081 pum

440 um

| Bottom
Patch

1950 pm
(a)
CPW Resonators

Top Patch Bottom Patch

Fig. 8. Type-1II AFA. (a) Layout. (b) Circuit model.

C. Type-1II AFA: Four-Pole Chebyshev Bandpass

A four-pole AFA is obtained by using two quarter-wave
resonators in the CPW layer [see Fig. 8(a)]. Each resonator in
the Type-III AFA is coupled to only one of the antennas through
its open end (similar to Type-I), and the coupling between
the two resonators is achieved through shunt inductors at their
common end. The inductors are realized using high-impedance
lines between the center conductor and coplanar ground [10].
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TABLE III
MODEL PARAMETERS FOR THE TYPE-III AFA AT 35 GHz
R, (Q) 50 n 0.196
Lo (nH) 3.7 Z1 (§2) 65
Cq (fF) 5.6 01 (deg.) 87.7
Las (pH) 12
—— Circuit Sim/| |
—— HFSS
2]
0z
b
105
-20
-30

Fig. 9. Simulated S-parameters of the Type-III AFA using the circuit model
in Fig. 8(b). HFSS simulations show the reflection and transmission coefficients
for a periodic array of such elements (see Section III-B).

These inductors result in no net magnetic current and, hence,
do not generate any unwanted coupling to the antennas.

The circuit model of the Type-III AFA is shown in Fig. 8(b).
The locations of the coupling gaps are determined for the re-
quired value of coupling (or, equivalently, n), similar to the
Type-I design. The value of the coupling inductor L 3 is simply
determined from standard inverter design formulas [8]. The res-
onator length (f;) must then be modified to account for the
self-inductance of the coupling inductor [10], [11].

The model parameters for an 8.5% Chebyshev bandpass filter
at 35 GHz and the simulated S-parameters are presented in
Table III and Fig. 9, respectively. As expected, increasing the
order of the filter results in a faster rolloff in the rejection band.

III. AFA-BASED FSSs

Once the AFA modules are designed, it is straightforward to
form the FSS by arranging these modules in a periodic array.
However, the frequency response of the FSS will not follow that
of the AFA modules, unless a particular choice of the cell size
is applied.

A. Effect of the Cell Size

As it was mentioned earlier, the filtering action of the AFA
is performed only on the portion of the incident power that is
received by the module (F;ec). This power is ultimately limited
by the radiative aperture of the receive antenna A, defined as

[9]

)\2

where ) is the free-space wavelength at the center frequency and
D(9, ¢) represents the directivity of the antenna in the direction
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()] (c)
B Zi = Zin(w)2 OZg=Zin(w)/4

W7 =0

B Z = Zip(w)

Fig. 10. Representation of four unit cells in a periodic array of impedance
panels. (a) A, = A.. (b) A, < A..(c) A. > A..Cell boundaries are shown
via dashed lines. A, = cell area; A,. = effective radiative aperture.

of incidence (1J, ).2 A single AFA element on an infinite ground
plane can be viewed as a window of area A, and impedance
Zs = Zin(w). Zin(w) is the input impedance presented by the
AFA element, it is matched in the passband and reactive in the
rejection band.

The above intuitive interpretation suggests that the periodic
array has to have a cell area equal to A, in order to maintain the
frequency response of the constituent AFA elements. A pictorial
demonstration of the underlying concept is presented in Fig. 10.
Although a rigorous proof of this requirement is not available
in the general case,? it can be shown that this is, in fact, the
necessary condition for the case of the resonant AFA elements
placed on a rectangular grid.

For the AFA examples in Section II, the simulated directivity
of the patch antenna at boresight is D(0,0) = 7.04 dBi
at 35 GHz,* resulting in an effective radiative aperture of
A, = 29.6 mm? for the normal incidence. Therefore, an
optimal square cell must have a side length of [, = 5.44 mm
for these elements.

The fact that the FSS cell size has to be chosen equal to A, can
present a problem in applications where the FSS is considered
for large incidence angles. For the microstrip patch antennas
with a directivity of 6-8 dBi, the optimal A, results in a cell
side length of /. > 0.56\¢, for which the periodic structure
is prone to carrying surface-wave modes at frequencies not far
from the passband [1]. These surface-wave modes create strong
transmission zeros, which can be dragged into or near to the
passband for some oblique angles of incidence, resulting in an
excessive transmission loss or a distorted frequency response.
With [, = 5.44 mm and for E-plane incidence at 9 = 0°,15°,
and 30°, for instance, the first surface-wave null appears at 49,
41.2, and 35.5 GHz, respectively. This limits the operation of
the resulting FSS to angles of ¥ < 30° in the E-plane. For a
plane wave incident in the H -plane, however, the surface-wave
modes are not strongly excited, and a larger range of operation
can be achieved.

The surface-wave nulls can be somewhat deterred by using
low-directivity elements with smaller A, and closer placement
of the AFA modules in the array. However, the techniques for
reducing directivity, such as using small antennas on high-per-
mittivity substrates, may prove useless, as increasing the dielec-

2Although it is not obvious from (1), A, is generally related to the physical
dimensions of the antenna and has no strong dependence on frequency.

3The authors are not aware of this subject in the open literature.
4Advanced Design System, Agilent Technologies, Santa Clara, CA, 2002.
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simulation is also shown for comparison.

tric constant tends to lower the frequency of the surface-wave
modes.

B. Finite-Element Simulation

When the cell size is determined, an FEM simulation of the
structure can be performed based on the periodic boundary con-
ditions. For normal incidence and the electric field polarized in
parallel with one of the FSS grid axes, the periodic boundary
conditions may be replaced by the perfect electric conductor
(PEC) and perfect magnetic conductor (PMC) walls to reduce
the computational complexity. The layer structure presented in
Fig. 3 is used, and the thickness of the metal layer and the losses
in the dielectric substrate and conductors are neglected at this
stage. A commercial FEM simulator, such as HFSS, is gener-
ally capable of handling such a simulation effectively. With a
well-designed AFA element, this usually results in a reasonable
FSS frequency response in the first attempt. The final tuning
of the layout, if necessary, can be performed by an insightful
tweaking of some critical dimensions and is based on FEM
simulations.

The FEM simulation of the reflection and transmission coef-
ficients of the FSS obtained by arraying Type-I AFA elements
with [, = 5.44 mm are shown in Fig. 5. These simulations
clearly match the circuit-based S-parameters of the AFA, also
shown in the same plot. Fig. 11 shows the FEM simulations re-
peated for 20% larger and 20% smaller /... It is evident that, only
for the optimal value of I, = \/A,, the FSS achieves the de-
sired frequency response. According to the FEM simulations,
for [, = 5.44 mm, the surface-wave null is located at 48 GHz.
For [. = 6.62 mm, this null moves to 41 GHz, as can be seen in
Fig. 11.

Similarly, FSSs can be formed based on the Type-II and
Type-IIl AFAs and using the optimal cell size. The FEM
simulation closely follows the AFA-based analysis for the
Type-II FSS (Fig. 7), but shows a noticeable discrepancy for
the case of the Type-IIT FSS (Fig. 9), in which the simulated
transmission coefficient contains two out-of-band transmission
zeros, not predicted using the AFA model. A closer inspection
of the AFA geometry in Fig. 8 suggests formation of a direct
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coupling of the input/output signals (waves) to the quarter-wave
CPW resonators, which are prone to radiation at their exposed
open ends. These direct couplings, which are not included in
the AFA model of Fig. 8(b), create parallel signal paths, which
are responsible for the presence of the transmission zeros.

IV. FSS FABRICATION AND MEASUREMENT

Choice of the fabrication process for the AFA-based FSSs
is particularly important at millimeter-wave frequencies, for
at least two reasons, which are: 1) geometrical tolerances and
2) stacking imperfections. Performing accurate FSS measure-
ments is also a hard task at these frequencies. These two issues
are addressed and some experimental results are presented here.

A. Fabrication

Due to the small dimensions at K a-band frequencies, the ac-
curacy required for the CPW layer is approximately £2 pm.
Therefore, a fabrication process based on thin-film technology
should be used, as shown in Fig. 12. Each FSS sample is fab-
ricated using two 500-pm-thick 7740 Corning (Pyrex) glass
wafers. First, the patch antennas are deposited on the two wafers
using an evaporated film of Ti(800 A)/Au(5000 A), and a liftoff
process. These patches are then electroplated with Au to a thick-
ness of 3—5 pum. Next, the CPW and bonding seed layers are
deposited on the other side of the wafers using a second evap-
orated Ti(500 A)/Au(5000 A) layer. The bonding seed layer
is a metallic grid that entirely overlaps with the CPW ground
plane in the final stack. This layer has no electromagnetic func-
tion, and is merely used to facilitate metal-to-metal bonding
of the wafers. The CPW layer is then electroplated to 3 um,
which is approximately five times the skin depth at 35 GHz
(0 = 3.8 x 107 S/m). The bonding seed layer is left intact.

The final fabrication step is to stack the two processed wafers.
Most adhesives are lossy at millimeter-wave frequencies and,
even if the loss can be neglected, the thickness of the adhesive
layers is not accurately controllable and can have a negative im-
pact on the performance of the FSS. An alternative approach
is using a thermo-compression bonding process [12]. In this
process, the top and bottom wafers are aligned and the bonding
is formed between the gold in the CPW and bonding seed layers
by applying a pressure of 40-50 N/cm? at the temperature of
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Fig. 13. Free-space measurement system using hard horns of [15].

390 °C. This temperature can be readily endured by the Pyrex
glass wafers (strain point = 510 °C, softening point = 821 °C).

B. Measurement Method

Quasi-optical measurement systems have been used by
a number of researchers at 60-300 GHz [13], [14], but the
required lens/mirror size and focal length prove impractical at
Ka-band. Based on the hard horns developed by Ortiz et al.
[4] and Ali et al. [15], a guided measurement system can be
formed that simulates an oversized parallel-plate waveguide.
Hard horns are antennas with nearly uniform aperture distri-
bution, which are formed by dielectric loading of the metallic
pyramidal horns. A dielectric lens added to each hard horn to
compensate for the spherical phase error across its aperture. In
the measurement system shown in Fig. 13, the hard horns form
two parallel TEM ports, which are separated by an air gap, and
the sample under test is placed in the middle of these two ports.
As the sample can be freely reoriented in the air gap, this setup
proves convenient for performing measurements at arbitrary
angles of incidence and different polarizations.

Since the electromagnetic field in the gap region is assumed
to be predominantly TEM, the air gaps between the hard-horn
apertures and the surfaces of the sample can be treated as
transmission-line sections. This allows for a standard thru-re-
flect-line (TRL) calibration of the measurement setup, which
simultaneously deembeds the connecting cables, hard horns,
and the air gaps from the measurement [16]. A time-gating
process is also applied to filter out the residual error due to the
multiple reflections of the high-order modes not included in
TRL calibration.

C. Measurement Results

Samples of the Type-I and Type-II FSSs were fabricated and
tested at The University of Michigan at Ann Arbor. Although the
initial samples had the general form of the desired frequency re-
sponse, the measured results were considerably different from
the simulations (not shown). A close examination of the fabri-
cated arrays revealed the source of this discrepancy. In the simu-
lations, the CPW layer are considered to be immersed in a homo-
geneous dielectric medium of €,. = 4.45. However, as it can be
seen from the layer structure in Fig. 3, due to the finite thickness
of the gold CPW lines (¢ ~ 3 um), a portion of the CPW gaps is
filled with air. Also, the bonding seed layer is 0.5-0.6-um thick,
and creates an air gap between the top wafer and CPW metal
layer (see Fig. 12). Although very thin, presence of these air re-
gions at the location of the highest electric-field intensity results
in a measurable reduction in the effective dielectric constant of



ABBASPOUR-TAMIJANI et al.: AFA ARRAYS AS CLASS OF BANDPASS FSSs

0 L] T LI T T T T T T T T T T
| |—— Meas. P =
— — Circuit Sim,
-10F—--HFSS
5 0l =
820 N
- L g
g 3
w30 E
-40L -
<
-50 L 1 P L L L I L L -30

1 1
28 30 32 34 36 38 40 42
Frequency (GHz)

Fig. 14. Measured and simulated frequency response of the Type-I FSS for
normal incidence with the principal polarization.

the CPW lines. Fitting the circuit model simulations and mea-
sured data for the first set of samples of the Type-I and Type-II
FSS resulted in e,_.g = 4.15. Based on this observation, the
lengths of the CPW resonators were adjusted and new FSS sam-
ples were fabricated. The layout dimensions in Figs. 4(a) and
6(a) indicate these modified values.

The measured and simulated reflection and transmission co-
efficients of the Type-I FSS for normal incidence in the prin-
cipal polarization are presented in Fig. 14. The measured data
are given for the 30—40-GHz band, which is the range of opera-
tion of the measurement setup. A passband response with 1-dB
bandwidth of 8.2% centered at 35.1 GHz, and a mid-band in-
sertion loss of 3.0 dB are measured. Circuit simulations can be
repeated based on the model in Fig. 4(b) with the values of Z;
and ¢; modified for e,_.g = 4.15. After adding a series re-
sistor of r, = 7.0 2 to the antenna model and an attenuation
coefficient of «; = 1.7 dB/cm to the CPW transmission line,
the circuit simulations show a perfect match with the measure-
ment. This is equivalent to an antenna efficiency of 88%, and an
unloaded @ of 38 for the CPW resonator. Fig. 14 also presents
the FEM simulations after introducing a finite conductivity of
o = 3.8 x 107 S/m (for the electroplated gold) and a dielectric
loss tangent of tan ¢ = 0.006. From the total of 3.0-dB inser-
tion loss at the mid-band frequency, 1.3 dB is due to the losses in
the dielectric substrates, and the rest is due to the ohmic losses
in the metallic structure, which is mainly contributed from the
CPW resonator.

Fig. 15 shows the measured and simulated frequency
response for the Type-II FSS for normal incidence in the
principal polarization. The passband is 8.2% wide and is
centered at 36.0 GHz. Although the layout of this design
was also modified for e,_g = 4.15, later matching of the
circuit simulations to the measured data resulted in a dielectric
constant of €,_.g = 4.00 for the CPW line, which explains
the 3% detuning of the passband. This could be caused by
higher thicknesses of the gold in the CPW layer or the air gap
between the top wafer and CPW metallization. The presented
circuit simulations are based on the model in Fig. 6(b) with
values of Z; and 6; adjusted for e,_o.g = 4.00, and losses
added in the antennas, CPW resonator, and series inductors
(ro = 7.0Q,a; = 1.7dB/cm, s = 2.2 Q). The measured
mid-band insertion loss is 3.5 dB, in this case, from which
1.2 dB is a result of the dielectric losses and the rest is due to
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Fig. 16. Measured transmission coefficient of the Type-I FSS for three
different values of the angle of incidence.

the conductor loss in the CPW structure and antennas. There
is no clear explanation why the measured insertion loss does
not match the FEM simulation, but it can be due to the same
type of fabrication imperfections that cause the detuning of the
passband.

To examine the angular range of operation, the measurement
of the Type-I FSS was repeated for the incidence angles of
(¢, ) = (15°,0) and (25°,0). The resulting transmission co-
efficients are presented in Fig. 16 along with the measured re-
sponse for the normal incidence. As expected, the transmission
coefficient quickly deteriorates with increasing the angle of inci-
dence. At ¢ = 25°, the transmission null is located at 36.5 GHz,
which is practically inside the passband.

V. CONCLUSION

Using periodic arrays of the AFA modules has been proposed
as a new method to design high-order bandpass FSSs with a
shaped frequency response. The flexibility of this method stems
from the fact that the AFA modules can be designed as indi-
vidual elements based on filter synthesis techniques. This re-
sults in an effective design method, which requires a minimal
number of full-wave simulations. The AFA method can be used
to form frequency responses that are more general than what
could be achieved using stacked FSS designs. Also, the AFA-
based FSSs have a simple layer structure and a much smaller
overall thickness. However, as the cell size cannot be made arbi-
trarily small, the FSS structure can easily support surface-wave
resonant modes that are close to the passband at oblique angles
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of incidence, resulting in a narrow angular range of operation
(¥ < £20° in the E-plane). Also, since the AFA modules are
generally polarization sensitive, designing a dual-polarized FSS
based on this technique also requires packing two single-polar-
ized AFA elements in each cell. In spite of these limitations,
the AFA arrays may be considered for applications where the
incoming signal is collimated and linearly polarized. They are
expected to find application in designing radomes for high-gain
antennas, multifeed shared-aperture antennas, high-impedance
reactive surfaces, and waveguide bandpass filters.
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