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Abstract—A  varactor-tunable  second-order  bandpass
frequency-selective surface (FSS) for microwave frequencies
is presented in this article. The FSS is composed of three stacked
metallic layers. The wire grid in each layer in combination with
metallic vias provides the bias for the varactors. This configu-
ration eliminates the need for a dedicated bias network for the
varactors, and thus avoids undesirable responses associated with
the added bias grid. An equivalent circuit model together with
an analytical design method is provided to simplify the design
procedure of the FSS. The performance of the proposed structure
is experimentally validated in a parallel-plate waveguide setup.
Measurements show that by changing the varactor capacitance
from 0.12 to 0.38 pF, the center frequency of the filter is tuned
from 5.2 to 3.7 GHz with a consistent fractional bandwidth of 9%
and with an insertion loss between 3 and 6 dB.

Index Terms—Electronic tuning, frequency-selective surfaces
(FSSs), periodic structure, reconfigurable, varactor.

I. INTRODUCTION

REQUENCY-SELECTIVE surfaces (FSSs) are two-

dimensional (2-D) planar structures designed for manip-
ulation of electromagnetic waves in different ways [1]. They
have found many applications from the microwave up to the
optical frequency ranges [2], [3]. For example, they can be
used as spatial filters [4], [S] absorbers [6]-[8], lenses [9],
[10], and reflectarrays [11], [12]. Nowadays, the vast demands
and rapid developments in multifunctional and multistandard
communication systems necessitate tunable and reconfigurable
FSSs [13]. Various designs of tunable FSSs have been proposed
so far. In [14] and [15], tunable FSSs were achieved by mechan-
ical deformation of the structure. In [16], another tunable FSS
was developed by using a magnetically tunable ferrite substrate.
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Although mechanical and magnetic tuning methods are low
loss and require no bias network, they suffer from slow tun-
ing speeds and small tuning ranges. Recently, a class of tunable
FSS structures was designed based on liquid crystals [17]-[20].
Applying bias voltage to the liquid crystal changes its molecule
orientation that in turn causes a change in the dielectric con-
stant and the FSS frequency responses. However, the tuning
ranges of the liquid-crystal-based structures are relatively lim-
ited. High-order tunable frequency-selective and phase-shifting
surfaces were designed by integrating channels loaded with lig-
uid metal droplets [21], [22]. By moving these droplets between
the unit cells, the frequency response can be tuned continu-
ously. Despite a higher order frequency response and a linear
tuning without bias network, this method requires complicated
and costly fabrication. Another approach to the reconfigurabil-
ity was achieved by utilizing micro-electromechanical (MEMS)
switches or capacitors to alter the unit cells [23]-[25]. Likewise,
this approach demands complicated fabrication methods.

A well-known method for tuning microwave devices is to use
active components such as varactors and PIN diodes [26]-[36].
They provide high-speed and wideband tuning with compact
size and low cost [26]. However, one challenge in designing
FSSs with these components is the need for bias network and
the strategies that should be considered for RF/DC isolation.
Adding the bias network and isolating elements affects the
original frequency response of the FSS [13]. This issue is accen-
tuated in developing FSSs with higher order filtering responses.
Thus, so far, varactor-tunable high-order FSS has yet to be
realized.

In this paper, a second-order bandpass FSS is proposed
based on miniaturized elements with varactor-based tuning
capability. The designed FSS is composed of three metallic
layers separated from each other by thin dielectric spacers.
The bias network is embedded in the FSS structure that
comprises wire grids in all layers and vias that connect the
varactors in the front and back layers to the middle layer.
This configuration enables tunability without the need for
any additional circuit or network for biasing the individual
varactors. Since all the varactors are biased in parallel, only a
single RF choke is needed for RF/DC isolation. Furthermore,
miniaturized nonresonant or hybrid (combination of resonant
and nonresonant) elements offer low-profile configurations
with stable frequency responses with respect to the incidence
angle of the electromagnetic wave [37]-[40].
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(b)

Fig. 1. Structure of the proposed FSS. (a) 3-D exploded view of the FSS.
(b) 2-D view of the unit cell.

In the following, we first present the FSS structure and its
equivalent circuit model in Section II. In Section III, a synthe-
sis procedure is developed for this FSS based on the equivalent
circuit model followed by an explanation of the tuning mech-
anism. Section IV presents the realization of the tunable FSS
based on the method described in Section III. The proposed
tunable FSS concept is experimentally verified in Section V.
Finally, the conclusion is presented in Section VI.

II. FSS STRUCTURE AND EQUIVALENT CIRCUIT MODEL

A three-dimensional (3-D) view of the proposed FSS and the
unit cells are demonstrated in Fig. 1. The structure is composed
of three metallic layers that are separated from each other by
two thin dielectric spacers. The top and bottom metallic layers
consist of miniaturized meandered cross-shaped resonators sur-
rounded by the inductive wire grid. The middle layer is made
of another inductive wire grids. In the ideal form, the top and
bottom metallic layers are exactly the same and the whole struc-
ture is symmetric with respect to the middle layer. The crossing
points of the wire strips in middle layer are aligned with the
center of the resonators on the front and back layers. The over-
all thickness of the structure is 2h, where h is the thickness of
each dielectric spacer. The dimensions of the unit cell along the
x and y directions are specified by D, = D, = D.

Since the FSS is based on subwavelength unit cells, its
electromagnetic response can be modeled through an equiva-
lent lumped-element circuit model. The circuit model provides
more insight into the FSS behavior. In addition, it can be used to
synthesize an FSS from a desired filter response. The FSS cir-
cuit model under a normally incident plane wave is presented
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Fig. 2. (a) Equivalent lumped-element circuit model of the proposed FSS.
(b) Simplified circuit with the hybrid resonators replaced by their parallel LC'
equivalences. (c) Circuit with the transmission lines replaced with equivalent
lumped elements models.

in Fig. 2(a), where the front and back layers of the FSS are
modeled by the series LoCe resonators in parallel with L
inductor, where 1 and 2 denote the front and back layers,
respectively. The inductor L models the inductive effect of the
wire grid. The series L C¢c resonators model the cross-shaped
resonators, where L is the equivalent inductance of the res-
onator arms and C¢ stands for the capacitive effect between
the edges of the wire grid and the resonator arms in each unit.
The middle layer wire grid is modeled with the parallel induc-
tor L,,. Furthermore, the two dielectric spacers are modeled
by the transmission line sections of length A with character-
istic impedance of Zr = Zy/\/€,, where Z, = 377 ) is the
free-space characteristic impedance and ¢, is the relative per-
mittivity of the dielectric material. The free-space on the two
sides of the FSS is modeled with transmission lines having a
characteristic impedance Zy = 377 2. The equivalent circuit in
Fig. 2(a) can be simplified to the one in Fig. 2(b) by replac-
ing the front and back hybrid resonators with their parallel LC'
equivalence. The relations between the hybrid resonator and
the parallel LC resonator are as follows [41], [42]: First, the
frequency at which the equivalent admittance is nulled should
be the same between the hybrid resonators in Fig. 2(a) and the
parallel LC resonators in Fig. 2(b). This means

1 1
VI +Lo)Co  VLpCp'

Second, the susceptance slope of the two resonators should
be equal to each other at the center frequency of the filter. This

condition leads to
L+Lc\>
Oc( 7 C) = Cp. 2)

ey
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The third condition for determining the hybrid resonator
element values univocally is obtained by considering the trans-
mission zero frequency provided by the series LoC¢ branch
in the hybrid resonator in Fig. 2(a). The transmission zero will
improve the out-of-band rejection of the filter. The frequency of
the transmission zero is given by

1
B 21/LoCo
A choice of the transmission zero is arbitrary. In this case, it

is positioned close to the passband to improve the sharpness of
the filter response in the upper rejection band.

Ja 3)

III. FSS DESIGN
A. Synthesis Procedure of the FSS

By using the telegrapher’s equation [43], subwavelength
transmission line sections can be presented by their equivalent
circuit models with series inductance L = pgu,-h and shunt
capacitance Cr = ege,.h/2 where h is the spacer thickness, and
1 and €, are the permeability and permittivity of the dielectric
spacer, respectively. So, the circuit in Fig. 2(b) can be redrawn
as the one in Fig. 2(c) that is a second-order coupled-resonator
bandpass filter. Based on the circuit in Fig. 2(c), a synthesis
procedure can be developed for the proposed FSS by applying
the concept of coupled-resonator filter with inductive coupling
[44], [45]. By specifying the center frequency of the FSS fj and
the fractional bandwidth 6 = BW/ f; to realize a desired filter
type, e.g., Chebyshev, Butterworth, the element values can be
designed for the circuit in Fig. 2(c). The design procedure can
be summarized as follows.

1) The summation of the C'p and C'p capacitors for each of

the front and back layers can be calculated by using the
following equation:

qi

Ci=Cpi +Cri = woriZe8’

=12 “4)
where ¢; and g9 are the normalized quality factors of
the front and back layers resonators, respectively, Zy =
377 Q and r1 and ro are the normalized source and load
impedances for the circuit in Fig. 2(c).

2) The inductances Lp; and Lpo can be calculated as
follows:

1
w%(CZ — klgts\/ 0102) ’

where k1 is the normalized coupling coefficient between
the input and output resonators in Fig. 2(c).
3) The middle layer inductance L,, is determined as

Zo (k125)2 r1ro
L, = . . . 6
wokiz 1 —(k126)* '\ q1q2 ©)

4) The equivalent inductances of the transmission line sec-
tions can be obtained as follows:

B \/Lfn(l +a)?+4al,Lis — Ly (1 4+ «) o
B 2c

LT2 = OéLTl (8)

Lty
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1
Lip= —5————r ©)
12 wg(klgé\/ 0102)
1— koo, | BL
o = qi . —%7'2 (10)
G2 Qr2
1— k125 e
q271

The normalized quality factors ¢;, g2 and coupling coeffi-
cients ko for the second-order filter of different types can be
extracted from the design tables in [44] and [45]. As men-
tioned before, the circuit in Fig. 2(c) is obtained from the one in
Fig. 2(b) by using the telegrapher’s equation. So, the lengths of
the transmission line sections representing the dielectric spacers
thickness in Fig. 2 can be calculated as

Lr;

hi = 3
HoMri

1=1,2. (11)
The values of the parallel capacitances Cp; and Cpy can
then be obtained from
rihi .
Cpi=C; — ocrilti . i=1,2.

: (12)

Now, the element values of the front and back resonators in
Fig. 2 can be determined by using (1)-(3).

The parameters of the equivalent circuit in Fig. 2(a) can be
mapped to the geometrical dimensions of the FSS by using
the method explained in [46]—[48]. It should be noted that the
substrate thicknesses calculated from (11) might not be com-
mercially available. These calculated geometrical values are
treated as an initial approximation in the optimization proce-
dure of the FSS using full-wave EM simulations. The effective
inductance of a wire grid can be related to wire width w and the
unit cell size D by using [1], [49]

L= ot In < . 1“”) (13)
s Sin 2D
where p.g is the effective permeability of the substrate.
Therefore, this equation can be used to design the middle-layer
wire grid dimensions. To this end, the unit cell size D can be
chosen arbitrarily, but it should be considered that a very small
unit cell size leads to very thin wires that might not be imple-
mentable due to fabrication limits. The next step is to design
the front and back hybrid resonators in a way that they sat-
isfy the designed equivalent circuit elements, (L; 2 and LcCc).
Equation (13) also provides an approximation to the dimen-
sions of the front and back wire grids. These wire grids are
strongly influenced by the cross-shaped resonators, and thus
require optimization to account for parasitic effects. As an ini-
tial step, the unit cell size of the hybrid resonator is set to equal
the size of the middle wire grid D, and the width of the wire grid
can be calculated from (13) to satisfy the required L 2. Next,
the dimensions of the cross-shaped resonator are designed to
match the required L and C. Specifically, the inductance L
mainly depends on the width ¢ and the length (b 4 ¢ 4 g) of the
resonator arms, while the capacitance C~ depends on the res-
onator arm length g and the gap between the arm and wire grid
s. A realizable value can be chosen for the gap s. The length of
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Fig. 3. (a) 3-D view of the front and middle layers of the unit cell. A metallic
via and four varactor diodes are included in each unit cell for tuning. The back
layer and the other dielectric spacers are not drawn for clarity. The black strips
show the cathode side of the varactors. (b) Cross-sectional view of the unit cell
indicating the three metallizations, vias and the bonding layer.

the cross-shaped resonator arms 2(b + ¢ + g) is initially chosen
to be half of the wavelength at the transmission zero frequency
f2- From these initial geometrical values of the resonator, the
associated L and C'¢ values can be confirmed by a semiana-
lytical procedure as follows. In the EM simulation, f, for this
initial design can be determined. Then by adding an arbitrary
lumped capacitor of C,, between the resonator arms and the
wire grid, the transmission-zero frequency will be red-shifted to

1
~ 21/Le(Co + Car)

Thus, by solving (3) and (14), the values of Lo and Co
can be calculated. If the obtained Lo and C¢ match the
designed parameters from the circuit synthesis, the optimiza-
tion is finished for the cross-shaped resonator. Otherwise, the
procedure is repeated until the results converge. After optimiz-
ing the cross-shaped resonators, the width of the wire grid ¢
can be optimized by curve fitting the EM and circuit simulation
results around the null frequency of the hybrid resonator that
is described by (1). After obtaining the optimized 4, the trans-
mission zero frequency f, might be slightly shifted. This shift
can be compensated by a slight adjustment of the cross-shaped
resonator arm (b + ¢ + ¢) and t.

le

(14)

B. Tuning Mechanism

The proposed FSS can be simply modified to exhibit a tun-
able response by loading varactors in the front and back layers,
as shown in Fig. 3(a) (with the back layer excluded for clarity).
A metallic via in each unit cell is used to electrically con-
nect the front and back cross-shaped resonator to the middle
layer wire grid. This configuration is elaborated in Fig. 3(b)
through the cross-sectional view of the unit cell. The varactors
are loaded in the gaps between the cross-shaped resonator arms
and the front and back wire grids. By applying a DC bias volt-
age between the middle wire grid and the front and back wire
grids, the equivalent capacitance (Cc1 and C'co) between the
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cross-shaped resonators and the wire grids in front and back
layers can be varied resulting in a tunable frequency response
for the FSS. In this condition, the equivalent capacitances of the
hybrid resonators can be defined as a summation of the varactor
capacitance Cy,, and the capacitance between the cross-shaped
resonators and wire grids Cy
CCi = Cvvar + COi; 1=1,2. (15)
A significant benefit of this structure compared with other
varactor-tunable FSSs [26]—[28] is that in this case, all the var-
actors are electrically biased in parallel and no additional bias
networks such as thin bias wires, resistors, or lumped capaci-
tors are needed. It requires only a single RF choke to connect
in series with the DC voltage supply to isolate dc circuitry
from RF.

IV. STRUCTURE REALIZATION

The synthesis procedure described in Section III has been
used to design a varactor-loaded FSS having a center frequency
of 5.2 GHz and a fractional bandwidth of § = 9%. The loaded
varactor is with minimum capacitance of 0.12 pF. A transmis-
sion zero is positioned at f, = 6 GHz to improve the upper
band selectivity of the filter. The FSS is designed to exhibit a
Butterworth response, and so the extracted k15 and g values
are 1.4142 and 0.707, respectively. The Teconic TLY-5 with a
relative permittivity of 2.2 and a loss tangent of 0.0009 is cho-
sen as the dielectric substrate. Based on this specification and
from (1) to (10), the equivalent circuit parameters are calcu-
lated as: L,,, =4.5nH, Cc1 = Ceo = 0.21 pF, Loy = Lo =
2.78 nH, L1 = Lo = 1.7 nH. The calculated spacers thickness
hy = ho = 1.65 mm is not commercially available. Therefore,
we have chosen / = 1.52 mm that is the closest commercially
available thickness. Furthermore, the front and back dielectric
spacers have to be bonded to each other. The bonding layer
consists of a 0.1-mm-thick Rogers 4450F with a relative per-
mittivity of €, = 3.58. The cross-sectional view of the FSS unit
cell in presented in Fig. 3(b) for clarity. The presence of this
thin bonding layer introduces asymmetry, which can be com-
pensated via optimization. The optimization is carried out at the
circuit level in advanced design system (ADS). In the simula-
tion, this bonding layer is represented by a transmission line
with a length of 0.1 mm and a characteristic impedance of
207.5€2 in series with the transmission line that represents the
back spacer. The h values are kept constant, whereas the other
circuit parameters are tuned to achieve the specified filter char-
acteristics. It should be mentioned that in the optimization, the
circuit parameters obtained from (1) to (10) are considered as
initial values. Having these initial values significantly simplifies
the optimization process.

In the next step, the optimized circuit parameters in ADS
are converted to the physical dimensions of the FSS by using
a procedure explained in Section III. In full-wave simulations,
four lumped capacitors each with 0.12 pF are placed between
the cross-shaped resonator arms and wire grids in each of the
front and back layers of the FSS to model the varactor diodes.
The varactor diode is MA46H120 from M/A-COM which is
a GaAs flip-chip diode and provides a range of capacitance
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Fig. 4. Comparison between the circuit model and full-wave electromag-
netic simulation results of the designed FSS. The optimized equivalent circuit
parameters are: C'c; = 0.251 pE, Coo = 0.231 pF Loy = 2.48 nH, Leg =
2.65nH, L1 = 1.95nH, Lo = 2.07 nH, Ly, = 3.1 nH. The unit cell geomet-
rical dimensions are: h1 = ha = 1.52 mm, Dy = Dy = 8 mm, §1 = 02 =
0.9mm, g1 =3.8mm, t;] =t2 =e; = 0.6 mm, e = 0.3 mm, s1 = s2 =
0.3mm, by =bs =2.3mm,c1 =c1 =1.25mm,d; =1.6 mm,ds = 1.5
mm, and w = 0.65 mm.

between 0.12 and 1.00 pF for a reverse bias voltage between 16
and 0 V. The optimized equivalent circuit and the geometrical
parameters of the designed FSS are listed in the caption of
Fig. 4. The slight difference in the dimensions and circuit
parameters between the front and back layers reflect the asym-
metry that is imposed by the bonding layer. The simulated
fractional bandwidth is 8.8% and the upper stopband transmis-
sion zero is achieved at 5.97 GHz, close to the desired filter
specifications. A comparison in Fig. 4 shows a good agreement
between the circuit model and 3-D EM simulation results.

V. RESULTS AND DISCUSSIONS

A prototype of the designed FSS in Section IV has been fab-
ricated and tested inside a parallel-plate waveguide to show
the validity of the design and the effectiveness of the tuning
method. The parallel-plate waveguide setup is used since it sup-
ports a TEM wave propagation, which is the same a free-space
plane-wave excitation. An array of 3 x 18 unit cells is fabri-
cated to match the dimensions of the waveguide aperture. The
overall thickness of the fabricated sample is 3.14 mm, which is
less than Ao /18 at 5.2 GHz. The cross-shaped resonators in the
front and back layers of the FSS are connected to the middle-
layer wire grid through vias with 0.3 mm diameter. A 47-kQ)
resistor is soldered to the middle-layer wire grid to act as an RF
choke. The fabricated prototype and its front and back unit cells
are demonstrated in Fig. 5. Since the TEM mode can be excited
inside the parallel-plate waveguide in the frequency range of
interest [50]-[52], only two varactors aligned with the E-field
direction are soldered in each side of the unit cell. The parallel
plate waveguide test setup is depicted in Fig. 6. The FSS is then
placed inside the waveguide and the bias wires are connected
to a variable DC power supply. In this way, all the varactors
are reverse-biased and by changing the dc bias voltage (3,), the
varactors’ capacitance will be tuned.
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Front bias wire

Middle layer bias

Back bias wire

)

Fig. 5. Fabricated FSS prototype. (a) Front layer with an inset showing a unit
cell. (b) Back layer with an inset showing a unit cell. A red wire is soldered to
the front and back wire grids to apply the negative bias voltage. A black wire
in series with the RF choke is soldered to the middle wire grid to provide the
grounding.

Fig. 6. FSS inside the parallel-plate waveguide testing platform.

In the measurements, first the bias voltage is set to 16 V to
yield the lowest capacitor value of 0.12 pF for each varactor,
which corresponds to a center frequency of 5.2 GHz for the
filter response. Then, the bias voltage is decreased step by
step and the corresponding transmission response has been
recorded for each step. The normalized measured transmission
responses of the FSS for different bias voltages are plotted in
Fig. 7 together with the results from EM simulations for nor-
mal incidence. The EM simulations in CST Microwave Studio
are carried out with the Floquet boundary condition to replicate
an infinite planar array of the unit cells.

There is a good agreement between the simulated and the
measured results. The discrepancies between them are mostly
attributed to the small air gap between the top and bottom plates
of the waveguide and the FSS edges that would be improved if
free-space measurement setup is used. The passband is defined
at —3 dB from the peak of the transmission response. The
maximum measured insertion loss within the FSS passband
varies from 3 dB to around 6 dB when the reverse bias voltage
varies from 16 to 4 V, respectively. This is mostly caused by the
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Fig. 7. Transmission responses of the designed tunable FSS under normal inci-
dence for different values of varactor bias voltage. The reverse bias voltage (V4,)
is varied from 16 to 4 V with a step size of 2 V. (a) Results obtained from EM
simulations. (b) Measured transmission responses.
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Fig. 8. (a) Series resistance of the varactor as a function of the bias voltage.
(b) Variation in the varactor diode capacitance and the center frequency of the
FSS as a function of the reverse bias voltage.
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Fig. 9. Simulated transmission responses of the tunable FSS for oblique
incidence angles (a) TE polarization and (b) TM polarization.

ohmic loss in the varactor diodes. The insertion loss increases
when the bias voltage is decreased because the varactor exhibits
a larger series resistance at lower bias voltage. Fig. 8(a) plots
the characteristics of the series parasitic resistance of the var-
actor as function of the reverse bias voltage obtained from the
manufacturer’s SPICE model [53], [54]. The FSS center fre-
quency and the varactor capacitance versus the bias voltage are
plotted in Fig. 8(b). As seen, the simulated and measured cen-
ter frequencies are very close to each other. The variation in the
center frequency is smoother for the voltages above 10 V, and
it becomes sharper for the smaller voltages. This is due to the
nonlinear relationship between the varactor capacitance and the
bias voltage, where below 10 V, the slope of the capacitance is
larger than the slope for higher bias voltages.

The sensitivity of the FSS transmission response to the
oblique incidences is examined by using 3-D EM simulations
for both the TE and TM polarizations of the incident wave. The
results are demonstrated in Fig. 9 for both the upper and lower
limits of the tuning band. It is observed that the designed FSS
shows a stable passband frequency response over a wide range
of the incident angles up to 60° for both polarizations. This
stability is a result of the very thin profile and the miniaturized
dimensions of the unit cells [49]. However, weak resonances
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appear in the out-of-band response for oblique incidences,
and sharp harmonics appear in the upper stopband for the TM
responses. The weak resonances are mainly attributed to the
field imbalance across the FSS unit cells that excites higher
order resonance modes. The out-of-band sharp harmonics in
the TM responses are because of the longitudinal component
of the electric field that couples with the conductive vias. This
effect can be modeled by adding an inductance between the
middle layer and series LcC¢ resonators. These out-of-band
resonances can be suppressed by fabricating vias with a smaller
diameter.

VI. CONCLUSION

A second-order tunable frequency-selective surface has been
designed for microwave applications. A design procedure based
on a circuit model has been developed for synthesizing the
FSS using the standard filter theory. The tunability is achieved
by integrating varactor diodes in the front and back layers. A
unique feature of the structure is that all the varactors are biased
in parallel via the FSS structure without a dedicated bias net-
work. The proposed tunable FSS concept has been verified by
measuring a fabricated prototype in a parallel-plate waveguide.
The measurement results show a continuous tuning range from
5.2 to 3.7 GHz for the center frequency. In addition, the simu-
lations show consistent frequency responses for the FSS under
a wide range of oblique incidence angles for both the TE and
TM polarizations.
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