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A new technique for designing a varactor-tunable frequency selective surface (FSS) with an embedded bias network
is proposed and experimentally verified. The proposed FSS is based on a square-ring slot FSS. The frequency tuning is
achieved by inserting varactor diodes between the square mesh and each unattached square patch. The square mesh is
divided into two parts for biasing the varactor diodes. Full-wave numerical simulations show that a wide tuning range can
be achieved by changing the capacitances of these loaded varactors. Two homo-type samples using fixed lumped capacitors
are fabricated and measured using a standard waveguide measurement setup. Excellent agreement between the measured
and simulated results is demonstrated.
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1. Introduction
Frequency selective surfaces (FSSs) have been inten-

sively studied for several decades[1–14] and widely used in a
number of applications in telecommunications, antenna de-
sign, and electromagnetic compatibility. A typical FSS is con-
structed by periodically arranging elements of resonant type
on a given surface. Over the years, many element geometries,
such as patch,[2] dipole,[3] loop,[4,5] and one of their comple-
mentary structures, have been introduced for a band-stop or
band-pass FSS.

The traditional FSS structures are only passive printed
conductors on a dielectric substrate. The frequency behavior
of an FSS is mainly determined by the geometry of its unit cell,
and it cannot be changed once designed and manufactured.
Recently, the active FSS has been studied. A well-established
method of tuning the FSS is to incorporate electronically tun-
able components into its unit cell. A limited number of elec-
tronically tunable FSSs have been designed by embedding
solid-state varactor diodes[10–13] and MEMS switches[14] in
the traditional FSSs. For biasing the active components, these
tunable FSSs require a separate circuitry. Because of the effect
of the bias network on the FSS frequency response, biasing the
active components properly is a major difficulty in designing
a tunable FSS.

In this paper, we propose a novel varactor-tunable, band-
pass FSS with an embedded bias network. The frequency tun-
ing capability of the proposed FSS is demonstrated through
numerical simulations using Ansys HFSS software. To verify

the simulations, two homo-typical samples using fixed lumped
capacitors with different capacitances are fabricated and mea-
sured using a standard waveguide measurement setup. Excel-
lent agreement between the measured and simulated results is
demonstrated.

2. Designing process
The proposed FSS is based on a square ring slot FSS. One

unit cell of the primary FSS is composed of a square mesh sur-
rounding an unattached square patch mounted on a dielectric
substrate. The FSS has a band-pass performance, and its res-
onant frequency can be effectively lowered when the lumped
capacitive components are loaded in the square ring slot, as
shown in Fig. 1(a). The resonant behavior of the FSS can be
illuminated effectively according to the equivalent circuit of
one cell, which is indicated in Fig. 1(b). The equivalent cir-
cuit is a parallel LC circuit shunted across a transmission line
of impedance Z0, the inductance L is derived from the square
mesh, and the capacitance C is the total capacitance beside one
patch, which comprises the slot capacitance Cg, the lumped
capacitance CLu, as well as the equivalent inductance L of the
square patch. The capacitance C can be expressed as

C =

(
Cg +CLu

)
2−ω2L(Cg +CLu)

. (1)

Based on the above primary FSS, a novel varactor-tunable
FSS structure is proposed. One unit cell of the proposed FSS
is shown in Fig. 1(c), and it approximates a combination of
four unit cells of the primary one, and the loaded capacitive
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components are selected as a kind of varactor diode with ca-
pacitance CVar. To bias the varactor diodes properly, one sim-
ple and effective method is proposed. We regard the square
mesh as a combiner of a pair of similar ones with double pe-
riods. The pair of square meshes are staggered with half the
period both in x and y axes, and they are mounted on the same
surface and overlapped at each intersection. To keep the pair
of square meshes electrically unattached, we make one square
mesh stride over the other at each intersection using additional
strips as shown in Fig. 1(c). Now the primary square mesh is
divided into two parts, and each square patch is surrounded by
them. According to the resistive-lumped-element biasing grid
in Refs. [10] and [11], a kind of surface mount resistor with
proper resistance R is loaded between each mesh and patch as
shown in Fig. 1(c), a common direct-current (DC) voltage V/2
can be introduced to bias each varactor diode in parallel when
a DC voltage V is introduced between two square meshes. For

the equivalent circuit of the tunable FSS, because the pair of
square meshes are mounted on the same surface, their equiv-
alent inductances are shunted across the transmission line of
impedance Z0 in parallel. Combined with the capacitance C
beside each patch, the equivalent circuit is shown in Fig. 1(d),
its total admittance G is

G =
1

jω2L
+

(
jω2C+

1
jωL

)
/2 = jωC+

1
jωL

. (2)

It is educed that the equivalent circuit is entirely equivalent
to that of the primary FSS, and the resonant behaviors of the
tunable FSS can be kept the same as those of the primary FSS.
Now with the augment of the varactor capacitance CVar, the ca-
pacitance C is increased, the resonant frequency of the FSS can
be lowered effectively. In this way, a novel varactor-tunable
FSS with an embedded bias network is proposed.
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Ê

(c)

(d)

Fig. 1. FSS structures and equivalent circuits: (a) structure and (b) equivalent circuit of the primary FSS, (c) structure and (d) equivalent
circuit of the proposed FSS.

3. Numerical simulations

To validate the properties of the proposed tunable FSS,
numerical simulations are carried out at first. The primary FSS
in the design is constructed on a d = 1.5 mm thick dielectric
substrate with relative permittivity εr = 9.6, and the dimen-

sions of each cell are as follows: P = 13.65 mm, l = 7.0 mm,

and w = 1.5 mm. To realize the proposed tunable FSS, the

additional strips with width 3.65 mm and length 5.65 mm

are introduced and mounted on a 0.2 mm thick dielectric film

(εr = 2.2). The resistances of the loaded resistors are all cho-
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sen to be R = 1.0 MΩ.
Firstly, to study the effect of the embedded bias network

on the FSS frequency response, the proposed tunable FSS, to-
gether with a primary one loaded with lumped capacitors, is
simulated using HFSS software. The capacitances CVar and
CLu of their loaded capacitive components are both assumed
to be 0.5 pF. The simulated results of their transmission coef-
ficients at normal incidence are shown in Fig. 2. It is shown
that the bias network does not affect the FSS frequency re-
sponse much, their transmission coefficients are basically uni-
form, except that there is an undesirable resonance at the fre-
quency 3.23 GHz, which may be attributed to the coupling
capacitance between the two parts of the divided square mesh.
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Fig. 2. Transmission responses of the proposed and the primary FSSs
to frequency.

When the capacitances CVar of these loaded varactors are
assumed to be different, the proposed FSS is simulated to
prove its frequency tuning capability. The simulated results in
Fig. 3 show that the resonant frequency of the FSS is tuned
from 3.86 GHz to 1.80 GHz when the capacitance CVar is
changed from 0.2 pF to 2.0 pF, and the transmission coeffi-
cients are close to 1.0 at the resonant frequency at all time.
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Fig. 3. Transmission responses of the tunable FSS to frequency for
some different values of varactor capacitance.

4. Experimental validation
To verify the above simulations, an experiment is carried

out in a rectangular waveguide simulator. The cross-sectional

area of the waveguide used in the convenient experimental
setup is approximately a×b = 109.2 mm×54.6 mm. The di-
mensions of the fabricated FSS are close to those of the waveg-
uide cross section as shown in Fig. 4, which consists of a 2×4
array of unit cells with a period of P = 27.3 mm.

Fig. 4. Prototype of the fabricated FSS in the experimental setup.

To overcome the biasing problems in the waveguide sim-
ulator, the varactor diodes are replaced with lumped capacitors
with different capacitances. As the operating frequency of the
TE10 mode in the used waveguide is in the range of 1.72 GHz–
2.61 GHz, according to the simulated results in Fig. 3, we fab-
ricate two homo-typical samples in which the values of capac-
itance CLu are chosen to be 1.0 pF and 1.8 pF, respectively. In
addition, the resistors have not been loaded for convenience
because of the limited sizes of these unit cells.

1.8 2.0 2.2 2.4 2.6
0

0.2

0.4

0.6

0.8

1.0

Frequency/GHz

S
1
2

simulated CLu=1.0 pF

simulated CLu=1.8 pF

measured CLu=1.0 pF
measured CLu=1.8 pF

Fig. 5. Comparisons between experimental results and simulated ones.

The guided wave of the TE10 mode in the rectangular
waveguide can be seen as a TE oblique incident wave. The
comparison between the measured data and the simulated re-
sults at TE incidence with proper incident angle θ is shown
in Fig. 5. The incident angle is determined by the formula
θ = arcsin(c0/2a f ), where a = 0.1092 m is the width of the
used waveguide, and f is the resonant frequency of the FSS,
which is adopted to be 2.42 GHz or 1.89 GHz when the ca-
pacitance CLu is chosen to be 1.0 pF or 1.8 pF. Figure 5 shows
that the experimental results are in good agreement with the
numerical predication, except that there is a little difference
between simulation and experiment at the frequency deviating
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from the resonant frequency, which may be attributed to the
change of the incident angle θ with frequency f in the waveg-
uide or due to the accuracy of measurement.

5. Conclusion

In this paper, a novel varactor-tunable FSS is proposed
and experimentally verified. The proposed FSS structure has
an embedded bias network, which has little effect on the fre-
quency response of the FSS. The frequency tuning capability
of the proposed FSS is demonstrated through numerical sim-
ulations. A wide tuning range from 1.80 GHz to 3.86 GHz
is achieved by changing the capacitance of the varactor diode
from 2.0 pF to 0.2 pF. Two homo-typical samples using fixed
lumped capacitors with different capacitances are fabricated
and measured using a standard waveguide measurement setup.
Good agreement between the simulation and experimental re-
sults is observed.
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