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Design of a 3-D Tunable Band-Stop Frequency Selective Surface
with Wide Tuning Range
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Abstract—In this paper, a three-dimensional (3-D) tunable band-stop frequency selective surface (FSS)
with wide tuning range is presented. The proposed tunable 3-D FSS consists of a periodic array of an
annular resonator loaded with two varactor diodes. By controlling the reverse voltage of the varactor
diodes, the resonance frequency could be tuned in a wide frequency range. Full-wave simulation shows
100% tuning range from 3.0 GHz to 6.0 GHz with respect to lower resonance frequency. The simulated
results exhibit stable band-stop performance under different incident angles (up to 45◦). By cascaded
two 3-D tunable FSSs, the bandwidth and selectivity performance could be further enhanced. The
proposed 3-D FSS with its stable stop-band performance can be a potential candidate to shield the RF
signals which is the major source of problem leading to RF device malfunctions.

1. INTRODUCTION

In the last decades, frequency selective surfaces (FSS) have been drawing attention by their special
property of selectivity of the frequencies and polarizations of the incident wave. The band-pass or band-
stop characteristic of the FSS could be determined by the geometry structure, size, and arrangement
of the unit cell [1]. Therefore, FSSs are widely used in radomes, shielding, polarizer, antenna beam
steering applications, dichroic reflector, etc. [2, 3].

The latest trend of research on FSS technology is to realize various frequency responses without
modifying the geometry of FSS unit cell. By loading with active semiconductor devices like varactor
diodes, Pin or Schottky diodes in the element design, the transmission or reflection feature of FSS could
be tuned by varying the DC Voltage across the varactor diodes [4–10]. Electronic tunable FSSs have
been widely studied in the past few years due to their advantages of small size, nanosecond tuning
speed, and low cost.

In recent years, three-dimensional (3-D) FSS has attracted much attention due to its advantages of
small size and stable frequency response to different incident wave angles. With compact size and high
performance, this new approach may offer an attractive alternative over two-dimensional (2-D) FSSs.
In [11], a compact and single layer UWB band-stop FSS was presented to provide electromagnetic
shielding for RF signals. A novel 3-D FSS, exhibiting band-pass filtering response with high frequency
selectivity, is presented [12]. The 3-D FSS with cylindrical resonator elements was demonstrated offering
great flexibility in terms of controlling the frequency response. Although the proposed 3-D FSS shows
outstanding performance in many respects [13–18], the research in the field of band-stop FSS with
especially high selectivity and small size has not been reported a lot.

In this paper, a 3-D tunable FSS composed of an annular resonator loaded with two varactor diodes
is proposed. By altering the values of the added DC voltage, the varactor’s capacitance will change
and bring the variation of the working frequency realizing the tunability. The simulated results show

Received 19 April 2020, Accepted 4 June 2020, Scheduled 9 June 2020
* Corresponding author: Shengli Jia (jiashengli5@nuaa.edu.cn).
1 AVIC LeiHua Electronic Technology Research Institute, Wuxi, China. 2 School of Information Science and Engineering, Southeast
University, Nanjing, China.



10 Jia, Xu, and Zheng

that the proposed tunable FSS has sensitive response when capacitance changes in a certain range. The
simulated results exhibit stable band-stop performance under different incident angles (up to 45◦) with
high selectivity. The bandwidth and selectivity can be further enhanced by cascading two 3-D FSS unit
cells.

2. THE 3-D TUNABLE FSS

The structure of the proposed 3-D tunable band-stop FSS is illustrated in Figure 1. The overall
dimension of the 3-D FSS unit cell is 3 mm × 5mm × 6 mm, approximately 0.06λ0 × 0.1λ0 × 0.12λ0,
and λ0 refers to the resonant wavelength at 6.0 GHz in free space. The substrate used for the FSS is
Rogers 5880 with permittivity εr of 2.2, loss tangent of 0.009, and thickness of 1 mm. A foam substrate
which has permittivity εr of 1.04, loss tangent of 0.009, and thickness of 4 mm is used to separate the
adjacent unit cells along x direction. The annular resonator is composed of two microstrip lines and
two metal vias. Two varactor diodes are loaded in the middle of the microstrip lines, respectively. The
diode selected in this work is the Skyworks SMV1405-074LF, which has a nominal zero-bias junction
capacitance between 0.3 and 1.3 pF. The parameters for the final layout of the proposed tunable FSS
are as follows: L = 4.8 mm, W = 0.5 mm, S = 0.2 mm.

To investigate the characteristics of the proposed tunable FSS, a full-wave EM field solver CST-
MWS is used to simulate the transmission and reflection coefficient of the proposed FSS when being
illuminated by x -polarized plane waves. The incident x -polarized plane wave propagates along +Z
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(c)

Figure 1. Structure of the proposed tunable 3-D band-stop FSS. (a) Unit cell. (b) Side view of the
unit cell. (c) Perspective view of the FSS array.
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Figure 2. Simulated transmission and reflection coefficient of the proposed 3-D tunable FSS. (a) S21.
(b) S11.

direction. The unit cell boundary condition and Floquet ports are applied to imitate the infinite FSS.
By controlling the DC voltage across the varactor diodes, the varactor’s capacitance will change,

and the resonant frequency of the band-stop FSS can be tuned in a wide frequency range. Figure 2
shows the simulated transmission and reflection coefficients of the proposed 3-D tunable FSS. It is
obvious that the working frequency decreases when the capacitance is increased. The center frequency
varies from 3.0 GHz to 6.0 GHz, which corresponds to the capacitance of 0.3 pF to 1.3 pF. Hence, the
tunable range is nearly 100% with reference to the lower frequency and 66.7% with respect to the
center frequency. The proposed FSS is able to produce a narrow stop-band with high selectivity. In the
case of 0.5 pF-capacitance, the half (−3 dB) bandwidth is about 3.8% (from 4.62 GHz to 4.8 GHz). A
reflection zero appears below the stop-band under perpendicular incident wave, and excellent filtering
performance could be obtained compared to the traditional 2-D FSSs.

To investigate the operating mechanism of the 3-D band-stop FSS, the current distributions at
different frequencies on the annual resonator are plotted in Figure 3. The surface current is plotted at
4.0 GHz, 4.7 GHz, and 6.0 GHz for a diode capacitance of 0.5 pF. Analyzing the results in Figure 3, it is
seen that the surface current at 4.7 GHz is stronger than the other frequency points, i.e., the incident
x -polarized wave excites ring current along the annular resonator at 4.7 GHz, and a transmission null
occurs. Thus the stop-band frequency changes when the resonant frequency of the annual resonator
changes. Therefore, the stop-band frequency could be controlled by changing the varactor capacitance.

Angular stability refers to a phenomenon in which the frequency response of the FSS remains
unchanged by variation in the incident angle of the incoming electromagnetic wave. The miniaturization
of the structural unit improves the angular stability performance of the 3-D FSS as the phase variation
is small over the structure whose dimensions are less. Figure 4 shows the simulated transmission and
reflection coefficients of the proposed 3-D FSS under different incident angles. The capacitances of the
varactor diodes are fixed to 0.5 pF, and the center frequency of the band-stop FSS is about 4.7 GHz.
It shows almost stable responses for 0◦ to 45◦ with a step of 15◦. It is clearly seen that the stop-band
performance of the proposed 3-D FSS is extremely stable with respect to different incident angles. What
needs to be emphasized is that the angular stability performance is stable when the capacitances of the
varactor diodes change from 0.3 pF to 1.3 pF, but only the simulated results of 0.5 pF-capacitance are
included in this paper to keep the paper reasonably concise.

3. DESIGN OF THE CASCADED 3-D TUNABLE FSS

To overcome the drawback of the narrow bandwidth performance, two 3-D FSS unit cells are cascaded
along Z -axis to form a new cascaded 3-D tunable FSS. Figure 5 shows the geometry of the cascade 3-D
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Figure 3. The current distribution on the surface of the annual resonator. (a) 4.0 GHz. (b) 4.7 GHz.
(c) 6.0 GHz.

Table 1. Comparison with other tunable band-stop FSS.

FSS structure Configuration Size
Tunable range

(GHz)
Angular stability

[5]
2-D with

Varactor diode
0.306λ0 × 0.306λ0 × 0.006λ0 8.33 to 9.17 Not reported

[6]
2-D with

Varactor diode
0.41λ0 × 0.41λ0 × 0.027λ0 3.5 to 8.2 Not reported

[7]
2-D with

Varactor diode
0.15λ0 × 0.15λ0 × 0.09λ0 2.67 to 3.52 Not reported

[8]
2-D with

Varactor diode
0.38λ0 × 0.38λ0 × 0.015λ0 3.4 to 3.8 Not reported

This work
3-D with

Varactor diode
0.06λ0 × 0.1λ0 × 0.12λ0 3.0 to 6.0 45◦
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Figure 4. Simulated transmission and reflection coefficient of the proposed 3-D FSS for different
incident angle. (a) S21, ϕ = 0◦. (b) S11, ϕ = 0◦. (c) S21, ϕ = 90◦. (d) S11, ϕ = 90◦.

Figure 5. Geometry of cascaded 3-D tunable FSS.
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Figure 6. Simulated transmission and reflection coefficient of the cascaded 3-D tunable FSS. (a) S21.
(b) S11.
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Figure 7. Simulated transmission and reflection coefficient of the cascaded 3-D tunable FSS for different
incident angle. (a) S21, ϕ = 0◦. (b) S11, ϕ = 0◦. (c) S21, ϕ = 90◦. (d) S11, ϕ = 90◦.
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tunable FSS. The varactor diodes loaded in the annular resonator have the same DC Voltage in both
FSS unit cells which leads to the same capacitance. The length of the annular resonator is L1 = 4.6 mm
and L2 = 4.8 mm.

Figure 6 shows the simulated transmission and reflection coefficients of the cascaded 3-D FSS with
different capacitance values. The center frequency varies from 3.0 GHz to 6.0 GHz, which corresponds to
the capacitance of 0.3 pF to 1.3 pF same as the single layer 3-D FSS. In the case of 0.5 pF-capacitance,
the half (−3 dB) bandwidth is about 7.3% (from 4.65 GHz to 5.0 GHz). It is obvious that the bandwidth
of the cascaded 3-D FSS is broadened compared to the single-layer 3-D FSS. It could be seen that two
transmission zeros appear in the stop-band which enhance the bandwidth of the cascaded 3-D tunable
FSS remarkably. And the selectivity of the FSS maintains well while the working frequency changes.

Figure 7 shows the simulated transmission coefficients of the cascaded 3-D tunable FSS under
different incident angles. It is clearly seen that the bandwidth and in-band performance are almost
unchanged when the incident angle increases. The out-of-band performance of the cascaded 3-D FSS
maintains well when the incident angle increases to 45◦. The simulated results demonstrate that the
cascaded two-layer 3-D FSS has wider stop-band bandwidth and better out-of-band performance than
the single-layer 3-D FSS.

Performance comparison of the proposed 3-D tunable band-stop FSS and other FSSs available in
the literature is illustrated in Table 1. From the above table, it is evident that the proposed 3-D tunable
band-stop FSS offers compact size and good angular stability compared to the other tuning techniques
reported in the literature.

4. CONCLUSION

In this paper, the design of a 3-D tunable band-stop FSS with wide tuning range is presented. By altering
the DC voltage across the varactor diodes loaded in the annular resonator, the working frequency of the
FSS shifts significantly. Simulated results show that tunable frequency range is more than 100% with
respect to the lower resonance frequency, demonstrating a wide tuning range. The simulated results also
show that the designed 3-D FSS exhibits high selectivity at different angles of incidence (up to 45◦).
By cascading two 3-D tunable FSS unit cells, the stop-band bandwidth and selectivity performance
could be further enhanced. The proposed 3-D tunable band-stop FSS shows wide tuning rang and good
angular stability, with many potential applications in the electromagnetic shielding field.
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