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An experimental double-layer active frequency-selective surface (AFSS) for stealth radome is proposed. The AFSS
is a planar structure which is composed of a fixed frequency-selective surface (FSS), a PIN diodes array, and a DC bias
network. The AFSS elements incorporating switchable PIN diodes are discussed. By means of controlling the DC bias
network, it is possible to switch the frequency response for reflecting and transmitting. Measured and simulated data
validate that when the incidence angle varies from 0◦ to 30◦ the AFSS produces more than −11.5 dB isolation across
6–18 GHz when forward biased. The insertion loss (IL) is less than 0.5 dB across 10–11 GHz when reverse biased.

Keywords: frequency-selective surface (FSS), active frequency-selective surface (AFSS), PIN diode, stealth
radome
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1. Introduction
The frequency-selective surface (FSS) has been widely

employed in stealth radome,[1] it can reduce the radar cross
section (RCS) of the antenna greatly out of band.[1,2] A suit-
able FSS radome can allow the electromagnetic wave to pass
in the operating frequency and reject the wave out of band.
Varieties of FSSs have been researched,[3–6] but the frequency
responses of the FSSs are fixed and mostly lie on the periodic
arrays of the FSSs once designed and manufactured.

If the frequency response of the FSS can be varied in re-
sponse to an applied electrical or optical control signal, then
it is possible to realize an active or adaptive FSS (AFSS)
structure.[7–16] One approach to achieving AFSS is to incor-
porate active devices into the FSS structure, resistors,[2] solid-
state varactor diodes,[10–12] and MEMS switches[14] are gener-
ally used in the AFSS units. However, because of the intrinsic
capacitance and inductance effect of the biased network on the
AFSS frequency response, these AFSSs usually exhibit a nar-
row bandwidth frequency response[9] and lack of large beam
scanning capability.[7,16]

In this contribution, a novel PIN-tunable, band-pass
AFSS radome with an embedded bias network is proposed.
Compared with the AFSS reported in the literature,[7–14] the
proposed strategy has two main advantages. First, a simple bi-
ased strategy is proposed to design a switchable AFSS. Then,
the functional band-pass and wide-band RCS reduction are
tunable by simply adjusting the bias state of the PIN diodes.
Second, wide-band, large-scan angle, and dual-polarized char-
acteristics are achieved by simply designing the transformative

square ring slot unit cell.
The frequency response of the proposed AFSS is demon-

strated through full-wave EM numerical simulations using
CST software.[15] To verify the simulations, a sample using
PIN diodes is fabricated and measured in an anechoic cham-
ber, the transmission coefficients and RCS of the sample are
measured at different incidence angles for horizontal and ver-
tical polarizations. An excellent transmission property when
reverse biased and a wide-band RCS reduction when forward
biased are verified by the present theoretical and experimental
results.

2. Design and analysis
Figure 1 shows the configuration of the proposed AFSS.

The proposed AFSS radome in this paper is composed of two
single-layer AFSSs and a layer of foam (εr = 1.1, tanδ =

0.005) spacer placed between them. The single-layer AFSS
radome is composed of two metallic layers separated by a
dielectric substrate, the material of the dielectric substrate
is selected as FR4 with a permittivity 2.33 and a loss tan-
gent of 0.001. The top layer consists of an etched transfor-
mative square ring slot pattern and the surface-mounted PIN
diodes welded in the top layer manually positioned as shown
in Fig. 1(b). The bottom layer is a DC bias network. The PIN
diodes array and DC bias network are connected by metal vias.

The transformative square ring slot elements are arranged
on a dielectric substrate in a rectangular lattice, which are se-
lected to provide the wide-band, large-scan angle, and dual-
polarized response. The layer of the foam spacer serving as
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a connection between the two single-layer AFSSs can enlarge
the operating bandwidth of the proposed radome. Active con-
trol of the AFSS impedance is achieved by loading four high
barrier silicon PIN diodes placed orthogonally. The DC bias
network incorporating into the AFSS structure is designed as
the excitation line to supply a bias voltage to the PIN diodes.
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Fig. 1. (color online) Structure of the proposed AFSS: (a) cross section,
(b) top layer, (c) DC bias network.

To make the frequency response controllable, the most ef-
fective way is to alter the working state of the AFSS. By means
of DC bias voltage applied to the PIN diode, the transmission

and scatter properties of the switchable AFSS radome can be
effectively characterized.

Generally speaking, a PIN diode could be converted into
a series and parallel RLC equivalent circuit, such as the scheme
described in Ref. [17], Roff, Ron, Con, and Coff are the intrinsic
resistances and capacitances of the PIN diode in the on- and
off-state, respectively. When the PIN diodes are reverse bi-
ased or zero biased, the equivalent resistance Roff is extremely
large, the PIN diodes are equivalent to a large resistance shunt
capacitor. Under the influence of equivalent capacitance Coff,
the resonant frequency of the AFSS can be shifted to lower
frequency. In contrast, when forward biased, the equivalent re-
sistance Ron of the PIN diode is smaller, hence the short circuit
path is formed between the units and the units are connected
together like a metal surface. When the AFSS properly leans,
the incidence energy is redirected into off-normal directions
by the AFSS, which enables the effective monostatic RCS to
reduce in near-normal directions.

3. Computational method
To validate the properties of the proposed AFSS, full-

wave EM simulation software CST is employed to simulate
and optimize the AFSS with 1) miniaturized structure, 2) ex-
tended functional band, and 3) maximized transmission coef-
ficients.

In this study, the transmitting frequency of the band-pass
AFSS is designed to be 10.5 GHz, and the conductivity of the
copper is set as 5.8×107 S/m. The equivalent capacitance Coff

of the PIN diode is assumed to be 0.1 pF, resistance Roff is as-
sumed to be 30 kΩ, and resistance Ron is assumed to be 10 Ω.
The detailed geometrical dimensions of the structure are given
in Table 1.

Table 1. Parameters of the AFSS.

Parameter Value/mm Parameter Value/mm
a 6.6 L 4.95
a1 0.2 b1 0.2
a2 0.5 b2 0.4
a3 1.2 r 0.2
dx 6.6 dz 6.6
h1 0.5 h2 4

Firstly, to study the effect of the PIN diodes on the FSS
frequency response, the proposed AFSS, together with a pri-
mary FSS without PIN diodes is simulated using CST soft-
ware. The simulated results of their transmission coefficients
at normal incidence are shown in Fig. 2. The center resonant
frequency could shift from 14 GHz to 10.5 GHz, and the op-
erating bandwidth is also decreased, due to the influence of
capacitance Coff of the PIN diodes. Besides, to study the effect
of the bias network on the AFSS frequency response, the pro-
posed AFSS, compared with an AFSS without bias network,
is also simulated. It is shown that the bias network could also
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decrease the operating bandwidth, so the design of the bias
network is very important for a practical AFSS radome. Be-
cause of the effect of the bias network on the FSS frequency
response, biasing the PIN diodes properly is a major difficulty
in designing a switchable AFSS.
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Fig. 2. (color online) The simulated transmission coefficients.
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Fig. 3. (color online) The simulated transmission coefficients with var-
ied incidence wave angles (reverse biased): (a) horizontal polarization,
(b) vertical polarization.

The transmission coefficients at different incidence wave
angles for horizontal and vertical polarizations when reverse
biased are depicted in Fig. 3. As shown in Fig. 3(a), the
horizontal polarization transmission bandwidth declines with
the increasing incident angle, simultaneously, the horizontal
polarization transmission coefficient deteriorates with the in-
creasing incident angle especially when exceeding 60◦. As

shown in Fig. 3(b), the vertical polarization transmission
bandwidth will augment with the increasing incident angle,
whereas, the vertical polarization transmission coefficient is
almost invariable in the operating bandwidth, which means
that the vertical polarization is much more stable compared
with the horizontal polarization for the structure.

When forward biased, the transmission coefficients at dif-
ferent incidence wave angles for horizontal and vertical polar-
izations are shown in Fig. 4. The transmission coefficients of
the AFSS are less than 2% across 0–20 GHz for horizontal and
vertical polarizations when the PIN diodes are in on-state. It
means that more than 98% energy of the incidence wave is re-
flected. So, it acts like a metal surface reflecting the incidence
wave. This design of AFSS on transmission has a good in-
hibitory effect in the range of 0–20 GHz when reverse biased.
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Fig. 4. (color online) The simulated transmission coefficients at dif-
ferent incidence wave angles: (a) horizontal polarization, (b) vertical
polarization.

4. Experimental validation
Based on the design in Fig. 1, an experimental AFSS

radome was constructed on an FR4 printed circuit board us-
ing standard photo-etching techniques. Figure 5 demonstrates
a photograph of the AFSS radome. The board has a dimension
of 180 mm×100 mm and contains 728 (14×26) unit cells with
the copper thickness of 18 µm. 2912 (14×26×4) PIN diodes
(MA4E2502, MACOM) were mounted in the AFSS.

The frequency response was measured across 6–18 GHz
by putting the sample on a clamp between two wide-band horn
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antennas connected to the network analyzer (Agilent N5244A)
in the anechoic chamber of Nanjing Research Institute of Elec-
tronics Technology. The two wide-band horn antennas were
placed about 2 m away from the random surface and had the
same height as the AFSS.

(a)

(b)

Fig. 5. (color online) The AFSS: (a) top view of the sample, (b) bias
network.

To verify the stability of the AFSS radome,[13] we mea-
sured the transmission coefficients in vertical and horizontal
polarizations for different incident angles. As shown in Fig. 6,
when zero biased or reverse biased, the transmission coeffi-
cients keep almost constant from 0◦ to 30◦. A band-pass ef-
fect at the resonance frequency of 10.5 GHz is achieved. The
operating bandwidth achieves 1 GHz for the transmission co-
efficients exceeding 90% (−0.5 dB). The simulated results in
Fig. 3 agree well with the experimental results. As depicted
in Fig. 6(b), the transmission coefficients of vertical polariza-
tion exceed 100% when the incidence wave angle equals 15◦,
this is impossible obviously; this is mainly due to the small
sample, causing the electromagnetic wave diffraction after re-
peated verification. The slight discrepancy is acceptable con-
sidering the edge effect and finite unit cells.

As shown in Fig. 7, when forward biased, the AFSS
radome presents perfect reflection characteristic, the transmis-
sion coefficients are less than 7% (−11.5 dB) across 6–18 GHz
in horizontal polarization. The transmission coefficients are

less than 2.5% (−16 dB) across 6–18 GHz in vertical polar-
ization. The experimental results are slightly larger than the
calculated ones shown in Fig. 4. Discrepancies can be ob-
served between the simulated and the measured results. The
reasons are given as follows: 1) the incidence wave is plane
wave in simulation, while the far-field radiation from the horn
aperture can hardly be regarded as the standard plane wave; 2)
the not-perfectness of the absorbing material in the anechoic
chamber; and 3) fabrication tolerance and misalignments in
the measurement setup. Nevertheless, the AFSS still exhibits
total reflection characteristic across 6–18 GHz when forward
biased.
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Fig. 6. (color online) The measured transmission coefficients with var-
ied incidence wave angles (reverse biased): (a) horizontal polarization,
(b) vertical polarization.

However, due to the small size of the AFSS sample and
the wider main lobe beam-width of the testing horn antenna,
the experiment result only covers the angle from 0◦ to 30◦;
when the incident angle exceeds 30◦, the frequency resonances
deteriorate seriously.

Moreover, to investigate the wide-band scattering perfor-
mance and stealth characteristic of the AFSS, the monostatic
RCS results of the AFSS sample (180 mm×100 mm) for dif-
ferent frequencies and different incidence wave angles were
also measured when forward biased. A metal surface is a per-
fect electric conductor (PEC), it is often used as a reference
in RCS calculations or experiment.[4,18] In this paper, a metal
surface with the same size (180 mm×100 mm) works as the
reference in the anechoic chamber as shown in Fig. 9.
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Fig. 7. (color online) The measured transmission coefficients with var-
ied incidence wave angles: (a) horizontal polarization, (b) vertical po-
larization.
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Fig. 8. (color online) RCS test scenario.

AFSS
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Fig. 9. (color online) Sample to be measured.

As shown in Fig. 8, the sample to be measured is fixed
in a foam shelf which tilts 22◦ in a vertical direction. Two X-
band horn antennas are placed at 10 m away from the AFSS
and have the same height as the AFSS, in addition, the two
horn antennas must be put together, so the two horn antennas
can be regarded as being located at the same spot. When the
incidence wave impinges, it could be redirected in noncritical
directions, then the monostatic RCS can be reduced greatly.

To verify this hypothesis, the normalized monostatic RCS
of the AFSS with respect to the metal surface at the center
frequency ( f = 10 GHz) in vertical and horizontal polariza-
tions for different incident angles is shown in Fig. 10. At the
center frequency, the proposed AFSS sample exhibits almost
the same RCS reduction characteristics as the metal surface
from −45◦ to +45◦. In addition, we also measured the aver-
age monostatic RCS of the AFSS sample versus the incidence
wave angle and frequency compared to the metal surface as
shown in Table 2. The measured RCS reduction bandwidth is
from 8 GHz to 12 GHz and the incidence wave angle of the
plane wave is set to be −45◦ to 45◦. The experimental results
indicate that the AFSS has −19.6 dB average RCS reduction
for vertical polarization and −23.9 dB average RCS reduction
for horizontal polarization.
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Fig. 10. (color online) RCS versus incidence angle ( f = 10 GHz).

The above experimental results demonstrate that the
monostatic RCS across −45◦ to 45◦ direction is reduced
greatly by the AFSS from 8 GHz to 12 GHz. It exhibits al-
most the same RCS reduction characteristics, so the proposed
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AFSS when forward biased has the perfect stealth character-
istic, almost the same as the metal surface, if they properly
tilt.

Table 2. Average RCS versus angle and frequency.

VV-POL/dB HH-POL/dB
Metal surface –19.2 –24.5

AFSS(reverse biased) –19.6 –23.9

5. Conclusion and perspectives
In this paper, a novel AFSS radome using PIN diodes was

proposed. Its working state can be switched conveniently by
controlling the biased state of the PIN diodes. An AFSS sam-
ple was fabricated and measured. The simulated and mea-
sured results agree well, which demonstrates that the AFSS
can not only guarantee the transmitting characteristic of the
AFSS at the 10% operating frequency band for dual polariza-
tions with large incident angle, but also achieve broadband re-
flection across 6–18 GHz.

The proposed AFSS has the advantages of flexible
switchable characteristic and excellent performance at differ-
ent incident angles and different polarizations. By virtue of
these advantages, the proposed AFSS can provide practical
applications to airborne stealth radome which can effectively
reduce the RCS of the antenna. However, the bias network
has a little effect on the frequency response of the AFSS; re-

search is being carried out on an optical control network, it will
eliminate the influence of the bias network drastically, and the
operating mechanisms will be studied further.
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