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Abstract

In this paper, a novel low-complexity and cost-effective switchable frequency selective rasorber
(SFSR) with polarization-independent switching capability is proposed. To our best knowledge,
previously reported electronically reconfigurable and polarization-independent SESR configu-
rations requires at least 3 distinct layers with no less than 20 SMD lumped components for each
unit-cell, causing high cost and fabrication complexity. Conversely, the herein developed switch-
able rasorber contains only 2 layers with 6 SMD lumped elements for each unit-cell, thus sig-
nificantly simplifying fabrication and reducing overall cost. To achieve the independent control
over TE and TM polarizations, we separate the structure design in perpendicular directions. Two
switchable bands are accomplished, whose working mode can be changed from transmission to
absorption and reflection to transmission respectively, while only one is usually possessed by pre-
vious literature results. By switching the operating state of PIN diodes, the SFSR working mode
type is A-T/A-A-R/T. For A-T-A-R mode, it exhibits S;; < — 10 dB low reflection band of 2.89—
8.74 GHz, with 1.17 dB insertion loss. For A—A—A-T mode, it exhibits low reflection band of 3.67—
8.2 GHz. Besides, the SFSR has angle stability of 30°. After the design process and numerical sim-
ulations evaluation, prototypes are fabricated through PCB technology and characterized in ane-
choic environment, confirming the overall approach. This work improves about 43% cost effec-
tiveness under same capabilities and it is particularly suitable for all the applications requiring low-
complexity and cost-effective fabrication, such as unmanned equipment and antennas radome.

1. Introduction

Frequency selective rasorbers (FSRs) are widely used in radome application and have been received sig-
nificant research attention from the scientific community. They basically consist in bandpass frequency
selective surfaces with out-of-band absorption behaviour, thus reducing the overall radar cross section
(RCS) of the enclosed antenna. According to the relative spectrum location of transmission and absorp-
tion bands, FSRs can be listed as following types: transmission band below absorption band (T-A)
[1-4]; transmission band in between two absorption bands (A-T-A), including single polarization [5,
6], dual polarization [7-9], and broadband [10, 11]; transmission band above absorption region (A-T)
[12—14]. Obviously, given a certain transparency band where the enclosed antenna is supposed to oper-
ate, the A—-T—A type has better performance in terms of RCS reduction.

Although FSR has both transmission and absorption characteristics, its working mode is fixed and
its application is limited when facing the increasingly complex electromagnetic (EM) environment. As
an evolution of the FSRs, electronically switchable FSRs (SFSRs) recently appeared in the literature.

In such deployment, a passive FSR is opportunely equipped with active components that can change

© 2026 The Author(s). Published by IOP Publishing Ltd
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their working state upon an electrical signal. When we do not need to transmit signals, we can switch
the transmission band to the absorption band or the reflection band to reduce noise or interference.
Among the possible solutions to achieve reconfigurability, PIN diodes are the most commonly adopted
active components for SFSRs. By starting from the relatively simple SESRs capable of handling single
polarization [5, 15-17], then double polarizations [18-20], and successively double polarizations with
independent switching capability [21-23] SESRs were proposed. The independent switching ability is
particularly desirable, since it makes possible to reduce noise in TE (TM) polarization when the SFSR
is transparent in TM (TE) polarization. As a matter of fact, achieving such behaviour is relatively com-
plex and, as demonstrated in previous researches on this topic, double polarization with independent
switching ability requires at least 3 PCB boards and 20 SMD lumped components to be soldered in each
unit-cell. To improve performance of SESRs, some PCB boards in the exist designs are already multiple
layers, which will significantly increase fabrication costs. This is not very favourable for some scenar-
ios that prioritize cost-effective. Besides, they typically have only one transmission band, which limited
their applications. A very reduced number of examples about multiple switchable transmission bands can
be found in the literature [24] (A-T/R-A-R/T) [25], (A-T—A mode to A—T-A-T-A mode), thus pre-
senting a significant gap. Moreover, a multifunctional metasurface, which can be switched between FSS,
absorber, FSR and reflector mode is proposed [26]. Among them, SFSRs contain two functional layers,
including 1 lossy layer for absorption and 1 lossy layer for transmission. The lossy layer is designed as a
parallel of LC and a PIN diode, with an additional RLC in series. Based on this circuit mode, extra bias
wires are needed to polarize the PIN diodes and affect the resonance of lossy layer. To reduce the influ-
ence caused by extra bias wire, it usually needs to solder inductors on bias wire, which also increases
fabrication costs.

Therefore, in this paper, we proposed a novel low-complexity and cost-effective SESR with polar-
ization independent switching ability. In order to reduce complexity and fabrication costs, the pro-
posed SESR contains only 2 distinct layers, with the lossy one deputed to absorption and the lossless
one to allow transmission. To minimize the number of lumped elements, the lossy layer is provided with
2 PIN diodes and 2 resistors to confer the correct resistivity and reactance, while only 2 PIN diodes are
soldered in the lossless layer unit-cell. Therefore, fabrication complexity and cost-effectiveness can be
significantly improved with just 2 layers and 6 lumped components. In details, polarization indepen-
dent switching capability is achieved by separating metallic patterns in perpendicular directions. The
equivalent circuit model (ECM) is analysed and simulation results are carried out, showing the desired
behaviour with two transmission bands for the overall SFSR. By changing the operating state of PIN
diodes, one of those band can change the working state between transmission and absorption behaviour,
while the other one can change the working state from reflection to transmission. Therefore, the SFSR
working mode type is A—T/A—A-R/T. Besides, this paper analyses in detail that the series capacitor
of lossy layer is not necessary. Extra biasing wires for polarize PIN diodes of lossy layer also can be
removed, which improves cost-effective. Finally, prototypes are fabricated and measured, demonstrating
consistency with the numerical results.

The remaining of the paper is organized as follows. Section 2 describes the design and the equivalent
circuit analysis of the developed SFSR solution. Section 3 is devoted to compare and discuss numerical
and experimental results. Finally, Conclusion will follow.

2. Design and analysis

All the design process and numerical simulations in this manuscript have been carried out by using
the numerical solver CST Studio Suite (Dassault Systemes, France) and Advanced design system (ADS,
Keysight Technologies, USA).

2.1. Lossy layer design
The lossy layer of the SESR changes working state enabling transition between absorption and trans-
mission, thus implementing the A—T/A—A type SESR. The corresponding unit-cell design is shown in
figure 1. The substrate is FR-4, with a relative dielectric constant equal to €, = 4.3 and a thickness of
hy = 0.4 mm. The copper etching process is the standard 35 pm thick. On the lower right corner of the
unit-cell, two metallized via holes allow resistors to be soldered at the bottom side. Electric resonance
structures and PIN diodes provide switchable T/A band. The employed PIN diodes are SMP1321-079LF
(Skyworks Solutions Inc, USA).

The geometrical design is also analyzed through the Equivalent Circuit Model (ECM), as shown in
figure 2(a). Zy = 377 €1 represent free-space impedance. ECM has been proved a very valuable approach

2
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Figure 1. Lossy layer structure. The parameters are listed as follows: p =20 mm, /; =7 mm,, =4.3 mm, 5 = 4.6 mm, l; =3
mm, w; = 0.8 mm, w, = 0.6 mm, w3 = 2 mm, wy = 2 mm, gap, = 1 mm, gap, = 1 mm, gap; = 0.2 mm.

Lossy layer

()

(b) ©

Figure 2. Equivalent circuit model (ECM). (a) Lossy layer. (b) PIN diode ‘on’ state. (c) PIN diode ‘off” state. The parameters are
listed as follows: R =550 2, L} =9.37 nH, L, = 1.7 nH, C;, = 0.93 pF, R, =3, Ly = 0.7 nH, C; = 0.1 pE.

to effectively quantify and control the behaviour of an arbitrarily complex metasurface structure. With
regard to our design, PIN diode includes a parasitic inductance L in series with a small resistor Ry
under ‘on’ state, as shown in figure 2(b), and a parasitic inductor L in series with a capacitance C;
under ‘off” state, as shown in figure 2(c).

The inductance can be calculated approximately as follows [31] :

L=2x10""1 [ln (l) +1.193+0.2235L—H (1)
w+t I

where [, w and ¢ are the length, width and thickness of the metallic strip.
Instead, the capacitance can be calculated approximately as follows [27] :

C = lepe F(k) (2)

ce=1+ (er — 1)F(k) /2F (ky) (3)
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1 1+Vk! 1
o~ ;1n(217\/k721,0<k<ﬂ "
ﬁln(zﬁﬁ) , 25 < k<1

where [, w and g are the length, width and distance of the metallic gap, €y is vacuum dielectric constant
and ¢, is relative dielectric constant of the substrate, thus leading to an average effective value of e ¢ =
(er+1)/2, k=alba= g2, b=a+ w, k' =1 —k? k) =sinh(wa/2h) /sinh (7 b/2h), .

When PIN diodes operate at ‘off” state, by introducing the PIN diode model in figure 2(c) into
figure 2(a), the admittance of whole parallel electric resonance structure is:

1 1 .
- twG

Y =— +-
lossy_off ]sz ]UJLS T

G
1 — w? (LyCy + LGy + LC) + w*LoLC, C,
jwl, (1 — w?LC,)
e+ b+ 5)
jwLs (1 — w?LCy)

where a) = LzLSCICt, bl = _(LZCI +L2Ct+LSCt), = 1..
By imposing Yiossy off = 0, the transmission frequency fiossy,, T can be retrieved:

1 *bl — \/b%*‘lal(:l
ﬁossyfoffle - 7
iy 201

(6)

flossy_off_TZ =

L —bl +\/b%—4a1c1 (7)
2w 2a, '

Besides, the impedance of the entire lossy layer is:

Zlossy_off = + jOJL]

Ylossyﬁoff
jwLs (1 — w?LCy)
- a1w4 + blwz +
a Liw* + (b1Ly — LLC) w? + (L + 1 Ly)
aywt +biw? + ¢
_ aw* + bw? + ¢ (8)
aywt + biw? + ¢

+jWL1

where a; = alLl, bz = (b1L1 — LzLSCt), C = L2 + C1L1.
By imposing Zjossy_off = 0, the absorption resonance frequency fiossy off A can be retrieved:

f o 1 —bz— \/b%—4a2c2
lossy_off A1 — b 2a,

9)

ﬁossy_off_AZ = ( 1 0)

L *b2+\/b%*4ﬂ2£‘2
2T 202 '

Conversely, when PIN diodes operate at ‘on’ state, by introducing the PIN diode model in figure 2(b)
into figure 2(a), the admittance of whole parallel electric resonance structure is:

Ylossyﬁon - + jUJ C]

JwL, + JwLg
- L2 + L5 - w2L2L5C1
N jwL,Lg '

(11)

Similarly, by finding Yieesy on = 0, the transmission frequency fiossy on can be evaluated:

1
flassym = . ( 12)

LyL
2T\ LG
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Figure 3. Simulation result of lossy layer. (a) S;; parameters of lossy layer with metallic ground plane. (b) S,; parameters of lossy
layer only.

From equations (6) and (7), by computing the values through the lumped parameters reported in the
caption of figure 2, we can obtain: fioesy off 1 = 3.8 GHz, and fiossy off T2 = 20 GHz. Similarly, from
equations (9) and (10), we can obtain that even if we remove the series capacitor, we can still obtain the
absorption resonance: fiossy off A1 = 4.12 GHz, and fiosey_off 42 = 20.1 GHz. Conversely, from equation (12),
we can obtain: fiesy ¢ = flossy_on = 7.4 GHz. Therefore, we use the ‘on’ state of PIN diodes as transmission
band for our SFSR design, whereas the ‘off” state of PIN diodes enabling the corresponding absorption
behaviour.

The simulation results of the standalone lossy layer are shown in figure 3. Figure 3(a) compares the
S11 parameters of lossy layer with metallic ground plane simulated by CST and ADS when PIN diodes
operating at ‘off” state, while figure 3(b) compares the S,; parameters of lossy layer only when PIN
diodes working at ‘on’ state. The results of the two simulation methods show a good degree of consis-
tency to ECM analysis. The obtained absorption extends from 3.17 to 8.42 GHz when the lossy layer has
a distance h, = 12 mm with respect to the copper ground. By removing the copper ground, we evaluated
the transmission performance of the layer. Thus, when PIN diodes operate at ‘on’ state, a transmission
frequency can be found at fioesy on_sim = 6.1 GHz.

Usually, lossy layers of SESRs are designed by a parallel of LC and a PIN diode, with an additional
RLC in series. This paper indicates that the series capacitor is not necessary. When working frequency
is higher than resonance frequency of parallel structure, the parallel structure behaviours as a capacitor,
which can provide absorption resonance with series resistor and inductor. When working frequency is
lower than resonance frequency of parallel structure, the parallel structure behaviours as an inductor,
which will weaken absorption resonance. Therefore, the absorption frequency range is mainly above the
resonance frequency of parallel structure. Without series capacitor, we can link the PIN diodes by series,
which means that the extra biasing wire for PIN diodes is also not needed. This can reduce the design
difficulty caused by extra biasing wires and solve relative undesired effects. However, it is still meaningful
to add series capacitor. When working frequency is higher than resonance frequency of parallel structure,
adding series capacitor will reduce whole equivalent capacitor of absorption resonance, which will cause
the absorption resonance frequency higher. When working frequency is lower than resonance frequency
of parallel structure, adding series capacitor will add absorption resonance. Therefore, the series capaci-
tor can extend the absorption band, with the cost of extra bias wire and inductor elements soldered on
bias wire, which means higher complexity and cost. In summary, we can remove series capacitor of lossy
layer, if we expect cost-effective and a certain extent narrower absorption band.

2.2. Lossless layer design
The lossless layer of SFSR is a switchable FSS (SFSS), as shown in figure 4. The substrate material and
thickness as well as the PIN diodes are the same as the lossy layer. On the upper left corner, the copper
top layer is linked with the bottom side of SFSS through conductive via holes. Similarly, via holes on the
lower right corner of the top layer connected PIN diodes at bottom side of SFSS. The ECM of lossless
layer is shown in figure 5. L3 is an inductor formed by the rectangle structure between the thin metallic
strip and the cross gap. Ls is an inductor root in the cross gap. C, is a capacitor stemmed from the cross
gap. L, is an inductor formed by both the thin metallic strip and the cross gap.

When PIN diodes operate at ‘on’ state, the admittance of lossless layer is:

1 " 1
jwLy  jwLs+ - !

WGt Ty
- L3 +L4 +L5 +L5 - w2C2 (L3 +L4) (LS +L5)
jwLy(Ls + Ly — w?Cy (Ls + Ls))

Ylossless_on =

(13)
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P

Figure 4. Lossless layer structures. The parameters are listed as follows: ws = 1 mm, ws = 7.8 mm, gap, = 1 mm, gap; = 0.2
mm, gap, = 1.3 mm.

1
Z,

1 L1

Lossless layer

Figure 5. ECM of lossless layer. The parameters are listed as follows: L3 = 2.62 nH, Ly = 12.37 nH, Ls = 2.82 nH, C, = 0.22 pF.

The transmission frequency fiossess,» can be evaluated by imposing Yiossiess on = 0, as in the following
expression:

1
ﬁossless_on = .
274/C (Ls+Ly) (L+Ls)
V 2 L L+ Ls+Ls

By inserting the lumped values reported in the caption of figure 5 in equation (14), we can obtain that
Jrossless_on = 6.33 GHz. It should be pointed out that fiogsiess_on 1S Similar to fiossy_on. Therefore, we use the
‘on’ state of PIN diodes at lossless layer to match the ‘on’ state of PIN diodes at lossy layer. This denotes
the low switchable T/A band of the overall SFSR response.

On the other hand, when PIN diodes operate at ‘off” state, the lossless layer admittance results:

(14)

1 1

- + - 1
jwle  jwls + e

Ylossless_off =

_ a4w4 -+ b4w2 —+ 1
 jwLy (aswt + b3w? + 1)

(15)

6
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(2) (b)

Figure 6. Simulation results of lossless layer. (a) PIN diodes operate at ‘on’ state. (b) PIN diodes operate at ‘off” state.

where ay = C,C; (Ls + Ly) (Ls + Ls), a3 = L3 (Ls+ Ls) Cy, by = — (LsCy + L3C5 + LiC; + L5 C; + Ly Cy + Ly Cy),
b3 = — (L3C2 +L3Ct)

In this case, two transmission frequencies of lossless layer, fiossiess offt aNd fiossless off2 can be retrieved
while Ylosslessfoff =0:

1 —b4—\/bﬁ—4a4
ﬁosslessﬁoffl - - (16)
2 26!4

flossless_offz =

1 [=by+ /b —4ay (17)
2 2(14 '

By bring the lumped values reported in the caption of figure 5 in equations (16) and (17), we can get
the result that fiosless offt = 2.27 GHz and fiossiess ofz = 10.33 GHz. Hence, the higher frequency fiossiess off2
denotes the switchable R/T band in the upper frequency range of the SFSR response.

As for the lossy layer, we carried out numerical simulations also for the lossless layer in the stan-
dalone condition. The corresponding results simulated by CST and ADS are reported in figure 6. The
results of the two simulation methods show a good degree of consistency to ECM analysis. When PIN
diodes operate at ‘on’ state, as shown in figure 6(a), a relatively narrowband transmission frequency
centred in fiossless on_sim = 5.-97 GHz can be observed. Instead, by imposing PIN diodes at ‘off” state, as
shown in figure 6(b), two transmission frequencies can be identified, one centred at fiossless_offi_sim = 2.45
GHz and another in correspondence of fipssless off2_sim = 10.27 GHz. In between these transmission bands
a wide reflection band with a very low insertion loss is formed, which can be used as ground of the
lossy layer.

As a general observation, from both lossy and lossless layers, we can find that the ECM analysis is
more accurate at the lower frequency regime. This happens because the wavelength becomes progres-
sively smaller with the increasing frequencies, and thus the quasi-static hypothesis of unit-cell is less
strong. However, the ECM still remains a precious tool to get a physical grasp of the underlined SFSR
behaviour.

2.3. Whole SFSR unit-cell design
Basically, the complete SESR consists of the stacked lossy and lossless layers, separated by a free space
gap h, = 12 mm, as shown in figure 7. ECM of the complete SFSR has been retrieved by basically com-
bining the two circuits singularly retrieved in the previous sections and it is reported in figure 8. When
PIN diodes at both lossy layer and lossless layer operate at ‘on’ state, the SESR works in the A-T-A-R
mode. When PIN diodes at both lossy layer and lossless layer operate at ‘off” state, the SFSR works in
the A—~A—A-T mode. Here we simplify the notation of A-T-A-R mode (which also PIN diodes work at
‘on’ state) into mode 1, and A—~A-A-T mode (which also PIN diodes work at ‘off’ state) into mode 2.
The simulation results are shown in figure 9, for both TE and TM polarizations. When TE and TM
polarizations both work at mode 1, as shown in figure 9(a), and mode 2, as shown in figure 9(d), the
simulation results of two polarizations are almost the same, which is clear that the SFSR is polarization
insensitive. When TE polarization works at mode 1 with TM polarization works at mode 2, as shown
in figure 9(b), and TE polarization works at mode 2 with TM polarization works at mode 1, as shown
in figure 9(c), it shows different transmission response, which means different polarizations can work at
different mode independently. When the SFSR works at mode 1, it exhibits a S;;<< — 10 dB low reflec-
tion band coving 2.89-8.74 GHz (100.6%) and a transmission range (S;;> — 3 dB) at 5.56-6.5 GHz with
excellent insertion loss (IL) level equal to 1.17 dB at 6.03 GHz. Conversely, when the SESR operates at

7
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Figure 7. Whole SFSR unit-cell structure.

= ! - |
Z, 1 R L Z.hy Zyhy - Z,
i | | Ls |
L i | |
! | o LB E L
: } : 27T PN }

:Lz PINY C1==} | !
- —-F —
,,,,,,,,,, I P |
Lossy layer Lossless layer

Figure 8. ECM of SFSR.

(a) (b)

S parameters (dB)

(© d)

Figure 9. Simulation results of SFSR. (a) TE and TM polarizations both work at mode 1. (b) TE polarization works at mode
1, TM polarization works at mode 2. (c) TE polarization works at mode 2, TM polarization works at mode 1. (d) TE and TM
polarization both work at mode 2. *Mode 1: A-T-A-R mode, mode 2: A—~A—A-T mode.

mode 2, it exhibits a —10 dB low reflection band coving 3.67-8.2 GHz (76.3%) and a narrow trans-
mission band at 10.53 GHz with a satisfyingly low insertion loss (IL) level of 1.62 dB. We also verified
through the simulations of SFSR angular stability, as shown in figure 10 with (a) mode 1 and (b) mode
2. From figure 10(a), we can observe that even with 30° incident angle, it almost has no influence to
mode 1. Only transmission centre shifts to 5.89 GHz (3.2%) at 15°. However, the S;; parameters change
to 7.7 dB for mode 2, weaken absorption characteristic.

In order to present the polarization independence more clearly and explicitly, we run a simulation of
surface current when different polarization working at different mode, as shown in figure 11. It shows
the result of the proposed SFSR working at 6 GHz, which nears the transmission centre of mode 1. We
can observe that the surface current is small of TE polarization operating at mode 1, corresponding to

8
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(a) (b)

Figure 10. Simulation results of SFSR under oblique incident angle. (a) mode 1. (b) mode 2. *Mode 1: A-T-A-R mode, mode 2:
A-A-A-T mode.

[ )
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Figure 11. Simulation of surface current at 6 GHz when TE polarization working at mode 1 and TM polarization working at
mode 2. *Mode 1: A-T-A-R mode, mode 2: A-A-A-T mode.

K XX I X
|
L d

transmission resonance. Conversely, the surface current is large of TM polarization working at mode 2,
causing energy changing from EM to heat, corresponding to absorption characteristic.

3. Measurement and discussion

3.1. Measure results

A prototype constituted by a 10 x 10 array of the previously described SFSR unit-cell was fabricated
through PCB technology and it is shown in figure 12. Figures 12(a) and (b) shows the schematic
diagram of measure environment, with S1; and S;; respectively. Figures 12(c) and (d) show the

feeding mode of lossy layer and lossless layer respectively. The overall dimensions of the panel are

235 mm x 235 mm X 12.8 mm. According to the numerical simulations, both the lossy and lossless lay-
ers are printed on a 0.4 mm thick FR-4 substrate with plastic support pillar between them. All lumped
components are soldered by surface mount technology. As explained in the numerical modelling, one
practical advantage of the proposed solution relies on the very simple bias routing required. Indeed,
since the PIN diodes of lossy layer are series-connected and PIN diodes of lossless layer are parallel-
connected, extra bias wires are not necessary. Standard free space measurement procedure is used to
acquire the SFSR S-parameters. In particular, we adopted horn antennas (operating from 2 GHz to

18 GHz, Schwarzbeck) connected to a Vector Network Analyzer (N5245A, Agilent). The distance of the
antennas to the SFSR panel is fixed at 1.5 m. The comparisons between measure and simulation results
are shown in figure 13, while the angular stability is evaluated in figure 14. Figures 13(a) and (c) show
that when SFSR works at mode 1, both TE and TM polarization of the measure results match simulation
results well. Figures 13(b) and (d) show the higher transmission band of bith TE and TM polarizations
working at mode 2 perform not well. Figure 14 compares the S;; and S;; parameters between simula-
tion and measurement of mode 1 in (a) and (b) respectively, while S;; and S,; parameters of mode 2 in
(c) and (d) respectively. It shows that the higher transmission band of measurement also does not work
well.
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(©) (d)

Figure 12. Fabricated prototype of the SFSR in measurement. (a) Schematic diagram of 11 S measure environment. (b)
Schematic diagram of 21 S measure environment. (c) Feeding mode of lossy layer. (d) Feeding mode of lossless layer.

S parameters (dB)

" 3 Ey 3

5 7 ) 5 7 w
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Figure 13. Comparisons between measure results and simulation results. (a) TE polarization working at mode 1. (b) TE polariza-
tion working at mode 2. (c) TM polarization working at mode 1. (d) TM polarization working at mode 2. *Mode 1: A-T-A-R
mode, mode 2: A—~A—A—T mode.

3.2. Discussion

Both figures 13 and 14 show that the transmission results for switchable R/T band in measurement are
not so well as simulation results. To analyze this phenomenon, we run simulations of SFSR working at
mode 2 with different C; value, because this value will change under different working frequency, as
shown in figure 15. We can observe that when C; = 0.075 pF, transmission band at high frequency range
significantly affected. Besides, although the FR-4 substrate is hard plane surface, deformation will also
occur when soldering components at high temperatures. These may lead to differences between the mea-
surement and simulation results.

Furthermore, since we remove the series capacitor of lossy layer to avoid extra bias wire and reduce
the design complexity, it needs a large voltage to polarize PIN diodes linked in series, especially when
the series resistor is large value. Although the PIN diodes we selected can work at ‘on’ state with only
1 mA forward current, the voltage required for the series circuit will also be higher when the sample is
larger. In the future, we can replace using resistors to use coding metasurface, which can also be used to
reduce RSC [28-30].

Finally, we compared the proposed SFSR performance with the literature in table 1. It can be high-
lighted that the proposed SFSR needs less layers and lumped elements with respect to other existing
multi-functional SFSRs. Together with the simplified bias routing of the PIN diodes, this is a huge
advantage in terms of fabrication complexity and cost effectiveness. We compare the SFSRs in literature

10
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Figure 14. Comparisons of simulation and measure results of SFSR under oblique incident angle. (a) 11 S of mode 1. (b) 21 S of
mode 1. (c) 11 S of mode 2. (d) 21 S of mode 2. *Mode 1: A-T-A-R mode, mode 2: A-A-A-T mode.
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Figure 15. S»; simulation results of SFSR working at mode 2 with different C;. *Mode 2: A-A-A-T mode.

under same dimensions of x 0.5 0.5 m 2, and their fabrication prices are provided by same company.
To analyze the cost effectiveness, we define the frequency range that can work at both rasorber mode
and absorber mode as the working band of SFSRs. Pri/FBW is used to describe quantitatively of cost
effectiveness, and lower Pri/FBW will be more cost effectiveness. Table 1 shows that the proposed design
improves about 43% cost effectiveness under same functional capability. Besides, if polarization inde-
pendently switching capability is not necessary, the proposed design can be designed as single side PCB
board for each layer, which will further enhance cost effectiveness. Therefore, the proposed design can be
applied to all the practical scenarios requiring such qualities, such as unmanned equipment and antennas
radome. In this paper, we simply use Pri/FBW to describe cost-effective. In the future, it may necessary
to propose a standard, which combines all performance indicators (such as FBW of absorption, IL, FBW

of transmission, and other functional capabilities) to describe cost-effective. This will be conducive to
large-scale application.

4, Conclusion

In this paper, we proposed a novel multi-functional SFSR with polarization-independent switching capa-
bility, multi-switchable bands and cost effectiveness achieved through an optimized number of SFSR lay-
ers and required lumped components. We performed accurate numerical simulations and experimental
measurements on fabricated prototypes, confirming the excellent switching capabilities. Moreover, the
analysis of the lossy layer indicates that the series capacitor of typically existing designs is not necessary,
thus significantly simplifying the biasing wires for PIN diodes. Therefore, this design is characterized by

11
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Table 1. Simulation PERFORMANCE comparison.

Mode 1 Mode 2 Elements Price
Absorb Absorb
Pass band band band
f: (GHz) (GHz) (GHz) (GHz) Pri
References IL FBW FBW FBW T (mm) AL AS P IS NSB PIN all Pri/FBW
[5] 3.77 3.5-4.3 1.58-5.16 1.69-5.04 16 30° S N 1 3 9 17 222
0.64 20.5% 106.2% 99.6% 0.084 17 291
[15] 2.88 2.7-3.01 3.9-10.2 3.9-10.1 9.6 30° S N 1 1 5 11 450
1.2 10.9% 89.4% 88.6% 0.092 12 923
[16] 4 3.5-4.8 0.94-7.2 0.96-6.85 41.5 30° S N 1 7 12 56 614
0.4 31.3% 154% 150.8% 0.118 37 542
[17] 2.2 2.16-2.27 1.25-2.68 1.2-3.7 29.1 30° S N 1 4 12 32 060
1.7 4.9% 72.7% 102% 0.115 44 099
[18] 4.28 NA 2.7-7.8 2.8-5.2 15.8 20° D N 2 8 12 28 400
0.69 97.2% 60% 0.137 47 333
[19] 9.2 8.8-9.6 2.6-7.9 2.6-7.9 20.6 40° D N 1 4 8 56 611
0.34 8.7% 100.9% 100.9% 0.135 56 106
[20] 5.8 5.66-5.9 2.9-8.2 2.85-8.11 8.5 45° D N 1 24 28 108 063
0.45 4.1% 90.1% 92.6% 0.082 119 937
(—=1dB)
[21] 4.4 3.6-4.6 0.97-7.43 0.98-6.86 38.8 45° D Y 1 12 24 80 400
0.4 14.2% 154% 149.9% 0.124 53 636
(—1dB)
[22] 4 3.4-4.5 1.4-6 1-8 40.5 30° D Y 1 12 30 69 838
0.4 27.5% 124% 155.6% 0.145 56 321
[23] 4.1 3.83-4.86 1.34-7.98 1.36-7.45 35.262 40° D Y 1 16 24 344 788
0.38 23.7% 142.5% 138.3% 0.15 249 304
[26] NA 4.01-5.83 7.98-12.12 8.05-11.93 9.916 45° D Y 1 16 20 94 356
37% 41.2% 38.8% 0.133 243 186
This work 6.03 5.56-6.5 2.89-8.74 3.67-8.2 12.8 30° D Y 2 4 6 23 463
1.17 15.6% 100.6% 76.3% 0.147 3030751

Mode 1: Rasorber mode in reference papers; Mode 2: Absorber mode in reference papers; FBW: fractional bandwidth; T: Thickness; AS: Angular stability; P: Polarization; IS: Independently switchable; L: Layers; NSB: Number of

switchable bands; NA: Not available; Pri: fabrication price of 0.5 x 0.5m2, provided by same company, unit: CHY; Pri/FBW: Cost performance of SFSRs, calculated by Pri divided by minimum FWB (working band of both rasorber

and absorber) of SFSR.
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fabrication simplicity and improves about 43% cost effectiveness, resulting a perfect match for applica-
tions requiring such constraints, as unmanned equipment and antennas radome.
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