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Abstract—In this paper, a transmission passband tunable
reconfigurable frequency selective surface (RFSS) with a wide
tuning range is proposed. First, the design guidelines of a wide
tuning range for RFSS embedded with varactors are deduced
based on the equivalent circuit model (ECM) method. An ECM
with passband wide range tunability is proposed. Second, a
paradigm is designed based on the proposed ECM and the design
guidelines. The proposed RFSS unit can provide a series of
tunable transmission passbands from 1.51 to 4.96 GHz (with a
relative bandwidth of 106.6%) by embedded voltage-driven
varactors and PIN diodes. Meanwhile, the transmission passbands
can maintain high transmittance (insertion loss fluctuates between
0.35 and 2.55 dB). In addition, taking full advantage of the
tunability of RFSS, the proposed unit can maintain the resonant
frequencies and insertion loss stable when the incident angle
varies from 0° to 70° from the simulated results. Finally, the
prototype is fabricated and measured. The measurement and
simulation results are in good agreement. The excellent properties
of the proposed unit verify the effectiveness and feasibility of the
proposed design method. This paper provides a practical scheme
to broaden the passband tunable range and the application
scenarios of RFSS.

Index Terms—Passband tunability, reconfigurable frequency
selective surface (RFSS), varactor embedded, wide tuning range

1. INTRODUCTION

REQUENCY selective surface (FSS) is a two-dimensional

periodic planar structure described by a unit cell containing
either metallic patches or apertures and thin dielectric slabs [1].
It has been put forward to apply in many areas due to its ability
to manipulate electromagnetic (EM) waves. One of the most
important and typical applications is band-pass FSS designed
as radomes [2]. With the deeper research on FSS and the
expansion of its application areas, researchers have developed a
wide variety of FSS to achieve more novel properties [3], [4],
[51, [6], [7]- A great number of novel features of FSS have been
realized by loading resistors, capacitors, and other elements on
the FSS, such as miniaturization, tunable transmission
passband, polarization selection, etc. For example, by
embedding resistors, EM wave absorption properties are
realized [8], [9], [10], [11], [12]. By embedding capacitors, the
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miniaturization of FSS is realized [13], [14], [15], [16], [17].
Meanwhile, the research on bandpass FSS has become more
popular [18], [19], [20].

Under the conditions of highly intelligent integration of
various devices, the reconfigurable frequency selective surface
(RFSS) embedded with active elements (varactor and PIN
diode, etc.) has emerged [21], [22], [23]. The RFSS offers
significant advantages in terms of flexibility after fabrication.
For example, a varactor-tunable bandpass RFSS is proposed in
[13]. By adjusting the supplied voltage of the varactor, the
transmission passband of the proposed RFSS can be tuned from
3.7 to 5.2 GHz with a relative bandwidth (RBW) of 33.7% and
the insertion loss (IL) between 3 and 6 dB. In [14], a dual-band
RFSS with high selectivity and independently switchable
characteristics is proposed. By the voltage-driven PIN diodes,
the two transmission passbands at 3.03 and 4.33 GHz with the
corresponding ILs are 0.44 and 1.06 dB can be switched on or
off independently. Among them, the transmission passband
tunable RFSS embedded with varactor has been widely studied
and expanded due to its ease of electrical control and functional
applications [24], [25], [26], [27], [28], [29], [30], [31], [32],
[33], [34] [35].

Due to the exponentially growing demand for the vast
amount of wireless data volumes, the whole communication
system is faced with challenges in channel capacity,
interference, stealth performance, and so on. Antennas are
gradually developing into multi-band antenna, broadband
antenna, wideband antenna, and so on. This places new
demands on the FSS radome used in conjunction with it. The
transmission passband tunable RFSS with a wide range can
increase the channel capacity through reconfigurable
passbands, minimize interference or eavesdropping on
unexpected sources by continuous frequency hopping
operation, and improve the stealth capability of aircraft.
Therefore, the high-performance wide range passband tunable
RFSS can broaden the application scenarios of wideband or
multi-band antennas.

However, due to the limited performance of the active
elements and the difficulty of the unit design, the contradiction
between passband tunability and IL is difficult to balance. A
three-dimensional tunable bandpass FSS with a wide tuning
range is presented in [26]. The passband can be tuned from 1.4
to 2.75 GHz with an IL of 4.5 — 1.0 dB. There is room for
improvement in both the tunable range and IL of this work. In
[30], a square-slot FSS loaded with varactors aimed to achieve
a high-transmittance varactor-tunable is proposed. It can offer a
series of transmission passbands when the bias voltage applied
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Fig. 1. The ECM of transmission passband tunable RFSS with varactor 4. The ECM Analysis of RFSS With Varactors
embedded. From the ECM approach, the [ABCD] in Fig. 1 can be
expressed as a cascading of the matrices [37],
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Fig. 2. The generalized bandpass circuit of the proposed ECM using  When irradiated by TM wave
J-inverters. ’

to the varactors is tuned from 5 to 20 V with an IL of 1.09 dB
maximum. However, the passband tunable RBW is only 19.7%
(from 4.84 to 5.9 GHz). How to fully utilize the performance of
the active element itself to achieve a wider passband tunable
range and a lower passband IL is what all researchers are
committed to.

This paper is devoted to widening the transmission passband
tunable range of RFSSs embedded with active elements. First,
we establish a typical equivalent circuit model (ECM) of
typical bandpass RFSS. Then, design guidelines for wide-range
passband tunable RFSS are obtained by analyzing the variables
that affect the tuning bandwidth and the relationships between
them. Based on the proposed method and guidelines, we design
a wide tuning range ECM. Through the rational utilization of
active elements and the design of the RFSS configuration, an
RFSS unit with a wide tuning range and low IL is proposed.
The structure, active elements and parameters determination of
the paradigm follows the theoretical guidelines, which validate
the feasibility and rationality of the proposed method. This
paper provides a viable approach to solve the contradiction
between the tuning range and IL for tunable RFSS embedded
with varactors.

This article is organized as follows. In Section II, by
analyzing the ECM of the typical varactor-based RFSS, the
general working mechanism of the tunable RFSS and the
influence of the tunable variables on the transmission
performances are obtained. More importantly, the wide tunable
range guidelines and ECM are obtained. A paradigm with a
wide transmission passband tuning range and high
transmittance is proposed in Section III. This section
demonstrates its operating mechanism and excellent simulation
and measurement performances. Section IV provides the
concluding remarks.
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h -
g=—208  and Z,=Z,\e,—sin*O/e,. (3)
cy/g, —sin® 0
in which, 6 is the incidence angle of the EM wave. # is the
height of the substrate. &, =¢, (1— jtand), in which, & and
tano are the relative dielectric permittivity and loss tangent of
the dielectric substrate, respectively. Z, and Z, represent the
wave impedances of free space and substrate, respectively.
Z,=120x and Z, =Z2,/,/¢, .In (1), the Y. is the admittance

of the Resonator and can be expressed as:

Y,

Vo= @

D
Y, =1+ joC,R, -’ [ (L, +L,)(C, +C,)+L,C, ]
-j&’ (L, +L,)C,CR, +w* (L +L,)L,C,C,
1+ joC,R, -’ | L (C,+C,)+L,C,
yDzijz{ O [j( +C) ]}. (6)
-j&’LC,C,R, +&*LLC,C,

Simplifying (5) and (6) according to the magnitude of the
variables, then

Y, x1-0[(L +L,)(C+C,)+LC, [+ joCR,  (7)

®)

Y, = joL, {1+ joC,R, -’ [ L,(C,+C,)+LC, ]}, (8)
Let Yy =0, solving for o yields the transmission pole f;:
f,=1/27(L,+L,)(C,+C,)+LC, . ©9)
From (8), there is a transmission zero f- at:

£ =1122JL(C,+C)+ L,

The corresponding generalized bandpass circuit using
J-inverters is provided in Fig. 2. Then, we can get [38]:

[L(c+c)+LcT
T L*(C +C)

(10)

(an
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where Jo1 = J12 = Y0, go, 1, and g» are the prototype values of the E L | iOFF°_| Cr .
lowpass filter. There is go = g» for one-order filter. Af is the ! : ; : M:_l—l—"z“—v
3-dB bandwidth of the passband. For this ECM, the only ! . g ""II_ / ON R, " 4 '
variable in the tuning process is C,. From (11), derive C; . R T '
concerning Cy: ' G X i :IR . (l‘_'
' i |:l v v v i

% — Ll (Ll + 2LV) + vacv (2C1 + Cv) >0 (13) Port 1 : :-:-: : Varactor | ﬁ _0112

oc, L e e i B

L(C +C,)
C, is proportional to C,. Therefore, the 3-dB bandwidth of the
passband is inversely proportional to C,. As the varactor diode
capacitance C, decreases, C, decreases, and the bandwidth
increases. That is, the bandwidth of the passband necessarily
increases with the resonant frequency.

Among the parameters of the varactor, besides C,, L, also
affects the resonant pole of the RFSS. Due to R, cannot be 0, the
Im{Yy} must be greater than 0. The smaller R,, the smaller
Im{Yn}, the higher the resonant level at the f,, and finally, the
smaller the IL.

In addition, from (2) and (3), the loss tangent tand of the
dielectric substrate is directly proportional to the IL at the
transmission passband. If the dielectric substrate thickness 4 is
small enough (4 < 0.14), the tand of the low-loss dielectric
substrate has a negligible effect on the transmission
performance.

Once the varactor is selected, the active parameters of L, and
C, are fixed. According to (9) and (10), we can obtain the initial
solutions of L1, Ci, and L, from the desired £, and f.. However,
the circuit parameters of the ECM are highly closely related to
the structure of the FSS. The determination of equivalent circuit
parameters needs to be integrated with the unit design.

B. The Tuning Range Analysis

We define the tuning range of the varactor capacitance C, to
be adjustable from C,. to C.x as the bias voltage decreases.
From (9), the corresponding resonant frequency of the
transmission passband f, can be varied from fy to f; with C, =
Cyr to C, = Cyu. Then, the RBW of the transmission passband
tunable RFSS is:

RBW = Z(fH _fL)

Jut /i
s G T
i a-1

where « is the capacitance tuning ratio of the varactor and
a= CVH /CVL °

From (14), the RBW of the transmission passband is related
to the RFSS structural capacitance Ci, the lower limit C,;, and
the capacitance tuning ratio of the varactor ¢.

Derive (14) concerning C;, we can get:

2C +aC, +C
ORBW __ & |_ O T (<0 (15)

oC, C.(a-1) 2\/(CVL +G)(aC, +C)
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Fig. 3. The proposed ECM with a wide tuning range.

From (15), the RBW is monotonically decreasing concerning
Ci, i.e., RBW gets the maximum value when C,; takes the
minimum value.

Derive (14) concerning «, we can get:

, /1+§{1+2Cq+a_2 G /Mg}
ORBW _ VL VL . VL 2 B (16)
(a-1)

oa

From (16), the RBW is monotonically increasing about «. The
larger « is, the larger RBW can be achieved.
Derive (14) concerning C,;, we can get:

e ZJ(WGJ[HGJWHHG
ORBW CvL CvL CvL

| |
oc, (a-1)C3, <07
From (17), the RBW is monotonically decreasing concerning
Cyz. The smaller C,; is, the larger the RBW can be.

From the above analysis, we can conclude that the RFSS
with embedded varactors, expecting to obtain a larger
transmission passband tunable RBW needs to follow:

1) C; should be as small as possible;

2) The capacitance tuning range of the varactor « should be

as large as possible.

3) The lower limit of the varactor C,; should be as small as

possible.

In addition, L; and L, are independent of the passband
tunable RBW, which can be exploited to design for other
properties. For RFSS, we can achieve excellent performance by
designing the structure or selecting the active elements to
realize the desired equivalent circuit parameters. The following
paradigm in Section III is provided to demonstrate the design
method and to verify the conclusions.

C. The Proposed ECM With Wide Tuning Range

Fig. 3 proposed an ECM with a wide tuning range based on
the above analysis. In order to obtain a wide tunable range, the
following methods have been adopted:

1) Reduce Cj;

2) Expand the tuning range « by connecting a PIN in series;

3) Select the varactor model with the small lower limit C,;.

The C is related to the center patch [39]. We can reduce C;
by decreasing the patch area, changing the patch pattern, etc.
The PIN introduced in the proposed ECM can be equated to a
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Fig. 5. The design flow of the proposed method.

small resistor R, in series with the package inductor L, in the
ON state and a small capacitor C, in series with the package
inductor L, in the OFF state.

When the PIN is in the ON state, the Y., can be expressed as:

-’ [(Ll +L,)(C +CV)+(LV+Lp)CJ+ja>CV(R‘,+Rp)

oL, {1+ja)C‘, (R+R,)-0[ L, (C,+C,)+(L, +Lp)cv]}
(18)

Compared to the ECM without PINs (as shown in Fig. 1), the
main effect is that the package inductance and resistance of
active element changes from that of the varactor (L,, R,) to its
series connection with the PIN (L, + L,, R, + R,). From the
above, it is clear that the package inductance has almost no
effect on the tuning range. The package resistance affects the IL
at the transmission passband.

When the PIN is in the OFF state, the Y.s can be expressed
as:

- [(L+L)(G+C)+(L+L,)C. ]+ joC.R, (19)

res

oL, {1+ joC.R, [ L,(C+C)+(L,+L,)C. |}

where
ccC
C, =—tr. (20)
C,+C,
As the varactor capacitance changes, there is:
c,C c,C
C(,L _ VL™~ p = vH ~ p . (21)
C,+C, Cn+C,
When the PIN is in the different state, there are:
Cp<Cp<Cyp (22)
C,<C,<C,. (23)

As shown in Fig. 4, there are two separate capacitance tuning
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ranges. To obtain one wider tuning range, we make the two
ranges overlap partially, i.e.:
c,C

C,<C, =—2"r | (24)
vL eH C“H + Cp
If the conditions can be met:
Cc.C
C,=—t"r_ (25)
c,+C »

the widest tuning bandwidth is obtained at this point.
D. Design Flow With the Proposed Method

The inverse design process from the desired performances to
the geometric parameters of the unit is shown in Fig. 5. Before
the beginning, the lumped elements need to be selected
according to the guidelines summarized above, while following
the principle that the higher the desired transmission band, the
smaller the capacitance of the lumped elements. Then, we can
confirm the range of C, and the parasitic parameters of R, and
L.

First, the lower limit C,; of the varactor capacitance is taken
as C, and the upper limit f of the desired tuning range is taken
as f, into (9). Once we have a prescribed frequency zero f; and
passband bandwidth Af, we can solve for Ci, L, and L, by the
joint (9) — (11).

Here, we can check f; by bringing C,y into (9), Or the RBW
by bringing « into (14). Also, we can check if the IL meets the
design requirements by bringing in R,. Note that no matter what
the embedded elements are, the performances can be checked
by simply introducing the equivalent lumped parameters.

Secondly, using the classical structure as the initial structure,
we can obtain the initial geometric and the corresponding initial
ECM parameters (Ci, Li, L) of the unit, especially the
relationship between them.

Then, we improve the unit structure based on the relationship
between the geometric and ECM parameters, guided by the
desired ECM parameters. The actual transmission performance
of the designed unit can be obtained.

Finally, with the particle swarm optimization (PSO)-based
curve-fitting method, we optimize and fit between the actual
and desired performances to finally obtain the optimized
geometric and ECM parameters.

Following, a paradigm based on the proposed design method
and guidelines are provided.

III. CASE VERIFICATION

A. RFSS Unit Design

We have known that for RFSS with varactors, the following
approaches can be applied to realize the reduction of passband
IL [30]:

1) Reduce Rv of the lumped elements.

2) Reduce the C; or the C, (C.).

3) Reduce L.

4) Increase Lo.

The Rv is determined by the processing technology of active
elements. We can select active elements with smaller package

resistance within a reasonable range. From the ECM method,
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Fig. 6. The design process of the proposed RFSS unit.
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Fig. 7. The proposed RFSS unit. (a) Top layer and (b) Bias network on the
bottom layer.

TABLE I
GEOMETRIC PARAMETERS OF THE PROPOSED RFSS UNIT

Value Value Value
Parameter Parameter Parameter
(mm) (mm) (mm)
10 Wy 0.2 Wy 1.2
a 2.6 wi 1 h 1
b 0.8 W 1 t 1.9
Wa 0.5 w3 0.8 t, 2.3

C1 and L, are related to the unit period p and center patch size.
We need to find the optimal values of Ci and L; by taking into
account the solder patch of the active elements, the bandwidth
of the passband, the higher-order passbands, etc. In addition, L,
is related to the grid around the perimeter, which can be
reduced by convoluting the grid [40], [41].

The unit design process is shown in Fig. 6. First, we adopt
the classical square slot as the initial structure of the unit, i.e.,
Unit #1 in Fig. 6. For the classical FSS structure, the fitting
equations between the geometric parameters and the equivalent
circuit parameters have been investigated by researchers.
Therefore, we can obtain a set of parameters and take this set as
the initial parameters.

For a wide tuning range of the transmission performance, we
optimize the equivalent circuit parameters to achieve the
desired transmission performance. Further, the unit structure
needs to be improved to realize the desired equivalent circuit
parameters.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 8. The transmission coefficient curves simulated by CST simulation and
calculated by ECM methods of the proposed RFSS unit with the PINs in
different states and the varactors in different capacitance values.

C) is related to the equivalent capacitor of the inner square
patch. We trim the center square patch of Unit #1 to reduce C,
and obtain Unit #2. Then, we increase L, by convoluting the
surrounding grids to obtain Unit #3. It reduces the IL without
affecting the passband range because L, has a negligible effect
on the passband tunable range and is inversely proportional to
the IL at the passband. Moreover, embedding the PIN diode and
varactor in a series relationship between the grid and the patch
in Unit #3 results in a wider passband tunable bandwidth.

Finally, an RFSS unit with a wide passband tuning range and
high transmittance is proposed in Fig. 7. The relationship
between the equivalent circuit parameters and the geometric
parameters of the anisotropic structure cannot be obtained
directly. Here, we introduce the PSO-based curve-fitting
method to obtain the corrected geometric parameters. The
fitness of the geometric parameters can be evaluated by:

Fit=\/%2(|TﬂM (/"_)|_|TCAL (f,)|)2

where Fit is the fitness value, N is the number of frequency
points taken into consideration, and 75 and T are the
transmission coefficients based on simulated results from
geometric parameters and the calculated ones by the ECM
method at f;, respectively. Through iteration and optimization,
the geometric parameters of the RFSS are obtained in Table I,
and the ECM parameters of the proposed element: L; = 2.812
nH, C; =0.067 pF, L, =5.120 nH.

The proposed RFSS unit consists of a convoluted grid around
the perimeter, a trimmed center patch, and a set of varactors and
PIN diodes. There are three metal vias connecting the top layer
and three bias feeders on the bottom layer for the power supply
of active elements. In order to reduce the effect of feeder
networks on the performance of the proposed unit, a
single-polarization RFSS unit is adopted here. The horizontal
bias lines have a negligible effect on the y-polarized incident
wave. Active elements are not placed along the centerline of the

(26)
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Fig. 9. The continuously tunable capacity of the proposed RFSS unit.
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Fig. 10. The transmission coefficients of the proposed RFSS for different
angles of incidence, in which the PINs are in the ON state and the C, of the
varactors are 0.14 pF.

configuration because of the need to balance the unit geometric
parameters and the active element package dimension.

From the analysis in Section II, we adopt MA46H120 from
MACOM as varactor [42], [43] and SMPA1320-079LF from
SKYWORKS as PIN diode [44] to obtain a high capacitance
tuning range «, a small parasitic resistor R, and R,, and a small
lower capacitance limit C,;. The adjustable parameters of the
active elements are controlled by the applied bias voltage.

The dielectric slab we adopt here is F4B with the relative
dielectric permittivity of & = 2.45, the loss tangent of tand =
0.0014, and the thickness of 2 = 0.508 mm. The copper
conductivity value o is 59.6 x 10° S/m.

B. Performances and Analysis

To verify the transmission performances of the proposed
RFSS, a full-wave simulation based on CST Microwave Studio
is utilized.

The transmission characteristics of the proposed RFSS unit
obtained by full-wave simulation and ECM calculation are
present in Fig. 8. The y-polarized wave is normal incidence on
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Fig. 11. The transmission coefficients of the proposed RFSS for different
angles of incidence and different C, of the varactors, in which the PINs are in
the ON state.

the proposed infinite period surface. The simulated
transmission coefficients are in good agreement with the
calculated results based on the ECM method.

Fig. 9 exhibits the continuous passband tunable capacity of
the proposed unit. When PINs are in the ON state, the
transmission passband shifts from 1.49 GHz to 3.45 GHz as the
varactor capacitance C, changes from 1.3 pF to 0.14 pF. When
PINs are in the OFF state, the transmission passband can be
shifted from 3.40 GHz to 4.85 GHz as the C, changes. In
conclusion, the proposed RFSS enables tunable transmission
passband from 1.49 to 4.85 GHz by switching the state of the
PINs, while the IL obtains a minimum of 0.07 dB at 4.85 GHz
and a maximum of 1.60 dB at 1.49 GHz. The total tunable
RBW is 106.0%. The tunable transmission passband maintains
high transmittance (IL < 1dB) over a wide range. The -1dB
passband tunable range is from 1.82 to 5.36 GHz (with an RBW
0f 98.6%).

The most significant advantage of RFSS lies in its
post-fabricated flexibility. We can regulate the active elements
to achieve great performances at large angles of incidence.
Taking the PINs in the ON state, the varactors at 0.14 pF, and
the transmission passband resonance at 3.45 GHz as an
example, we verified the angular stability of the proposed
RFSS unit.

According to (1) - (3), the parameters of the substrate and the
equivalent circuit change with the angle of incidence, which
results in a deviation in the resonant frequency. Also, according
to (9), the resonant frequency f, is affected by the capacitance
C,. Therefore, the frequency shift introduced by the incidence
angle can be compensated by adjusting the varactor capacitance
C.

From Fig. 10, the resonant frequency varies with the angle of
incidence. The frequency deviation occurs when the unit is
irradiated by an incidence wave at an angle of over 40°.
Meanwhile, there is a slight decrease in IL. From Fig. 11, the
proposed RFSS unit can maintain the transmission passband
constant at 3.45 GHz by controlling the capacitance value of the
varactors under different incident angles wave irradiation. In
addition, the loss of transmittance is acceptable. We conclude
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Fig. 12. The bias network configuration and direct current (dc) distribution of
(a) The top layer and (b) The bottom layer of the proposed unit. (c) The
equivalent circuit of the DC bias network.
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Fig. 13. The parasitic resistance R, and capacitance C, with reverse bias voltage
Veel.

that other cases will offer a similar performance level to the
presented ones. That is, the proposed RFSS unit can maintain
the stability of the resonance frequency and IL in the case of
y-polarized wave incidence up to 70° by tunability.

IV. FABRICATION AND EXPERIMENT

A. Operating Mechanism

The bias network configuration and the direct current (dc)
distribution at the top and bottom layer are shown in Fig. 12.
The metal via hole at the connection between the PIN diode and
the varactor diode is used for grounding (GND). The grid
around the RFSS unit is used as the positive feeder of dc for the
varactor, i.e., Vecl (varactors require reverse voltage supply).
The metal via the hole in the center of the unit is used as the
positive feeder of dc for the PIN diode, that is, Vec2. All the
active elements are in a parallel relationship.

For the varactor, the characteristics of parasitic resistance R,
and capacitance C, with reverse bias voltage simulated by the
SPICE model are shown in Fig. 13. However, for a more
approximate prediction, there is a nonlinear junction
capacitance equation for the measured varactor capacitance C,
[45]:
+C

par

C,
C,(Vecl)=CVecl+C,,, =——2——

27
(1-vee/v,)" 7

where Cjo is the zero-bias junction capacitance, V; is the built-in
potential, Vecl is the applied revise voltage, M is the related
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(b)

Fig. 14. The fabricated prototype. (a) Top layer and (b) Bottom layer.

s Absorption
material
. Port 1

Fig. 15. The parallel plate waveguide measurement system.

doping-grading coefficient, and Cj. is the parasitic capacitance.
For MA46H120, better fitting parameters can be obtained by
measurement [46]. There are: R, =2 Q, L,=0.05nH, Cjo=1.2
pF, V; = 4.155 V, M = 197, and Cper = 0.1044 pF. the
parameters of the active elements are: R, =2 Q, L, = 0.05 nH,
C,=0.14-13pF,R,=047Q, L,=0.7nH, C, = 0.34 pF.

When the PIN diodes are in the OFF state, the Vec2 does not
supply. By supplying a voltage varying from 0 to 12 V to Vecl,
the capacitance of the varactor C, can be varied to achieve
tuning of the transmission passband in the high-frequency band.
When the PIN diodes are in the ON state, the Vec?2 is supplied
with a voltage of 0.95 V. Vecel is supplied with a series of
voltages of 0 to 12 V to tune the transmission passband in the
lower frequency band.

B. Fabricated and Measurement

A prototype consisting of 2 X 10 units was fabricated to
measure and verify the reliability of the proposed design, as
shown in Fig. 14. The prototype integrates the three dc feeders,
and the feeders are connected externally at the edges (as green,
yellow, and white line in Fig. 14).

The parallel plate waveguide (PPW) measurement system is
set and shown in Fig. 15, which consists of a parallel plate
waveguide, a vector network analyzer (VNA), a dc power
supply source, and the absorption material side-placed. The
measurement system obtains the transmission coefficient of the
prototype by the comparison method. The TEM mode in the
middle of the parallel plate waveguide along the y-polarization
is used as the excitation source for the proposed unit. In
addition, a free-space measurement is set up for the oblique
incidence, as shown in Fig. 16. The oblique incidence is
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realized by rotating the absorption screen. Prototypes that are
not large enough for the free-space method may experience Fig. 19. The measured transmission coefficients of the proposed RFSS for
some degree of frequency deviation and very slight different angles of incidence, in which Vecl = 8.5V, Vec2 = 0.95 V.
transmittance loss. The free-space measurement of the 2 x 10
units prototype is used only o verify the ability to achieve of the passband. From Fig. 17(a), when the PINs are in the OFF
resonant frequency stabilization with tuning at oblique _ . ’

. state (Vec2 = 0 V), with the change of Vecl supply voltage
incidence of the prototype. (from 0 to 12V), the transmission passband can be tuned from
3.61 to 4.96 GHz with the IL ranges between 0.93 and 2.33 dB.
From Fig. 17(b), when the PINs are in the ON state (Vec2 =

The measured results are exhibited in Figs. 17 -21. The two
dc channels are fed with different voltages to realize the tuning
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Fig. 20. The measured transmission coefficients of the proposed RFSS for
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Fig. 21. The simulated and measured transmission coefficients of the proposed
RFSS under different angles of incident wave irradiation with passband
stabilized at 3.45 GHz.

0.95 V), the transmission passband can be tuned from 1.51 to
3.84 GHz with the IL ranges between 0.35 and 2.55 dB. Fig. 18
illustrates the reflection coefficients for the corresponding
states.

From Fig. 19, the transmission coefficients of the proposed
RFSS unit are shifted toward higher frequencies as the incident
angle increases. At the same time, the passband bandwidth
becomes narrower. This is in good agreement with the
simulation results.

The frequency deviation of the proposed RFSS unit due to
oblique incidence can be compensated by the adjustable
varactor, thus maintaining angular stability at large angles, as
shown in Fig. 20. The measured and simulated transmission
coefficients of the proposed RFSS unit with passband stabilized
at 3.45 GHz are shown in Fig. 21 for angles of incidence of 0°,
40°, and 70°, respectively. The proposed unit can maintain the
stability of resonant frequencies and the IL through
reconfigurability.

To facilitate the comparison of simulation and measured
results, Fig. 22 illustrates the variation of the resonant
frequencies f, and IL with the angle of incidence, in which the
simulation conditions are: PINs in the ON state and C, adjusted
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Fig. 22. The curves of resonant frequency f, and the IL as a function of the
incident angle of the proposed RFSS unit, in which the PINs are in the ON state
(Vee2 =0.95 V) and the C, (Vecl) are adjusted with the incident angle.

with the incident angle, and the measurement conditions are:
Vee2 =0.95 V and the Veel is adjusted with the incident angle.
We can evaluate the stability of the resonance frequency with
respect to the angle of incidence by the frequency deviation
ration Ry

R Max( fﬂﬁ, _fp70 l)
s = 7/

p 0
Theoretically, the proposed unit can be tuned to achieve Ry =0,
as shown in the simulated results in Fig. 22. From Fig. 22, the
resonate frequency is in agreement with the simulation results,
and the Ry = 0.58% for the measurement results. The Ry of the
measured results can be improved by decreasing the minimum
step of the dc supply voltage and increasing the sampling rate of
the VNA. The IL of the prototype follows the same trend as the
simulated one but is slightly larger. This may be due to
parameter fluctuations of lumped elements and measurement
errors in small-sized prototype.

x100%

(28)

C. Discussion and Comparison

In conclusion, the proposed RFSS unit can provide a series of
highly efficient transmission passbands from 1.51 to 4.96 GHz
with IL ranging from 0.35 to 2.55 dB. In the case of oblique
incidence, good angular stability up to 70° can be maintained
by the reconfigurable properties. Compared with the simulated
results, the resonance passband is biased towards higher
frequencies and the IL increases slightly, which may be due to
the manufacturing inaccuracy, measurement tolerance, and the
soldering and parameter fluctuations of the active elements
under microwave band applications. The discrepancy in the
passband bandwidth of the proposed RFSS unit in terms of its
agreement with the simulation results can be attributed to the
difference between the extracted parameters of the lumped
elements (varactor and PIN diode) and the values used for the
simulation. Embedded element parameter calibration is critical
to the accuracy of RFSS designs.

We have presented the comparison of this work and the
existing state-of-the-art in Table II. Compared with the works
that are embedded with varactors, this work has the widest
passband tunable range, the best optimum value of the IL, and
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TABLE II
THE COMPARISON OF THIS WORK WITH OTHER SIMILAR WORKS

Transmission 3-dB bandwidth of Capacitance tunin, Package Incidence
Tunable Meas. IL passband® (GHz) p & . & angle
Refs. passband RBW (dB) Varactor resistance variation
(GHz) @ @ fu range (pF) ratio o @ and R.&
d
[26] 1.4-275 65% 1.0-45 None 2‘8%;3/;” Sl\g;/olsgs 0.56-2.8 5 0.8 60°, 9.04%
B 0 =
[27] 3.7-52 33.7% 3-6 None 4?; ;(;')22 MA46H120 0.12-0.38 3.17 2 60°, 2.04%
N 0
[29] 3.76 —4.25 12.2% 0.98-1.97 33:;0/30)97 4(01717];35 SI_\(/S(OZSSI 0.23-0.34 1.48 N.A. 30°,0.93%
428-54 5.05-7.03
— 0, — _ o 0,
[30] 4.84-59 19.7% 0.51-1.09 (23.1%) (32.8%) MA46H120  0.14-0.34 243 2 45°,1.35%
0.72 — 3.41-3.92 3.61-4.6 SMV2020
— 0, — o 0,
[31] 3.62-4.25 16% L71% (13.9%) (24.1%) OT9LF 035-32 9.1 2.5 45°,0.24%
[32] 28-49 84.5% N.A. N.A. N.A. MA46H120 0.14-1.3 9.3 2 75°,1.37%
1.14-1.35 16.9% 143 - 2.51-2.68 BBY53/ 0.52-1 1.92 5 o
B3 2012261 / 26% 3.65% None (6.6%) BB857 /18-3 f1e7  O4T/1S 60° 1.03%
[35] 34-64 61.2% 0.7-6.3 None 56571 MA46H120 02-13 6.5 2 45°,0.43%
(22.7%)
This 1.41-1.61 3.63-6.22
1.51-4. 106.6% 35-2. MA46H12 A% -1, 1 2/2.47* °, 0.589
work 5 96 06.6% 0.35-2.55 (13.2%) (52.6%) 6H120 0 3 3 /2.47 70°, 0.58%

“: The lower limit of the capacitance tuning range C,; of this work is calculated according to (22).
#: The package resistance of the proposed work varies with the state. When the PIN is in the OFF state, the package resistance is that of the varactor. When the PIN

is in the ON state, the package resistance is the varactor in series with the PIN.
& Estimated values from paper. N.A.: Not available from paper.

None: The IL at the lowest frequency exceeds 3 dB resulting in an inability to evaluate the bandwidth.

the largest angular stability. Since it is difficult for RFSS to take
into account the change in passband bandwidth under angular
variation, here, angular stability is mainly concerned with the
variation of the resonance frequency and IL with the angle of
incidence. It is necessary to point out that the angular stability
performance of the Ref. [31] and this work relies on the
modulation of the tunability. Compared to the works with wide
tunable bandwidths [32], [35], this work has significant
advantages in terms of IL in addition to the tunable bandwidth.
Compared to the works that also adopt the MA46H120 [27],
[301], [32], [35] the proposed work widens the lower limit of the
capacitance, fully utilizes the tunable range of the varactor, and
achieves the widest tunable RBW. At low frequencies, the
proposed work has a reasonable level of passband bandwidth
compared to other similar works. At high frequencies, the
passband bandwidth inevitably increases because of the small
IL.

By selecting the appropriate elements and connecting them
in series into the switchable PIN diodes, the capacitance tuning
range is widened, and then the widest transmission passband
tuning range is realized. Moreover, the IL of the proposed work
is significantly lower. The good measurement performance of
the proposed RFSS unit verifies the feasibility of the proposed
design guidelines for transmission passband tunable RFSS with
embedded varactor.

V. CONCLUSION

In this paper, we propose a systematic and effective design
method to reduce the complexity and difficulty of
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high-performance tunable RFSS with varactor. Moreover, the
guidelines for broadening the tunable RFSS are presented. The
feasibility and validity are verified with a fabricated and
measured paradigm. Relying on the great post-processing
flexibility, the proposed prototype achieves a tunable
transmission passband RBW of 106.6% and an IL of no more
than 2.55 dB. Moreover, it can maintain good stability of
resonance frequencies and IL as the angle of incidence varies
from 0° to 70° through tuning. As evidenced by the
performance of the proposed RFSS, the design method and
guidelines proposed in this paper show attractive potential
applications  for  stealth technology and efficient
communication.
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