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Abstract

Square loop and square slot are the simplest and commonly used elements of frequency selective surfaces (FSSs) providing

bandstop and bandpass responses, respectively. Despite it is already known that employment of a double square slot structure

presents a tunable stopband between two passbands, it is not clear which parameters of the structure are crucial for tunning

the inbetween stopband. We propose an analysis of a double square slot FSS considering its element as a parallel connection

of square slot and square loop predicting two geometrical parameters of the constituent square loop are crucial for tunning the

inbetween stopband. The stopband is tunable by changing geometrical parameters of the constituent square loop and does

not depend on geometries of the constituent square slot. The validity of this analytical prediction is verified by full wave EM

simulation results.
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I. INTRODUCTION

Recently, frequency selective surfaces (FSSs) have drawn extensive attention due to the

widespread applications ranging from microwave systems and antennas to 5G communica-

tions. They are electromagnetic filters that exhibit total reflection or transmission over a

certain frequency band to an incident electromagnetic wave [1]. With the rapid development

of wireless communication technology, the demand for a dual-band FSS has been increased

[2]. Many studies to obtain a dual-band frequency response were published [3–14]. In [3], the

FSS consisting of closed loop and its complementary pattern was presented. In [5–7] dual-

band FSSs with miniaturized elements taking advantages for FSS size reduction and better

angular stability were presented and in [8–10, 14] multi-layered dual-band FSSs based on

cascading technology were presented. Dual-band FSSs using fractal element and a novel 3-D

dual-band FSS having better performance and more flexibility compared to the traditional

2-D FSSs were also reported [11–13].

Square loop and square slot are the simplest and commonly used elements of frequency

selective surfaces (FSSs) providing bandstop and bandpass responses, respectively [15–23].

The responses of square loop and square slot FSSs have been well analyzed by using an

equivalent circuit approach giving insight into the working principles [3, 23–33]. Double

square loop FSSs have been proposed for a dual-band bandstop response in many paper

[27, 34–37]. There, the double square loop structure was analyzed as a parallel connection

of two different square loops corresponding to two different stopbands. While the analytical

results were well known for double square loop structure, analytical models for the double

square slot FSS were rarely reported. In [38–40], the dual-band bandpass response of double

square slot FSSs [38, 39] and double annular ring slot FSSs [40] were shown only by full wave

simulation results and no anlaytical model was suggested. There, the dual passbands were

attributed to the double slots, respectively, and two different slot sizes were suggested to

be key parameters for tuning the dual passbands. Furthermore, despite it is already known

that employment of a double square slot structure presents a tunable stopband between

two passbands, it is not clear which parameters of the structure are crucial for tunning the

inbetween stopband. It is promising to provide an analysis model for giving insight into

the working principles and design guidance for tuning the frequency response of the double

square slot. We propose an analysis model for a double square slot metasurface considering
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FIG. 1. Geometries of the unit cell of a double square slot metasurface (a) and its constituent

square slot (b) and square slot (c).

its element as a parallel connection of square slot and square loop by using the equivalent

circuit approach. Our analysis predicts that two geometrical parameters of the constituent

square loop are crucial for tunning the inbetween stopband.

II. GEOMETRY AND ANALYTICAL MODEL

The unit cell geometry of the proposed double square slot metasurface is depicted in

fig. 1(a). Although the unit cell has a form of double concentric square slots with two

different slot sizes, it cannot be decomposed into two different square slots, instead it can

be decomposed into the constituent square slot as shown in Fig. 1(b) and the constituent

square loop as shown in Fig. 1(c). D is a period of the unit cell, l1 and w1 are length and

strip width of the square loop, respectively. w2 and w3 are strip width and slot width of

the square slot, respectively. Now, we construct an equivalent circuit model of the double

square slot metasurface as a parallel circuit between the equivalent circuit of the constituent

square slot and that of the constituent square loop as shown in Fig. 2(a). Equivalent circuit

of the square slot is represented as a parallel L1C1 resonator and that of the square loop is

represented as a series L2C2 resonator. Here, L1 and C1 are the equivalent inductance and

capacitance of the square loop, respectively. L2 and C2 are the equivalent inductance and

capacitance of the square slot, respectively. From the equivalent circuit shown in Fig. 2 (a),

the complex transmission coefficient S21 of the proposed structure is expressed as follows:
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S21 =
2

2 + (1/Z1 + 1/Z2)
,

Z1 = [jωL1 + 1/(jωC1)]/Z0,

Z2 = [jωL2/(1− ω2L2C2)]/Z0, (1)

where Z0 is the vacuum impedance and ω is the operating angular frequency. Fig. 2(b) shows

simulation and equivalent circuit model results for frequency response of the double square

slot FSS. The equivalent circuit inductance and capacitance values are calculated from the

simulation results via the least square curve-fitting process. As can be seen, the transmission

spectra has dual passbands and a single stopband. fp1 and fp2 are lower and upper bandpass

frequencies, respectively in which perfect transmission is implemented and fs is a bandstop

frequency in which zero transmission occurs. We now explore explicit expression for fp1,

fp2 and fs. From Eq. (1), we can get the resonance conditions Z1 + Z2 = 0 for perfect

transmission and Z1 = 0 or Z2 = 0 for zero transmission. From these resonance conditions

and Eq. (1), three resonant frequencies aforementioned in Fig. 2 b) can be derived:

fs = 1/
(

2π
√
L1C1

)
, (2)

fp1 =
1

2π

(
B +

√
B2 − 4A

2A

)1/2

,

fp2 =
1

2π

(
B −

√
B2 − 4A

2A

)1/2

, (3)

where A ≡ L1L2C1C2 , B ≡ L1C1 + L2C1 + L2C2 . As seen in Eq. (2), the bandstop

frequency is dependent only on the circuit parameters L1 and C1 of the constituent square

loop, and is not dependent on the other circuit parameters. However, Eq. (3) shows that

the bandpass frequencies are dependent on the circuit parameters of both the constituent

square loop and the constituent square slot. Then L1 and C1 are controllable by changing

geometrical parameters of the square loop [41],

L1 = µ0
l1
2π

ln

(
1

sin(πw1/2D)

)
, (4)

C1 = ε0εeff
2l1
π

ln

(
1

sin(π(D − l1)/2D)

)
, (5)
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FIG. 2. (a) Equivalent circuit model and (b) transmission spectra of the double square slot meta-

surface. In (b), the red circles are simulation results and the blue curve has been obtained by using

Eq. (1) where the circuit parameters L1=7.61×10−9 H, C1=4.55×10−14 F, L2=5.44×10−9 H and

C2=5.81 × 10−14 F have been calculated the simulation results via the least square curve-fitting

process.

where ε0 , µ0 are the permittivity and permeability in free space, respectively, and εeff is the

effective permittivity of the structure. Here, Eqs. (4) and (5) describe the individual induc-

tance and capacitance of the constituent square loop neglecting the mutual coupling effect.

They are deviated from the inductance and capacitance values considering the mutual effect,

however, it is desirable to use these formulas for suggesting what are the key parametrs for

tuning the stopband. We note that in our model the mutual effect can be easily incorpo-

rated into L1, C1, L2 and C2. The incorporation of the mutual effect in our analysis model is

guaranteed by well agreement between the simulation results and the fitting curve from our

analysis model as shown in Fig. 2(b). As seen in Eqs. (4) and (5), L1 is determined by the

length l1 and the strip width w1 of the constituent square loop and C1 is determined only by

l1 when the unit cell period D is fixed. L1 decreases slightly with the increase of w1 and, L1

and C1 increase significantly with the increase of l1 . Thus, manipulation of the stopband

can be achieved by changing the strip width w1 and the length l1 of the square loop. Then,
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FIG. 3. Transmission spectra for different strip widths w1 (a) and lengths l1 (b) of the constituent

square loop. The results have been obtained by full wave simulations. In the simulations we as-

sumed copper as the metal, fr-4 as the dielectric substrate and a thickness of the dielectric substrate

to be 0.1mm. We assumed the geometrical parameters D=10mm, w2=0.1mm and w3=2.5mm. In

(a) l1=8mm and in (b) w1=0.4mm.

we can expect from Eq. (2), (4) and (5) that the bandstop frequency fs increases slightly

with the increase of w1 and fs shifts significantly to a lower frequency with the increase of

l1.

III. ANALYSIS MODEL VALIDATION BY FULL WAVE SIMULATION RE-

SULTS

Fig. 3 shows full wave simulation results of the frequency response of the double square

slot metasurface for different strip widths w1 and lengths l1 of the square loop. The bandstop

frequency fs shifts to a higher value when w1 increases and fs shifts significantly to a lower

value when l1 increases as expected above. Fig. 4 shows full wave simulation results of the

transmission characteristics of the proposed FSS for different values of strip widths w2 (a)
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FIG. 4. Transmission spectra for different strip widths w2 (a) and slot widths w3 (b) of the

constituent square slot. The results have been obtained by full wave simulations. We assumed

the geometrical parameters D=10mm, l1=8mm and w1=0.4mm. In (a) w3=2.5mm and in (b)

w2=0.1mm.

and slot widths w3 (b) of the constituent square slot. As seen, the bandstop frequency fs does

not shift when the geometrical parameters of the constituent square slot change. Through

the simulation results in Fig. 3 and Fig. 4, one can see that the bandstop frequency is

tunable by changing the geometrical parameters of the constituent square loop and it is

not dependent on the parameters of the constituent square slot. This coincides with the

analytical predictions in Eq. (2). It is a good evidence that confirms the validity of our

analysis model inwhich the double square slot is considered as the parellel combination of

the constituent square loop and the constituent square slot. Additionally, from the full

wave simulation results Fig. 3(b) and Fig. 4(b), one can also notice that the the lower

and upper bandpass frequencies are individually tunable by changing the design parameters

of the double square slot. The lower bandpass frequency fp1 is tunable by changing the

length of the constituent square loop l1 and the upper bandpass frequency fp2 is tunable by

changing the strip width of the constituent square slot w3.

The surface current distribution of the double square slot FSS is illustrated in Fig. 5. Fig.
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FIG. 5. Surface current distribution of the double square slot FSS at the bandstop frequency

(a) and at the lower (b) and upper (c) bandpass frequencies, respectively. The results have been

obtained by full wave simulations. The bandstop and bandpass frequencies are all chosen from

the trasmission characteristics of the double square slot which is similar as in Fig. 3(a). Here,

we assumed the geometrical parameters of the double square slot D=10mm, l1=8mm, w1=1.0mm,

w2=0.6mm and w3=2.5mm. From the full wave simulation results, we chose the bandstop frequency

10.9GHz (a), the lower bandpass frequency 7.5 GHz (b) and the upper one 18GHz (c).

5(a) shows the surface current distribution at the bandstop frequency of the double square

slot and Fig. 5(b) and (c) show the surface current distributions at the lower and upper

bandpass frequencies, respectively. It is clear in Fig. 5(a) that at the bandstop frequency the

surface current mainly distributes along the constituent square loop and it is considerably

weak outside the constituent square loop. However, as seen in Fig. 5(b) and (c), the surface

current distributes not only along the constituent square loop, but also along the constituent

square slot. According to Fig. 5, we can see that it is the constituent square loop that mainly

contributes to the resonance of the double square slot at the bandstop frequency and the

resonances at the two bandpass frequencies are affected by both the constituent square loop

and the square slot. The surface current distributions at the single stopband and the double

passbands are in agreement with the analytical predictions from Eq. (2) and Eq. (3).
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IV. CONCLUSION

In conclusion, we proposed an analysis model of a double square slot FSS considering its

element as a parallel connection of the constituent square loop and the constituent square

slot. While it is well known that the double square loop can be decomposed into two

different square loops, the double square slot cannot be decomposed into two different square

slots, instead it can be decomposed into square slot and square loop. Our analysis agrees

with the known knowledge that the double square slot has dual passbands and inbetween

single stopband and predicts crucial factors for tuning the inbetween stopband. The single

bandstop frequency depends only on parameters of the constituent square loop and it does

not depend on those of the constituent square slot. The single bandstop frequency is tunable

by changing the length and strip width of the constituent square loop and it is not variable

when changing the strip width and slot width of the constituent square slot. The predictions

have been verified by full wave simulation results. Additionally, the simulation results show

that two bandpass frequencies of the double square slot FSS are individually tunable by

changing the length of the constituent square loop and the slot width of the constituent

square slot, respectively. For its single layer structure, the proposed double square slot FSS

can be ultrathin and in the simulations, a thickness of 0.1 mm which is of the order of λ/300

has been demonstrated. Despite in this paper we considered exemplary the square shape,

our analytical model can be applied to other ring shapes including the annular ring shape

as in [39].
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