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Figure 2.4. p -inductor network between adjacent resonators is used from Figure 2.3(d) and con-
verted to T-inductor network.

The other required constituting elements in the modi�ed ECM can be obtained as follows:
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In order to re�ect the topology of the bandpass spatial �lter proposed in Figure 2.1, the

series inductors and their required shunt capacitances are used to model each transmission

line [ 52] with characteristic impedance Zd = Z0 �
p

mr / #r , as shown in Figure 2.2. This

transformation is accurate as long as the electric length of each transmission line is small

such that their phase q = bh < 30� within the operation band of the �lter. The effective

shunt capacitance values shown in Figure 2.2 are obtained from telegrapher's equation of

the short transmission lines
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2
. (2≤ i ≤ N − 1) (2.18)

The calculated (L”
pi, C”

pi, Lr
[i,i+i]) combinations provide the desired filter response for pre-

defined dielectric thickness between the metallic layers for the design of multilayered FSS.

It should be emphasized that the design flexibility for various dielectric thicknesses is com-

pensated by adjusting the resonators and the aperture features [i.e., for different predefined

dielectric electrical lengths, different values of resonators features (L”
pi, C”

pi, Lr
[i,i+i]) will be

obtained from the synthesis]. This is due to the fact that the coupling coefficient between

two consecutive resonators not only depends on the aperture size but also the resonator

features as well as the dielectric slabs. This scenario explains the unintentional change

in the filter response obtained in our previous approach due to the lack of a synthesis

procedure that should be used to compensate the detuning of desired filter characteristics.

The final implementation step maps these electrical parameters to the physical dimen-

sions of the FSS. For the example structures, the dimensions of the bandpass FSS layers

shown in Figure 2.1 can be obtained from approximate resonance equations of the array of

square loop slots using their constituent elements (L”
pi, C”

pi) [53]. The associate reactance

XL”
pi

and susceptance BC”
pi

, of the inductance and capacitance, respectively, are obtained

using

X
Z0

= ωpiL”
pi = cos(θinc)F(ai, ai − bi, λi, θinc) (2.19)

B1

Y0
= 4sec(θinc)F(ai, bi, λi, θinc) (2.20)

B2

Y0
= 4F(bi − si, si, λi, θinc) (2.21)
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where λi, ωpi, and F are given by [53]
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1√[
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λi
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] − 1
(2.26)

β = sin
(

πu
2ai

)
. (2.27)

In the above equations, ε0 and µ0 are the free space permittivity and permeability, εre f f

is the effective relative permittivity of the dielectric surrounding the metallic bandpass

resonator layer, and θinc is the angle of incidence of the EM wave. The effective relative per-

mittivity εre f f ≈ εr, since the metallic FSS is embedded on both sides by the same substrate.

However, an accurate expression of εre f f that depends on the substrates’ thicknesses and

the period of the FSS can be found in [54].

Since the aperture layer is a wire grid, the physical size ri,i+1 of the apertures can be

approximated using [17] where a is the unit cell size, and µre f f is the effective permeability

22



of the medium.

Lr
[i,i+1] =

a
2π

µ0µre f f ln
[

csc
(
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2a

)]
(2.28)

This reverse engineering technique provides a better understanding of the physics behind

the proposed structure. For this synthesis technique, the periodicity (a) of the design

can be fixed in order to find the remaining physical dimensions of the design. Thus, it is

noteworthy to mention that the set of solutions (bi, si, ri,i+1) are not unique. This flexibility

of the synthesis process allows the designer to obtain feasible physical dimensions. As

a proof of concept, this design guide will be used in the next section for the design

of Butterworth multilayer filters of order N = 3 with various predefined (customized)

thicknesses.

Figure 2.5. Topology of the proposed third-order bandpass FSS.
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2.4 Proof of the Proposed Synthesized Technique

2.4.1 Synthesis of a Third-Order Bandpass FSS with Customized Thick-

ness

In order to validate the procedure described in the previous section, a third-order Butter-

worth response-type bandpass FSS filter operating at center frequency f0 = 10 GHz and

fractional bandwidth of ∆ = 10%, is chosen to be implemented with various design total

thicknesses comprised between λ0/12 and λ0/6 (where λ0 is the free space wavelength at

f0). Following the design approach, four different configuration thicknesses of the FSS are

implemented. RT/duroid 6010 from Rogers Corp. with available standard thicknesses is

used as dielectric slabs. This substrate has a relative permittivity value of εr = 10.2 and

loss tangent of tanδ = 0.0023. The third-order bandpass spatial filter is shown in Figure 2.5.

The design has a symmetrical architecture due to the Butterworth response type.

Table 2.1. Low-pass (Butterworth) prototype normalized element and electrical parameters of the
third-order bandpass FSS for the ECM shown in Figure 2.3(a).

Parameter g1 = g3 g2 J0,1(Ω−1) J1,2(Ω−1)

Value 1 2 0.0026 0.0027

Parameter J2,3(Ω−1) J3,4(Ω−1) Lp1(nH) Lp2(nH)

Value 0.0027 0.0026 0.60001 0.30001

Parameter Lp3(nH) Cp1(pF) Cp2(pF) Cp3(pF)

Value 0.60001 0.42216 0.84432 0.42216

The synthesis procedure begins by finding the electrical parameters of a third-order

bandpass filter from admittance inverters shown in Figure 2.3(a) using Equation (2.1)-(2.4).

The results are accessible in Table 2.1. By following the procedure described in Section

2.2, Equations (2.5)-(2.18) are then used to find the electrical parameters (L”
pi, C”

pi, Lr
[i,i+i])
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Table 2.2. Summary of the four design configurations (physical parameters are in mm).

Design # Total
Height

h1 h2 = h3 a b1 b2 s1 = s2 r1,2 f0(GHz) ∆(%)

1 (Sim.) λ0/12 0 0.635 4.5 4.30 3.95 0.19 1.75 10 10

2 (Sim.) λ0/10 0.254 0.635 4.4 3.84 4.10 0.24 1.60 10 10

3 (Sim.) λ0/8 0.635 0.635 4.1 3.45 3.90 0.20 1.66 10 10

4 (Sim.) λ0/6 0.760 0.760 4.0 3.40 3.80 0.24 1.78 10 10

in Figure 2.2 for four different configuration design total thicknesses comprised between

λ0/12 and λ0/6 using only available standard thicknesses. Thus, different values of the

resonators and aperture layers features (L”
pi, C”

pi, Lr
[i,i+i]j) for 1≤ j ≤ 4, where j is denoted

for each customized FSSs design, are obtained. The next step of the procedure is to map

these electrical parameter values to the physical dimensions of the resonators and aperture

layer using Equations (2.19)-(2.28). However, these initial values are used as a starting

point because approximate equations for the constituent elements of the square loop

slot and the wire grid are used. Taking away the intense computational time, a simple

fine-tuning process using HFSS is carried out to achieve the desired response.

Figure 2.6. FW simulation results for transmission and reflection coefficients of the four configura-
tion designs FSSs along with the ECM results.

25



Figure 2.7. Frequency response of Design #4. Simulated ECM (Figure 2.5) and FW result using
initial physical parameters compared with the one after the fine-tuning process.

The detailed final physical dimensions resulting from the above steps are summarized

in Table 2.2. As expected, when the structure is compressed down to a thinner thickness,

stronger coupling occurs between resonators, requiring smaller aperture dimensions to

compensate the coupling strength for selective filtering response. The frequency response

of all four design configurations based on full-wave (FW) EM-simulation along with the

ECM results is illustrated in Figure 2.6. The results obtained show that the design can be

scaled to different thicknesses while virtually maintaining the same filter characteristics

(center frequency and bandwidth) and clearly abide to our expectations. As can be noticed

that all the dielectric thicknesses used for the four designs are commercially available. In

order to perceive the accuracy of the synthesis process, the ECM result and the FW result

using initial physical parameters are compared with the one after the fine-tuning process

for Design #4. As can be seen from Figure 2.7, the margin of error is almost imperceptible.
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Figure 2.8. FSS filter measurement setup.

2.4.2 Fabrication and Measurement Results

Both Design #2 and Design #4 are fabricated and then tested to experimentally validate

our design technique. RT/duroid 6010 laminated with 1-oz copper is used for all dielectric

layers. However, beforehand, the dielectric substrates are bonded together using the 4-mil

Rogers RO4450F (εr = 3.52 and tanδ = 0.004) bonding layer, as shown in inset of Figure 2.8.

The inserted bonding layers have a noticeable effect on the frequency response of the

design since it adds extra length to the design thickness. So it is convenient to take into

account their presence during the synthesis process. Only the capacitive gap between

the resonators and the aperture size are modified to accommodate this perturbation. The

new dimensions for the prototype #2 are: s1 = s2 = 0.2;r1,2 = 1.8 (in millimeters). For the

prototype #4, we obtained: s1 = s2 = 0.15;r1,2 = 2 (in millimeters).

The performance of the FSSs (Design #2 and Design #4) with the bonding layer is
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