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An elliptic band pass response three-dimensional Frequency Selective
Surface (3D FSS) is designed from a single unit cell of 2D array of two
shielded microstrip lines. The designed FSS provides pseudo-elliptic band-
pass frequency response (5.4 — 9.6) GHz with its application in long-distance
radio telecommunications and space communications etc. The four
transmission zeros at 5.4GHz, 9.6GHz, 12.4GHz and 15GHz provides wide
out-of-band frequency rejection. The 3D FSS is independent of the variations
in the incident angle of the plane wave up to 60 degree. Each unit cell
is a combination of two shielded microstrip lines with one having an air
gap and the other one having in between rectangular metallic plate. When a
TE polarized plane wave incidents perpendicular to the perfect electric
conductor (PEC) boundary walls shielded microstrip lines, it results in two
quasi-TEM modes namely air and substrate mode. The 3D FSS consists of
multiple resonators with a multimode cavity having number of propagating
modes. These resonating modes in phase provide transmission poles and
when out of phase give transmission zeros. The 3D FSS structure is
simulated using Ansys HFSS software with improved performance over
2DFSS, for many practical applications such as antenna sub-reflector,
radomes and spatial filters.
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INTRODUCTION

The electromagnetic waves appear like Frequency selective surface spatial filters with band pass or
band stop characteristics. They have been the topic of research for the previous few decades and have been
used in many practical applications such as spatial filters, radomes, polarizer, antenna sub-reflectors etc [1-3].
Traditional two-dimensional periodic 2D FSS structures were designed by the periodic array combination of
unit cells which were constructed by either etching the slots from the conducting plates or by printing the
conducting patches over the dielectric layer [4-5]. These traditional two-dimensional periodic 2D FSS
structure’s single layer suffers from poor filtering response, poor selectivity, unstable angular response and

narrow bandwidth.

With the advancement in the field of antennas and communication it became desirable to realize thin
FSS structures to achieve high selectivity and stable frequency response under different angles of incidence.
Requirement of such advanced FSS structures lead the research towards a new class of FSS structures called
three-dimensional FSS from the traditional 2D FSS [6-7]. The 3D FSS concept gives realization of compact
and high performance FSS structures. On cascading number of 2D FSS layers with in between dielectric
spacing results to a significant improved filtering response [8-9]. The cascaded 2D FSS does not obtain
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elliptic response; it provides the filtering response that follows Butterworth or Chebyshev function due to the
formation of direct-coupled resonators [10]. Practical applications of the FSS structures demands stability in
the variations of angular response, where 2D FSS structures showed unstable frequency response for the
variations in the incidence angle.

The 3D FSS structures have shown far more stability in the frequency response under variations in
the incidence angle. In Comparison to conventional multilayer 2D FSS structures, 3D FSS structures can be
designed to obtain broad out-of-band frequency rejection with the multiple transmission zeros.
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Figure 1. () 3D FSS unit cell showing cross-coupling and coupling between the two ports via multiple
resonators to obtain transmission zeros/poles and pseudo-elliptic response, (b). Equivalent model of any 3D
FSS with multiple resonators

Elliptic filtering response in 3D FSS is achieved with the increase of the level of cross-coupling
between the resonators as shown in Figure 1(a) which were absent in cascaded previous multilayer 2D FSS
designs. Elliptic filtering response in 3D FSS design can be achieved with the help of two ports of the unit
cell coupled with more than one resonator as shown in Figure 1 (a) [11-12]. The concept of 3D FSS will
produce multiple transmission poles/zeros through multimode resonators. Recent research in 3D FSS
technology have been around the band-pass or band-reject structures, they are designed with the unit cell of a
single shielded microstrip with a short via hole between microstrip line and ground [12-13]. The designed
unit cell of three-dimensional FSS was then geometrically modified to add on an extra transmission zero in
each madification. Thus maximum three transmission zeros have been obtained for the band-pass 3D FSS
structure with pseudo-elliptic response [14-15]. In this design of 3D FSS four transmission zeros with band-
pass elliptic response, and broad frequency band rejection has been studied.

Unlike the previous 3D FSS structures, the unit cell of the 3D FSS structure is designed and studied
with two shielded microstrips lines placed parallel to each other. Both the microstrip lines are connected to
their respective ground through short via and a rectangular metallic plate being placed one over another
microstrip line. The designed three-dimensional FSS with a 2D array arrangement of double shield microstrip
lines placed perpendicular, to support two quasi-TEM modes namely air and substrate modes [16].
Transmission zeros are introduced at the desired finite frequencies of a pass-band of 3.3GHz in the C
frequency band (4-8) GHz and X frequency band (8-12) GHz with broad frequency band rejection.This
improves the selectivity of the operating bandwidth.

2. RESEARCH METHOD

Any 3D FSS structure is represented by an equivalent model of Figure 1(b) which has an equivalent
model of total eight resonators. Here four resonators Ry, R,, R; and R resonators are used to connect input
port and output port, resonators R, and Ry, are connected to the input port only and resonators R.and Ry are
connected to the output port only. Every Resonator defines their propagating mode. Ry, R, Ry
and R,resonators will provide transmission zeros/poles at their respective resonant frequencies. The
additional transmission zeros will be provided by resonators R,, Ry, R. and Ry at the desired frequencies.
These additional transmission zeros increases operating band width of a band-stop FSS, which improves the
selectivity of a band-pass FSS. The production of the desired number of transmission zeros/poles at finite
frequencies can be resulted by controlling the number of resonators and their resonances that makes
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transmission zeros 3D FSS structures more advantageous than 2D FSS structures [14]. 2D FSS can be
considered a special case of this equivalent model of three-dimensional FSS with one resonator or mode that
results in a single transmission zero/pole which provides poor filtering performance.
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Figure 2(a). Basic unit cell of a 3D FSS Figure 2(b). Propagating modes of a basic unit
cell of a 3D FSS

The working principle of 3D FSS can be reviewed by showing that how the resonators are formed.
As shown in Figure 2(a) we have a basic unit cell that is used as a building block for three-dimensional FSS
structures.

Here a plane wave with TE polarization (electric field) oriented perpendicular to the shielded
microstrip patch incidents at the discontinuity of air-to-microstrip line, two propagating modes namely air
and substrate modes are created. These modes link the input and output ports [6]. Due to the wave
propagation within two guided media (air and substrate), microstrip line supports quasi-TEM waves instead
of pure TEM wave [16]. In quasi-TEM modes the longitudinal waves of the field for the air and substrate
modes of a microstrip line exist and these are much smaller than the transverse waves [17].

E,#0,H %0 (13.)
|Ej| < [E¢l, [H| < [Hel (1b)

The signals are travelling through the air path from p1 port to the other p2 port at low frequencies.
They provide low-pass response, as the frequency of operation increases these signal travel through two paths
(air and substrate). The substrate path resonator will always resonate first than the air path resonator since the
guided wavelength (A5) of the substrate path is less than the air path (A,) [14, 17]. In Figure 2(b) of air and
substrate propagating modes of the basic unit cell, the two possibilities are resulted (a) the generation of
transmission poles when the electrical length of a resonator becomes equal tom, (b) the generation of
transmission zeros due to the phase difference of 1800 between the signals in the air and substrate path. Thus
for a 3D FSS basic unit cell structure as shown in Figure 3, we obtain two transmission poles and a single
transmission zero. By introducing a short via hole between the microstrip line and the ground in the designed
unit cell of Figure 3(a) an increment in number of resonator (three resonators) was observed [14]. Further a
rectangular metallic plate above the microstrip line in air medium was inducted in the previous design
resulted in more number of resonators (four resonators) as shown in Figure 3(b). This increment in the
number of resonators resulted in the increment of number of transmission zeros. With the addition of T shape
metallic plate along with small air gap above the microstrip line as discussed in [14], maximum three
transmission zeros were achieved, one below the pass-band and two above the pass-band. Thus the
geometrical modifications in the basic unit cell resulted in 3D FSS structure that showed improvement in the
selectivity, filter response (pseudo-elliptic response) and stable angular response.
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PEC ground PEC ground
Figure 3(a). Unit cell of a 3D FSS structure Figure 3(b). Unit cell of a 3D FSS structure with short
structure with short via hole via hole with only short via hole and Rectangular
metallic plate

2.1 Structure Description

A 3D view of a three dimensional band-pass FSS is shown in Figure 4(a) and Figure 4(b). Unlike
the traditional 3D FSS structures the unit cell of the 3D FSS designed in this paper consists of dual microstrip
line placed parallel to each other, each placed over their respective substrate. The unit cells shown above in
Figure 3(a), (b) and discussed in [14] have been used in the designing of the unit cell for the band-pass 3D
FSS structure discussed in this paper. The designed 3D FSS structure is a 2D periodic array combination of
dual shielded microstrip lines placed in z direction vertically.

The array of Figure 4 is a combination of 4x4 unit cells. Here the unit cells of Figure 3 are placed
one above the other to design the unit cell of Figure 3. The unit cell length in the y direction is 2*h=
7.048mm, which is a combination of two substrate regions with microstrip line placed over them, one air
region and the other air region with a rectangular metallic plate. The length of each substrate in y direction is
d= 1.524mm. Unit cell/microstrip line length in z direction is L= 10.5mm. Unit cell/substrate length in x
direction is b = 5mm. The substrate material used in this design is Rogers RO3003 with a dielectric
constant 3.

shortvia

air gap

substrate a{2h)

micro strip Rectangular
metallic plate
(4] 10 zﬁmm) o’ 20 20(mm)
(@) (b)

Figure 4(a)-(b). 3D view of the Three-dimensional band-pass FSS structure

The microstrip line width in x direction is w = 3mm. Two shorting via of diameter D = 0.5mm are
also included in the unit cell to connect the centre of both the microstrip lines to their respective grounds. The
unit cell reappear after a distance of “b” in x direction and “2*h” in y direction in this formation of three
dimensional FSS array. The rectangular metallic plate is placed in a way to define the distance between the
metallic plate and the two ends of the microstrip line. They are I3 = 5mm and 14 = 4mm. Each unit cell is
having a PEC boundary wall in x-z plane. The TE polarized plane wave in z direction will be incident at
incoming port 1 (air to microstrip line discontinuity) as per Figure 3(b).
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Figure 5. Three-dimensional view of a unit cell of (a) top view (b), (c) side view

2.2 Equivalent circuit model

The designed three dimensional band-pass FSS unit cell equivalent circuit model is shown in below
Figure 6. C, & C, represent equivalent capacitors for the air to microstrip line discontinuity in the air and
substrate regions of the designed unit cell respectively. Ly is used for the equivalent inductor of short via. The
air region with the rectangular metallic plate between the micro strip patch and ground is divided into two
reflecting paths, they are represented by two shorted transmission lines (Z,, ©,3)and(Z,, ©;,). The other air
region is represented by an open-circuited transmission line(Z,, ©,).Both the substrate regions of the unit cell
are represented by two paths of same electrical length ©,/2and same characteristic impedance Z.
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Figure 6. Equivalent circuit model of the unit cell for 3D band-pass FSS with five resonators and four
transmission zeros
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The characteristic impedance for the guided region outside the unit cell with air is Z,. There are total
five resonators obtained as compared to the maximum four resonators obtained in the previous designs [14].
These resonators are obtained when a plane wave (TE polarization) incidents on the air to microstrip line
discontinuity and the field propagates through different regions of the unit cell.

2.3 Result and Discussion

The Scattering parameters simulated results are shown in Figure 7. These results are used to analyse
the band-pass characteristics of the designed 3D FSS structure.
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Figure 7. Sparameter results using HFSS software for the three dimensional band-pass

Figure 7 results consists of S11 (Reflection Coefficient) and S21 (Transmission Coefficient)
parameters for the designed three dimensional FSS structure. The graph shows four transmission zeros at
5.4GHz, 9.6GHz, 12.4GHz and 15GHz frequencies. These transmission zeros consist of S21 (Transmission
Coefficient) at -41dB,-29.4dB, 29.8dB and 52dB. This fourth transmission zero in the operating frequency
band provides wide out of band rejection [14]. The graph shows one transmission pole at frequency 8GHz
with S11 (Reflection Coefficient) of -25dB which provides high selectivity. The Figure 8 shows in (a), (b),
(c) and (d) parts, the simulated frequency responses for TE polarisation incident wave at various angles of
incidence. It can be seen that S11 (Reflection Coefficient) and S21 (Transmission Coefficient) parameters at
different resonance frequencies are decreasing with the increase of angle of incidence at 200, 400, and 600
respectively. The Figure 8(d) shows that frequency response is not having any transmission zero and pole of
designed FSS. These types of 3D FSS can be used as pass band spatial filters allowing the desired band
signals with reduced radar cross section of antenna design which is very important in stealth technology.

A 3D FSS is design and analysed with dual micro strip patch with substrate and rectangular metal
plate with via hole shorted inside both the substrates. The wavelength of signals in the substrate path is lower
than that in air [14, 17]. The structure is analysed using equivalent circuit approach and designed in HFSS
software.

2.4 Deriving the S parameters for the 3D band-pass FSS

The designed unit cell FSS of 3D band-pass in Figure 5(a) is obtained by combining two unit cells in
Figure 3(a, b). The designed unit cell equivalent circuit is shown in Figure 6. We can observe four sections
from this equivalent model, two air sections and two substrate sections. Each section can be represented by
the transfer matrix which when cascaded would represent the transfer matrix of the entire unit cell of the
designed 3D FSS structure. The Scattering parameters S;; and S, are obtained by A, B, C, D parameters of
the transfer matrix [14]. The transfer matrix of the different sections is shown through the block diagram as
shown in Figure 9. Block 1 shows the transfer matrix for the air section with no metallic plate, Block 2 and
Block 4 shows the transfer matrix for the substrate sections that are identical and Block 3 shows the transfer
matrix for the air section having metallic plate.
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Figure 8. Simulated S parameters results for various angles of incidence of TE polarized plane wave. The
angles of incidence are (a) 200 (b)400 (c)600 (d)800

[Aa Ba] As Bs] [Ab Bb] As Bs]
Ca Da Cs Ds Cb Db Cs Ds
1 2 3 4

Figure 9. Block diagram having the transfer matrix of the four sections of the equivalent circuit model of the
designed unit cell

These parameters A, B, C, D of the transfer matrix for the different sections depend onC,, C, Lg, ©,,
0, Oi3, O, Z,, Zs and Z,. From the matrix equations 1 and7 as given in [14] the transfer matrix of each
section can be obtained. The each section transfer matrix can be obtained by cascading the transfer matrix of
each of its sub-section which is shown through a block diagram in Figure 10.
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Figure 10. Block diagram showing the transfer matrix of the four sections and their sub-sections with the

equivalent circuit model of the unit cell. (a) air section with no metallic plate, (b) air section with metallic
plate, (c) two identical substrate sections

Transfer matrix of Block 1 and Block 2 in Figure 9 are cascaded together to obtain the Transfer
matrix of the upper section of the unit cell and Transfer matrix of Block 3 and Block 4 are cascaded together
to obtain the Transfer matrix of the bottom section of the designed unit cell in Figure 10. Thereafter the
transfer matrix for the entire equivalent circuit model shown in Figure 6 for the designed unit cell can be
obtained as shown in Figure 11, which is a cascade combination of the transfer matrix of the upper and
bottom region of the equivalent circuit model.

[Aas Bas]

[Abs Bbs]
Cas Das

Cbs D bs

Figure 11. Block diagram having the transfer matrix of the upper region and bottom region of the equivalent
circuit model of the designed unit cell. Their cascade combination gives the equivalent transfer matrix

The scattering parameters (reflection and transmission coefficient) for the entire equivalent circuit
model are obtained as [14]:

Ae+Be/ZO—CeZO_D9 (Za)

S,, =
1 A,3+B‘*/ZO+C,3ZO+De
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2

S, = — 2
2T ae+Bely +CozotDe

(2b)

The equivalent circuit parametersC,, C; and Lg are calculated by the physical dimensions of the
designed unit cell structure as follows [13, 11]:

w h

Ca = Em(h_—d)zotanAG) (3a)
h
C, = sr%mtanA@ (3b)
Z
e d+(3) +d2 D 0N .
Ls = P danT-l' 1.5 77 (E) +d (3C)

The characteristic impedance of the parallel plate waveguide Z, represents the free space region
outside the designed unit cell when carrying the TE polarized plane wave. The tan A®is evaluated from [14]
as follows;

tan A® = %(hh;“ InL=+2n3) +5, (2;00) -5, (@ 0,0) —s, (ZA—“‘ 0,0) (3d)
Where

$,050,0) = 55 (sin (2) - (2)) (3)

n

The propagation constants of the air mode 3, and the substrate mode 3 are evaluated from [12], so
the electrical lengths of air mode and substrate mode are realized as follows

Air mode:0, = 3,1 (4a)
013 = Bals (4b)
014 = Baly (4¢c)
Substrate mode: 0, = Sl (4d)

2.5 Design Methodology
The elementary design guidelines for designing the three dimensional band-pass FSS are as
per [1], [16], [12].
a) The width b and the height 2*h of the unit cell should be smaller than the center frequency wavelength.
b) The microstrip length is calculated as
L=2e= %o

2 2/

(5a)

Ag : Guided wavelength at the required center frequency of the FSS.
&+ Effective dielectric constant.

c) For the microstrip patch of thickness t—0 and w/d> 1,¢,..is evaluated [10] as follows

_ -0.5
£re =5fT+1+‘°‘f2—1{(1 +125) } (5b)
&.15 a function of frequency and its value lies between

1<ge<e (5¢)
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As the frequency of operation increases €,.,=¢,.
The short via diameter D affects the first resonant frequency, which goes down to lower value as the
diameter D decreases due to the dependency of the inductance Ls on diameter D.

3. CONCLUSION

A 3D band-pass FSS structure has been designed by a 2D periodic array arrangement of dual
surrounded microstrip lines. Each microstrip line in a unit cell is connected to its respective ground through
short via hole. Two air regions are present above the microstrip lines with one having no metallic plate and
the other having a rectangular metallic plate. Maximum four transmission zeros are obtained as compared to
three transmission zeros obtained in [14]. Thus the designed three dimensional band-pass FSS exhibits high
selectivity, elliptical frequency response, broad frequency band rejection and stable frequency result for
different angles of incidence.
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