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Bandpass Frequency Selective Surface Based on Square Waveguide
Structure Using 3D Printing Technology

Zhengyong Yu! and Cheng Wang? *

Abstract—In this paper, a novel three-dimensional (3D) bandpass frequency selective surface (FSS) is
presented based on a square waveguide structure using 3D printing technology. The proposed 3D FSS
is composed of a periodic array of the square waveguides with dumbbell slots embedded in waveguide
walls. The square waveguide of the unit cell provides a propagation path, which can excite two resonant
modes, leading to a bandpass response with one transmission pole and one transmission zero below
the cutoff frequency of the square waveguide. To explain the operating principle of the proposed 3D
FSS, the electric field distributions at the frequencies of transmission pole/zero are analyzed, and an
equivalent circuit model is also established. For validation, a practical example is manufactured simply
and rapidly, by using 3D printing technology. To verify the performance of the proposed 3D FSS, the
frequency selective characteristics of the implemented 3D FSS for both TE and TM polarizations under
different incident angles are measured. The measurement results show that the proposed structure
exhibits dual polarizations and provides good frequency stability under incident angles from 0° to 40°.

1. INTRODUCTION

Frequency selective surfaces (FSSs), which can be regarded as generalized spatial filters, have been
studied in the past few decades [1]. They have been widely used in antenna radomes [2], sub-
reflectors [3], and electromagnetic shielding applications [4]. Traditional FSSs are based on an array
of two-dimensional (2D) planar resonant elements, such as Jerusalem crosses, square or circular loops,
square spirals, and plate types slots of various shapes [5, 6]. In general, these 2D FSS unit cells generate
one resonant frequency, which fails to satisfy the performance requirements of practical applications. To
achieve higher performance, various techniques have been proposed, such as multi-layered structures [7],
fractal geometries [8], and multi resonant unit cells [9]. Recently, three-dimensional (3D) FSSs [10-22]
become more and more attractive, because they can easily improve the filtering characteristics through
an extra design degree of freedom, which are relatively difficult to realize by the conventional 2D FSSs.

The team of Prof. Shen firstly presented a novel 3D FSS in 2010, which consisted of a 2D
periodic array of vertical microstrip lines [10]. Since the microstrip line supported two quasi-TEM
modes in separated propagation paths, it was able to act as a dual-mode resonator, thus multiple
transmission zeros/poles were produced to realize a pseudo-elliptic band-reject response. Based on
this concept, various kinds of structures were presented to construct multimode resonators [11-17] for
achieving desired frequency responses. By introducing shorting vias and rectangular metallic plates
in two propagation paths, multiple transmission zeros were introduced to realize a wide out-of-band
rejection [11]. The proposed FSS in [12], consisting of an array of three-layer printed circuit boards and
a number of inserted metallic rods and printed patches, created two independent paths for providing
a dual-band response. In [13], stacked parallel strip lines were employed for designing a 3D FSS,
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resulting in triple stopbands. In addition, high frequency selectivity at both sides of the passband
could be obtained by using multiple resonators with several horizontally placed metallic plates and
vertically inserted metallic sheets [14]. Unfortunately, these 3D FSSs presented in [10-14] only operated
under single polarization, which led to limitations on the practical applications. In order to achieve a
dual-polarized response, a class of 3D FSSs was reported in [15-17]. These structures were still based
on the 2D periodic array of vertical microstrip line resonators, whose unit cells were constructed by
using a pair of double-sided parallel-strip lines [15], loop resonators [16], or stacked slotlines [17].
Furthermore, utilizing waveguides in 3D FSS could provide propagation paths to achieve multiple
transmission zeros/poles for more interesting characteristics as well, such as sharp roll off [18], wide
operating band [19], and mechanically tunability [20]. However, as reported in [10-20], most of the
previous publications needed lots of building parts for assembly, hence the manufacturing process might
be complex. Recently, as an advanced manufacturing technology, 3D printing is capable to rapidly
fabricate objects from digital models. With the help of this new technology, the implementation
of many complex structures in microwave applications, e.g., waveguide structures [21] and dielectric
antennas [22], become easy and convenient.

In this paper, we present a new type of 3D FSS, which is constructed by an array of square
waveguides with dumbbell slots embedded in waveguide walls. In the proposed 3D FSS, a dumbbell slot
is equivalent to a resonator, which produces a slot resonance below the cutoff frequency of the square
waveguide, leading to one transmission pole. Furthermore, a transmission zero is generated when the
signals produced by the slot and square waveguide are out of phase in the waveguide propagation path.
To explain the operating principle, an equivalent circuit model is established and investigated. By using
3D printing technology, a practical example is fabricated simply and rapidly. The results of measurement
show good agreements with the simulated ones and verify that the response of the proposed 3D FSS is
stable under oblique incidence for both TE and TM polarizations.

2. STRUCTURE AND OPERATING PRINCIPLE

2.1. Structure and Design Concept

As shown in Fig. 1(a), the proposed 3D FSS consists of a 2D periodic array of square waveguides. As
indicated in Fig. 1(b), it is observed that the period of the unit cell along the xz-axis or y-axis is p, with
the thickness of the waveguide wall t. As a result, the internal side length of the waveguide is denoted
as w = p — 2t. The height along z-axis of the waveguide is denoted by h. There is one dumbbell slot
embedded in each surface of the square waveguide. In the dumbbell slot, the width and length of the
central narrow slot are wy and [y, respectively. At each end of the narrow slot, there is a wide slot, whose
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Figure 1. The structure of the proposed 3D FSS. (a) Perspective view. (b) Geometry of the unit cell.
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dimension is determined by ws and l3. The proposed 3D FSS can realize dual polarizations naturally,
because of the symmetrical geometry of the unit cells.

Firstly, an F'SS based on a square waveguide structure without dumbbell slots is analyzed, as shown
in Fig. 2. It is found that the square waveguide FSS has a highpass frequency response with the cutoff
frequency about 10 GHz. Above the cutoff frequency, TE and TM modes can propagate. Moreover,
below the cutoff frequency, only evanescent modes exist and cannot propagate. It is also observed that
the Wood’s anomalies [23] occur in the highpass band when the incident angle increases. This will
deteriorate the flatness of the highpass band.
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Figure 2. Simulated transmission coefficients of the square waveguide FSS at normal incidence and
40° incidence for both TE and TM polarizations (w = 15mm, A = 17mm, ¢ = 1 mm).

From above analysis, the highpass band of the square waveguide FSS may not be suitable in the
design of F'SS. Therefore, the stopband produced by evanescent modes should be taken into account
for generating a stable passband. Here, dumbbell slots are embedded in the square waveguide walls
to construct the 3D FSS, by invoking the methodology of adding elements in the waveguide under
evanescent mode for designing bandpass filters [24,25]. The design parameters of the proposed 3D
FSS with dumbbell slots are listed in Table 1. By using the full-wave software HFSS, the simulated
transmission coefficients of the proposed 3D FSS at normal incidence are illustrated in Fig. 3. Comparing
with the square waveguide FSS, it is observed that there is one transmission pole forming a passband
centered at f, (4.6 GHz). In addition, a transmission zero on the upper side of the passband is generated
at f, (7.8 GHz). In Fig. 3, f. (11.7GHz) and fo (12.6 GHz) are the cutoff frequencies of the square
waveguide and the square waveguide with dumbbell slots, respectively. The obtained transmission pole
and zero are located below the cutoff frequency of the square waveguide.

Table 1. Design parameters of the proposed 3D FSS.

Parameter p |t h |w |l1|w]|l
Value (mm) | 17 |1 17| 1 | 7| 11 | 3

Moreover, the angular sensitivity of the frequency response of the proposed 3D FSS for both TE
and TM polarizations is also investigated by HFSS. Fig. 4 gives the transmission coefficients of the
proposed 3D FSS at different incident angles (0°, 20°, and 40°) for both TE and TM polarizations. It
is observed that the operating frequency (f,) shifts about 2.3% at 40° incidence for TE polarization
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Figure 3. Simulated transmission coefficients of the square waveguide FSS and the proposed 3D FSS
at normal incidence.
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Figure 4. Simulated transmission coefficients of the proposed 3D FSS for different incident angles (0°,
20° and 40°). (a) TE polarization. (b) TM polarization.

and 0.8% at 40° incidence for TM polarization, which means that for oblique incident angles up to
40°, the frequency response of the proposed 3D FSS is relatively stable for both polarizations. For TE
polarization, with the increase of incident angle, the magnetic-field along the z-axis direction excites
another pair of slots along the y-axis direction, and the electrical length of the square waveguide with
dumbbell slots is increased. Therefore, the transmission zero (f,) shifts to the lower frequency. For
TM polarization, another pair of slots are not excited, and the electrical length of the square waveguide
with dumbbell slots is unchanged. Hence, the transmission zero keeps stable.

2.2. Operating Principle

In order to understand the operating principle, under TE polarization (E in the y-direction), the electric
field distributions at the frequencies of f, and f, are shown in Fig. 5. It is found that two modes exist in
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Figure 5. Electric field distributions of the proposed 3D FSS. (a) At transmission-pole frequency f,.
(b) At transmission-zero frequency f.

the square waveguide. One is supported by the dumbbell slots, namely, the slot mode. Then the second
arises from the perturbed-waveguide mode, whose characteristic impedance and phase coefficient can
be affected by the dumbbell slots. As seen in Fig. 5(a), the electric field at f, is mainly produced by
the resonance of the dumbbell slot, and the vectors of two modes are in phase, thus electromagnetic
waves can propagate. Fig. 5(b) illustrates that the electric filed vectors of both modes are out of phase,
leading to the transmission zero at f,.

3. EQUIVALENT CIRCUIT MODEL

In this section, the equivalent circuit model is established to understand the operating principle, as
illustrated in Fig. 6. The equivalent circuit model contains three cascaded sections. Part 1 and part 3
are both regular square waveguides with height hq, which represents the waveguide structures without
dumbbell slots. According to Fig. 7, for TE polarization (E in the y-direction), the electric field
distribution at f,, is similar to that of evanescent TE;y mode of the square waveguide. As known in [15],
there are two waveguide modes existing in the square waveguide. One mode is evanescent TE;y mode
excited along the z-direction of the unit cell, and the other is evanescent TEg; mode excited along the
y-direction of the unit cell. Since the E-field vectors of these two modes are very alike in distribution,
thus the waveguide structure without slots is equivalent to two identical shunt transmission lines (Z7,
01).

The frequency dependent characteristic impedance Z; and the electrical length 61 can be calculated

as
7T2 ™
7= 2 1)
1- (fc/f)2
691 = hl \/(27Tf)2 HOED — (27ch)2 HOEOD (2)

where p and e represent the permeability and dielectric constant in free space, respectively.

In terms of part 2, it denotes the section of the square waveguide with dumbbell slots, with height
ho. For TE polarization (E in the y-direction), the periodic boundary condition is based on two PECs
along the y-direction and two PMCs along the z-direction of the unit cell. In this condition, only the
dumbbell slots along the z-direction are excited. Because part 2 is supported by a square waveguide with
dumbbell slots, this part can be separated into two independent structures for analysis. Here, two series
subnetworks S1 and 52 are used to model the waveguide and slots structure, respectively. Regarding
S1, the waveguide modes are perturbed due to the existence of the slot modes. According to Egs. (1)
and (2), parameters f. and hy are replaced by fa and hg, respectively, and the frequency dependent
characteristic impedance Z5 and electrical length 6> are also obtained. As depicted in Fig. 8, the
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Figure 7. Electric field distribution at f,, in the square waveguide of part 1 and part 3.

electronic field is mainly concentrated in the narrow slot, while the current flows around the symmetric
wide slots. Therefore, the subnetwork 52 of dumbbell slots can be represented by an LC resonator.
Through the 3D quasi-static filed solver Q3D, the parameter values of the L C resonator can be extracted
(Ls = 2.08nH, Cs = 0.8 pF).

For accuracy, the discontinuities between the proposed structure and free space are considered in
the equivalent circuit model. At the interface, a square loop can be used to express the discontinuity.
According to the descriptions in [26], the square loop is represented by a frequency independent
inductance Ly, and we can obtain its value using the following equation:

Xr,
2

where 6 is the incidence angle, and A represents the operating wavelength of the square loop. The factor
F representing normalized admittance is described in [27]. As a result, the discontinuity inductance Ly

=wLyg=2cosOF (p,2t,\,0) (3)
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Figure 8. Sketch of the electric field and current flows for the dumbbell slot.

is 11.8 nH. With all these parameters, the transfer matrices of part 1 and part 3 can be written by

Ar Br | cos 0 jZ1sinfy/2
Cr Dr | | 2jsin6/2y cos 6,

The transfer matrices of subnetworks S1 and 52 are expressed, respectively, as
|: ASl BSl :| B |: 008092 jZQ sin92/2 :|

(4)

()

051 DSl 2j sin HQ/ZQ COS 92
42 2] [
Cso Dgs jwCs +1/(jwLs) 1
By connecting these two subnetworks in series, the impedance parameters of part 2 are given by
As1 | Aso
Z11 = Zog = — + —— 7
H 27 051 Cso ()
Ziy = Tt = —— 4 — (8)
12 21 Co1 " Co
Then the transfer matrix of the equivalent circuit model is calculated as
1 0 j 7 sin 0y @ Zl21 - Zl22 jZy sin 6y 1 0
[A B} cos 01 — T T cos 01 —
e 1 2 .. 9 X 2 .. 9 1
C D . 1 J S Y1 cos 0 1 Z22 il cos 6 - 1
ijs Zl 1 Z—21 Z—21 Zl 1 ijS

9)
By using the conversion formula between S matrix and ABCD matrix [28], S1; and S9; can be
obtained as
A+B/Zy—CZy— D

_ 1
S A+ B/Zy+ CZy+ D (10)

Sy — . 2(AD — BC) (11)
+ B / Zo+CZy+ D
where Zj is the characteristic impedance of the input and output ports, and the value is 377 Q.

A comparison of the simulated transmission and reflection coefficients between the equivalent circuit
model and HFSS is shown in Fig. 9. At frequency f,, the discrepancy is mainly because the values of
Ls and C are assumed to be quasi-static in the equivalent circuit model, while they are not accurate
at high frequencies.
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Figure 9. Reflection and Transmission coefficients of the proposed 3D FSS obtained by equivalent
circuit model (ECM) and HFSS at normal incidence.

4. FABRICATION AND EXPERIMENT RESULTS

To validate the concept of the proposed 3D FSS, a practical example is fabricated. Because the proposed
3D FSS is an all-metal structure, it is possible to print the solid metal structure directly. Therefore, 3D
printing technology is applied to realize easy and rapid prototyping in manufacture process. However
with selective laser sintering (SLS), the cost is very expensive. Through A low-cost approach, the
manufacture process contains two steps: 1) a framework of this structure is created by stereolithography
apparatus (SLA) 3D printing with photosensitive resin material. With SLA 3D printing, a photosensitive
resin is contained within a tank. The top of the tank is scanned with a UV laser, which selectively cures
the top layer of resin. The 3D printed object sits on a platform within the tank. After one layer has been
cured, the platform is lowered, and a fresh layer of resin is poured in front of the squeegee and leveled
off by the squeegee. Then, the whole process is repeated. At last, the part is rinsed of excess resin
and then fully cured in a UV oven. 2) After the frame was printed, a standard commercial electroless
metal plating process is employed. Here, the frame is sequentially immersed in a series of chemical
baths for surface preparation, surface activation, and metal deposition. With optimal conditions, this
technique is able to uniformly coat the entire surface of the frame with a seed layer, which can then
be electroplated with the desired metal material. Ultimately, a thin layer of metal is eventually plated
on the surface of the frame. The metal material used for the conductive coating is an Ag-type paste
with a viscosity of 14000 cps and an electrical resistance of 2.483 x 107> Q-cm. The thickness of the
conductive coating is about 10 um, and the conductivity is approximately 4 x 10°S/m. As shown in
Fig. 10, the manufactured prototype is approximately 27.2 cm x 27.2 cm in size, which contains 16 x 16
(256) unit cells. The unit cell size is 0.26\¢ x 0.26)¢ x 0.26)\g, where )\ is the wavelength in free space
at the center frequency.

The manufactured prototype is measured by free-space method. A photograph of the measurement
setup is shown in Fig. 11. There are two wideband horn antennas (operating from 1 to 18 GHz), the
FSS prototype, the rotatable screen covered by absorbers, and a vector network analyzer. The FSS
prototype is placed within the rectangular through-hole window in the center of the rotatable screen
for the measurement of incident stability. A pair of horn antennas are located about 160 cm apart
from each side of the centered rotatable screen to satisfy the far-field condition, so that a uniform
plane wave strike upon the FSS. The two horn antennas are connected by the vector network analyzer.
Moreover, the measurement device is surrounded by using absorbing screens, so the contribution of
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Figure 10. Photograph of the fabricated 3D FSS.  Figure 11. Photograph of the measurement
setup.
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Figure 12. Measured transmission coefficients of the proposed 3D FSS for different incident angles.
(a) TE polarization. (b) TM polarization.

diffraction can be negligible. For obtaining the measured transmission coefficients, the propagation loss
is firstly eliminated by the normalization of the measured results without the F'SS prototype, and the
environment noise is eliminated by the measured results of an identically-sized metallic plate. Moreover,
the time-domain gating function of the vector network analyzer is applied to calibrate the measured
results for considering the multipath effects.

Figure 12 shows the measured frequency response of the prototype under different incident angles
(0°, 20°, and 40°) for both TE and TM polarizations. From the measured results, it is observed that
the proposed 3D FSS realizes a passband around 4.6 GHz and a transmission zero operates at about
7.3 GHz under normal incidence. Moreover, the prototype provides a stable angular response from 0°
to 40° for both polarizations. Compared with simulated results, the measured 3 dB bandwidths of the
passband are widened due to the decrease of the Q-factor for the fabricated 3D FSS. There is frequency
offset of the transmission zero, which is mainly caused by relatively low resolution of SLA 3D printing.
Moreover, the measured insertion loss of the passband (2.1 dB) is larger than the simulated one (0.6 dB)
under normal incidence, which results from poor electrical conductivity of the plated metal and the
conductor losses unconsidered in the simulated model. The other acceptable discrepancies between the
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simulated and measured results may also be attributed to fabrication tolerances and measurement error.
However, the measured results can prove the feasibility of the proposed 3D FSS.

5. CONCLUSION

In this paper, a dual-polarized bandpass 3D FSS based on a square waveguide structure has been
presented, which operates below the cutoff frequency of the square waveguide. The proposed structure
is capable to generate one transmission pole for a passband by the dumbbell slots embedded in square
waveguide walls. In addition, one transmission zero is introduced when the electric field vectors are out
of phase in the slots and waveguides. An equivalent circuit model is presented for better understanding
the operating principle. A prototype is fabricated quickly and easily by using 3D printing technology.
The measured results of the fabricated prototype show a comparable agreement with the simulated
results, which can verify the feasibility of the proposed 3D FSS. Based on this design concept, various
shapes of slots may be introduced to obtain more 3D FSSs with attractive filtering responses by multiple
transmission poles/zeros in the future.
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