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Multimaterial 3-D-Printed FSSs for Ultrawide and
Dual Passbands in the K—Ka Spectra

Xiaojing Lv"”, Member, IEEE, Yang Yang ", Senior Member, IEEE, Zhen Luo, and J. Scott Tyo™, Fellow, IEEE

Abstract—This  article presents two 3-D bandpass
frequency-selective surfaces (FSSs) featuring ultrawide and
dual operating frequency spectra, respectively. Leveraging
advanced multimaterial additive manufacturing, the design
potential of 3-D meta-atoms can be unlocked. Compared to
conventional 2.5-D or quasi-3-D FSSs that incorporate vias
or microstrip lines, the proposed centrally loaded geometries
facilitate in-depth topological optimization. The assembly of
diverse fundamental FSS shapes introduces multiple poles and
zeros, contributing to broad in-band transmission, extensive
out-of-band rejections, and sharp transitions while still
attaining simplicity when using equivalent circuit—transmission
line modeling and associated qualitative design aids. The
application-oriented FSSs are properly configured to fit the
K-Ka spectra, where the ultrawideband FSS covers a fractional
bandwidth of approximately 2:1, and the dual-band FSS offers
two near-equal absolute bandwidths of 8 GHz. Both designs are
inherently polarization insensitive due to unit-cell symmetry,
and their robustness against oblique incidences has also been
experimentally verified for both TE and TM modes.

Index Terms— Dual-band, frequency-selective surface (FSS),
meta-atom, multimaterial additive manufacturing, out-of-band
rejection, 3-D printing, ultrawideband.

I. INTRODUCTION

REQUENCY-SELECTIVE surface (FSS) is typically a

planar structure exhibiting 2-D periodicity [2], [3], [4].
Analogous to employing a conductive solenoid as an elec-
tromagnet, intrinsic material attributes can be emulated and
approached by optimizing the geometric topology of unit
cells, also referred to as meta-atoms [4]. To ensure equivalent
in-plane homogeneity and therefore avoid the occurrence of
higher-order modes, the unit-cell dimensions must conform
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to the subwavelength criterion [3]. FSS-based spatial filters
prioritize their inherent frequency-selective characteristics,
establishing a basis for extended applications across diverse
scenarios, such as radar domes [5], [6], [7], electromagnetic
(EM) absorbers [8], [9], [10], [11], transmissive arrays [12],
[13], [14], and Fabry-Pérot (FP) antennas [15], [16], [17],
[18].

A prototypical unit cell is assembled by alternately lay-
ering 2-D metallic patterns with dielectric spacers. Without
increasing the number of layers or thickness profiles, the
planar patterns become progressively more intricate for merely
diminishing marginal enhancement in performance. Addi-
tional geometric features, however, do not always warrant
improved performance, as exemplified by the semi-analytical
design method proposed for FSS-based absorbers [9]. Along
the EM wave propagation path, the nonmagnetic dielectric
layers can be characterized solely by thicknesses and per-
mittivities, reserving high degrees of freedom (DoFs) for
integrating metallic waveguiding structures. The 2.5-D FSS
designs employ vertical vias to enhance capabilities in manip-
ulating capacitive couplings and self-inductance [19], [20],
[21]; nevertheless, the third dimension remains underutilized.
Alternatively, identical microstrip lines can be incorporated on
a pair of opposite unit-cell boundaries [22], [23]. Compared
to linear vias, this configuration offers enhanced topologi-
cal versatility, facilitating exceptional specifications in spatial
filter design, such as broad bandwidth, sharp transitions,
extensive out-of-band rejections, and high angular stability,
albeit only in one polarization direction. With a substantial
tradeoff in filtering performance, polarization insensitivity
can be obtained by incorporating identical microstrip line
insertions on all unit-cell boundaries [24], [25], rendering
this prototype indistinguishable from a conventional square
waveguide (SW) array [26], [27]. The topological optimization
of a generalized SW unit cell remains confined to the boundary
planes, without fully leveraging the free space within the 3-D
lattice. The quasi-3-D FSS-based filters, implemented with
via or microstrip line configurations, also present miniatur-
ization challenges with the readily available manufacturing
techniques; consequently, the operational frequencies of the
state-of-the-art designs are capped up to the Ku-band [19],
[20], [21], [22], [23], [24], [25], [26], [27].

Advanced multimaterial additive manufacturing lifts the
constraints of spatial modeling [28], thereby unlocking the
full design potential of 3-D meta-atoms. Facilitated by topo-
logical optimization, this printing technology also enables
the miniaturization and integration of meta-atoms, which
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accommodates higher operating frequencies for 5G and future
telecommunications. The additively manufactured electronics
(AME) enable seamless prototyping of 3-D metallic structures
in a single substrate with high resolution and accurate position-
ing of traces, which justifies the requirement for fabricating
compact and ultrathin 3-D-FSS-based designs [28], [29].
To optimize a meta-atom leveraging practically accessible
computing power, implementing effective and efficient design
methods is imperative. The equivalent circuit—transmission
line modeling exhibits physical insights into planar metallic
shapes (i.e., circuit branches) and homogeneous dielectric
layers (i.e., transmission lines); however, its applicability to
metallic parts spanning in the EM wave propagation direction
requires further exploration, and the complexity significantly
escalates when analyzing nonfundamental geometries.

This article elucidates the benefits of adopting 3-D proto-
typing and additive manufacturing for enhanced frequency-
selective performance, which is exemplified through the most
emblematic application: bandpass filtering. The potential of
centrally loaded 3-D unit-cell geometries has been exploited
for ultrawide and dual-band spatial filtering that is highly
sought after in wireless communication applications. These
proposed designs are assembled from various fundamental FSS
shapes, such as patches, strips, loops, and grids, which ensures
the simplicity of the equivalent circuit branches whilst afford-
ing sufficient DoFs to fully optimize the meta-atoms. Within
the equivalent circuit—transmission line modeling framework,
structures aligned with the EM wave propagation direction are
represented as successive sections of effective media. Its reli-
ability has been corroborated by comparing the S-parameters
obtained from circuit calculations and full-wave simulations.
The Smith Chart, as an intuitive tool for qualitative analysis,
has also been employed to monitor the real-time variations
of the input admittance locus during topological optimiza-
tion. The finalized designs operate in the K- and Ka-bands,
featuring efficient in-band transmissions, clear out-of-band
rejections, polarization insensitivity, and robustness at oblique
incident angles for both TE and TM modes. The ultrawide
bandpass filter covers a —3-dB bandwidth from 18.23 to
37.49 GHz, while the dual-band design offers two near-equal
operating frequency ranges spanning 17.21 to 25.29 GHz and
29.62 to 37.45 GHz, respectively. The ultrawide and dual-band
FSSs have been fabricated by the additive manufacturing plat-
form DragonFly' IV and subsequently experimentally verified
for transmissivity and reflectivity.

II. 3-D CENTRALLY LOADED META-ATOMS FOR
ULTRAWIDE PASSBAND

The square ring resonator exhibits a narrowband band-
stop frequency response among the collection of fundamental
2-D-FSS shapes [2]. Its complementary geometry, namely a
square mesh with a centrally loaded patch, operates as a
bandpass filter of the same bandwidth following Babinet’s
Principle. A wider passband and steeper roll-off skirts can
be achieved by stacking a pair of identical FSSs at a certain
distance apart. In principle, its performance can be further
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Fig. 1. Exploded view and assembly of the 3-D meta-atom evolved
based on a 2-D centrally loaded prototype. (a)-(c) Conductive structures,
including a hexahedral grid frame (red), side enclosures (blue), and a stack of
square patches (yellow) and square rings (cyan), respectively. (d) Supporting
dielectric.

enhanced by incorporating geometric features into the FSS
layers, which introduces more transmission poles and zeros.
However, the corresponding modeling of 2-D patterns for
equivalent circuit branches also becomes more sophisticated
and the mutual couplings between lumped inductive or capac-
itive elements are nonnegligible. Instead, metallic structures
can be integrated along the EM wave propagation path to fully
exhaust the design potential of a 3-D meta-atom.

A 3-D unit-cell geometry evolved from the 2-D centrally
loaded prototype is shown in Fig. 1, where different colors
are adopted only for the visual distinction of geometric fea-
tures. The quadrilateral mesh is transformed into a hexahedral
grid, with square patches affixed onto the central axis of
each cubic lattice face. A pair of square ring resonators
has also been incorporated to create additional transmission
poles within the ultrawide operating frequency range. The
conductive geometries along the direction of EM wave prop-
agation, including the supporting pillars of the grid frame
(red) and the side enclosures (blue), effectively function as an
integrated waveguiding structure, which plays a vital role in
wideband impedance matching with free space. Insensitivity to
polarization is realized by the inherent symmetry of the meta-
atom. Parametric configurations are provided in the caption of
Fig. 2. For simplicity in manufacturing and to accommodate
fabrication tolerances, the layer thicknesses and wall widths
of the conductive structures have been standardized to th =
50 um and w = 100 pm, respectively. The permittivity €,
of the dielectric substrate is set at 2.78 in consistent with the
available acrylate ink for the DragonFly IV printer.

The 3-D meta-atom lattice is periodically extended using
primary and secondary boundary conditions and excited by
Floquet ports in the Ansys High-Frequency Structure Sim-
ulator (HFSS?). The full-wave simulated ideal S-parameters,
assuming the dielectric substrate is lossless (i.e., tand = 0) and
all the metallic parts are composed of pure and unoxidized
silver, are presented in Fig. 3(a). Targeting a reflectivity of
—10 dB, the passband spans from 18.7 to 40 GHz, which

2Trademarked.
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Fig. 2. Parametric configurations for the 3-D meta-atom in Fig. 1. (a) and
(b) Top views that illustrate the square patch, the square ring, and the
unit-cell periodicity. (c) and (d) Side views that illustrate the grid frame,
the side enclosures, and the vertical spacings of the layers. Specifically, the
dimensional parameters are p = 2.8 mm, d = 1.65 mm, s = 0.15 mm,
ro = 1.65 mm, r; = 0.6 mm, a = 1.65 mm, b; = 1.65 mm, b, = 1.3 mm,
hy = 1.7 mm, hy =2.2 mm, and h, = 3.4 mm.
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Fig. 3. Full-wave simulated and circuit-calculated transmission and reflection
coefficients. (a) S-parameters in dB scale. (b) Real (green) and imaginary
(magenta) parts for reflection coefficients. Transmission poles are indicated
with circled numbers.

nearly perfectly encompasses the K—Ka spectra. Five transmis-
sion poles are distributed across the operating frequency range,
while the higher transition exhibits a steep roll-off skirt fol-
lowed by extensive out-of-band rejection. Though equivalent
circuit-transmission line modeling readily provides physi-
cal insights into the working mechanisms of 2-D-FSS-based
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Fig. 4. Equivalent circuit—transmission line modeling for the 3-D meta-atom.
(a) Characteristic impedance of free space Zp = 377 . The lumped
circuit elements C; = 24.40 fF, C; = 2390 fF, L = 464.12 pH, and
L, = 550.96 pH. (b) Each equivalent circuit branch or transmission line
section is modeled based on distinct geometric topology as highlighted from
I to IV along the wave propagation path. The electrical lengths of transmission
lines are approximately ®4 = 34° and ®, = 165° when referenced at 30 GHz.

W

designs, the authors aim to further underscore its versatility in
analyzing this 3-D multiresonance meta-atom. As illustrated in
Fig. 4, each lumped circuit branch or transmission line section
in (a) corresponds to a specific geometric feature from I to
IV in (b), which facilitates the synthesis and optimization of
the topological structure. In essence, gaps perpendicular to
the electric field are represented as capacitors, metallic strips
aligned with the electric field are depicted as inductors, and
the dielectric layers are described as transmission lines char-
acterized by permittivity and electrical length. In Fig. 4(a), the
capacitor C; corresponds to the square patch, the inductor L,
corresponds to the square grid, the capacitor C, and inductor
L, in series corresponds to the square ring, and the effective
transmission line characterized by the intrinsic impedance Z,
and electrical length ®, represents the central waveguiding
structure. The simplicity of this equivalent circuit—transmission
line model stems from integrating independent fundamental
FSS shapes in the meta-atom and employing effective medium
equivalent (e, = 9.13) for its intricately structured waveguid-
ing part I'V. The intrinsic impedance for nonmagnetic natural or
effective dielectric material (e.g., Z; or Z,) can be calculated
as

g |k _ [ _ Lo

e Veae V&
where €, is the relative permittivity. The frequency-dependent
electrical length (e.g., ®,; or ®,) can be expressed in degrees

h
c/fo

where £ is the absolute length, c¢ is the speed of light, and f,
is the reference frequency. As listed in the caption of Fig. 4,
the lumped circuit elements can be configured using empiri-
cal formulas derived from the semi-analytical algorithm [9].
The circuit-calculated transmission and reflection coefficients
closely align with the full-wave simulated results, as shown
in Fig. 3(a), especially at all the transmission poles within
the working frequency range. The mismatch at approximately
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Fig. 5.

Qualitative synthesis aid that interconnects the design parameters, equivalent circuit elements, and frequency response performance. The directions

and extents of pole shift caused by the increment of each circuit—transmission line element are visualized in shades of navy blue (significantly leftward), light
blue (slightly leftward), white (steady), mint green (slightly rightward), and dark green (significantly rightward), while the changes in the level of reflectivity
between adjacent poles are represented by yellow (increase), white (steady), and orange (decrease), respectively.

—40 dB in the upper stopband of the ultrawide frequency
range is a result of the tradeoff between achieving extreme
accuracy and maintaining analytical simplicity when modeling
the equivalent circuit-transmission line. Beyond the amplitude
in dB scale, the real and imaginary parts of the complex
reflection coefficients from both full-wave simulation and
circuit calculation also have been compared to further validate
the reliability of the design approach, as illustrated in Fig. 3(b),
where transmission poles are indicated by the simultaneous
zero crossing of the real and imaginary parts. The real and
imaginary components are equivalent to the magnitude and
phase representation, which are critical when adopting the 3-D
meta-atom lattices to construct metasurfaces, such as transmi-
tarrays. Intricate, yet subtle mutual couplings are inevitable
even in multilayer 2-D-FSSs, and the values for equivalent
lumped elements cannot maintain absolute constancy across an
ultrawide frequency spectrum, due to nonnegligible changes in
wavelength. Striking a balanced tradeoff between an explicitly
detailed circuit—transmission line model and computational
efficiency is one of the primary design principles.

The full-wave parametric study demands substantial com-
putational resources and time, yet it lacks in-depth physical
insights for facilitating the topological optimization of estab-
lished geometric shapes. The equivalent circuit—transmission
line model is, however, widely utilized for analyzing rather
than the synthesis of designs in the literature. To bridge
the gaps in-between the dimensional parameters of a 3-D
meta-atom, the lumped elements of its equivalent model,
and the frequency response performance, a qualitative design
approach has been developed, as illustrated in Fig. 5. The
first two columns reflect the mapping between the dimensional
parameters and material attributes of the 3-D lattice, and the
equivalent elements in the circuit-transmission line model.
In the last two columns, different color modules intuitively and
informatively delineate changes in the reflection coefficient as
the values of the corresponding equivalent elements increase,
from the perspective of pole positions along the frequency axis
and levels of reflectivity along the amplitude axis. A desired
frequency response in the specified operating spectrum can be
approximated by a comprehensive and weighted amalgamation

of color schemes that are aligned with the mapping from
equivalent circuit elements to 3-D meta-atom dimensions or
material attributes. This design tool can be seamlessly imple-
mented into the topological optimization of other FSS-based
structures, where the tabulated color modules can be efficiently
obtained via the tuning interface in the advanced design system
(ADS?). The poles within the passband are determined by
resonances: electrical resonance generated by capacitors and
inductors, or cavity resonance caused by constructive and
destructive wave interference at different positions. In the
proposed 3-D meta-atoms, the frequency of each pole reflects
the combined effect of multiple equivalent components.

The Smith Chart is an intuitive design tool for simultane-
ously assessing the impedance matching across the fractional
intervals between transmission poles when configuring specific
geometric dimensions or integrating new topological geome-
tries, as referenced in Fig. 5. The aimed level of reflectivity
(e.g., —10 dB) can be represented by the standing wave
ratio (SWR) circle, with the segment of the admittance locus
that falls inside it indicating effective impedance matching,
as illustrated in Fig. 6. Considering the asymmetric and non-
linear characteristics of the Smith Chart, broadband impedance
matching can be achieved by incorporating geometric features
along the EM wave propagation path to cluster the locus into a
predetermined SWR circle, which is exactly the motivation for
proposing and developing 3-D meta-atoms. More specifically,
by adding a dielectric spacer as a transmission line section
in conjunction with placing a resonating geometry as a shunt
circuit branch atop the existing structure, the input admittance
becomes

Yex + jY. tan Bh

Yn=Y,—"—°" "
Y, + jYe tan Bh

Yadd 3)
where Y is the existing input admittance, Y, is the intrinsic
admittance for nonmagnetic natural or effective dielectric
material, Y,qq is the admittance introduced by the incorporated
geometry, and B = 27 f (e.€/t0)'/? is the propagation con-
stant. As a supplement to Figs. 3 and 5, transmission poles can
also be simultaneously monitored by tracking the admittance
locus passing through the center of the Smith Chart, while
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Fig. 6. Admittance Smith Chart. The locus clustered within the —10-dB
SWR dash circle corresponds to the ultrawide passband ranging from 18.7 to
40 GHz. The five transmission poles can be individually identified whenever
the trace passes through the center, and the fractional bands are highlighted
with different colors.
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Fractional Bands

the level of reflectivity between adjacent poles can be inferred
from the curvature and the area of each knot-like loop.

III. REVISED META-ATOMS WITH ADDITIONAL
TRANSMISSION ZEROS

A. Ultrawide Bandpass FSS With Bilateral Sharp Transitions

The frequency response of the ultrawide bandpass filter
described in Section II excels across comprehensive evalua-
tion criteria, including an ultrawide passband covering K—Ka
spectra, less than 1-dB insertion loss and at least 30-dB stop-
band attenuation. The higher end of the operating frequency
spectrum exhibits a steep roll-off skirt, whereas the transition
at the lower end is not sufficiently sharp due to the absence of
transmission zeros. This section demonstrates how additional
transmission zeros can be introduced to sharpen the lower-end
transition and further widen its out-of-band rejection without
significantly redesigning the existing 3-D meta-atom. The
design technique is widely applicable and can be adopted to
overhaul a broad range of FSSs or meta-materials.

To introduce transmission zeros below the lowest operat-
ing frequency (i.e., at longer wavelengths), the incorporated
geometric shape needs to be larger than the existing metallic
resonators in the meta-atom. As shown in Fig. 7(a), and in
comparison to Fig. 1, slits are introduced between the adjacent
hexahedral grids (red). Additional rectangular plates (orange)
are also integrated to vertically enclose the center, mitigating
the deterioration of in-band transmission and disruption of
working bandwidth caused by the slits. The retained geometric
features, as first referenced in Fig. 2, are slightly reconfigured
to optimize the frequency response, where w; = 100 um,
wy, =75 um, p =31 mm,d = 1.8 mm, s = 0.125 mm,

(@

(b)

Fig. 7. Revised 3-D meta-atom for ultrawide bandpass filtering with bilateral
sharp transitions. (a) Assembled unit-cell geometry. (b) Added central loading
(orange) for stabilizing the in-band transmission level and retaining operating
bandwidth. (c¢) and (d) Top and side views that illustrate the dimensions
of the new geometric features. Specifically, the dimensional parameters are
g =0.15 mm, ¢; = 0.96 mm, and ¢; = 0.6 mm.
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Fig. 8. Equivalent circuit—transmission line modeling for the revised 3-D
meta-atom. (a) Lumped circuit elements C; = 25.56 fF, C; = 31.88 fF,
C3 =916.15fF, L1 = 484.87 pH, L, = 449.30 pH, and L3 = 160.10 pH. The
dielectric permittivities of the effective media are €; = 0.76 and €, = 9.13.
(b) From the outermost (I) to the central (IV) divisions of the meta-atom,
each equivalent circuit branch or transmission line section is modeled based
on a distinct geometric topology. The electrical lengths of transmission lines

are approximately ®; = 35°, ©; = 9°, and ®, = 109° when referenced at
30 GHz.

1.72 mm, r; = 0.42 mm, a = 1.7 mm, by = 1.6 mm,
by =12mm, h, =1.7mm, hy =2.2 mm, and h, = 3.4 mm.

The equivalent circuit—transmission line model is presented
in Fig. 8, where a lumped capacitor C3 is added to each of
the circuit branch II on the symmetrical sides, which are then
bridged by a lumped inductor L3. The central loading more
explicitly divides the effective dielectric medium into sand-
wiched transmission line sections, as indicated in Fig. 8(a).
The full-wave simulated and circuit-calculated S-parameters,
respectively, for the revised 3-D meta-atom and the equivalent
circuit-transmission line model are compared in Fig. 9. The
transmission and reflection coefficients obtained from circuit
calculations closely match the results from full-wave simu-
lations throughout the ultrawide operating frequency range,
with subtle differences in out-of-band rejections which are
visually exaggerated by the dB scale. While largely retaining

ro =
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Fig. 9. Full-wave simulated and circuit-calculated transmission and reflection
coefficients for the revised ultrawide FSS. (a) S-parameters in the dB scale.
(b) Real and imaginary parts of the reflection coefficients.

the conclusions from Fig. 5, the positions of the newly
introduced pole and zeros are dominated by the periodicity p
and gap g, corresponding to the equivalent lumped elements
Cs; and Lj. In contrast to Fig. 3, the fractional bandwidth
remains almost unchanged while the low-frequency roll-off
has steepened to approximately 20 dB/GHz followed by a
broad rejection band, due to the creation of one transmission
pole and two transmission zeros on the far left of the passband.
By introducing the new geometric features as a whole, the
passband spans from 18.2 to 38.3 GHz, aiming for a 10 dB
level of return loss. Therefore, bilateral sharp transitions and
wide out-of-band rejections are achieved at the cost of only
a 1.5% reduction in relative bandwidth. The reliability of
this design approach is verified by cross-checking the HFSS
simulated and the ADS calculated real and imaginary parts of
the reflection coefficients as exhibited in Fig. 9(b).

As illustrated in Fig. 10, the Smith Chart intuitively justifies
the bilateral sharp transitions and broad bandwidth. In such
an ultrawide operating frequency range, the introduction of
a new geometry (i.e., slits) inevitably leads to unpredictable
degradation of the already optimized in-band S-parameters.
By reconfiguring transmission line sections and circuit compo-
nents with the aid of the Smith Chart, it becomes more efficient
to incorporate compensatory structures (i.e., central loading)
and reoptimize the dimensional parameters. As detailed in
Section IV, this finalized ultrawide bandpass filter has been
3-D-printed and experimentally validated for transmission and
reflection coefficients under normal and oblique angles for
both TE and TM modes.

+1.0

Input Admittance -10dB SWR

I
Transmission Poles (@) @ @ @ ® ®

Fig. 10.  Admittance Smith Chart for the revised 3-D meta-atom. The
five knot-like loops correspond to the fractional bands in-between the six
transmission poles. The rapid approach to and departure from the center of
the locus indicates steep roll-off skirts at both the lowest and highest operating
frequencies.

Fractional Bands

B. Dual-Band Bandpass FSS With Near-Equal Bandwidth

The versatility and potential of the proposed centrally
loaded 3-D prototype in bandpass filtering can be further
revealed by strategically introducing a transmission zero at
the center of the ultrawide passband, effectively dividing it
into two nearly equal bands. Dual-band bandpass filters are
indispensable across a range of telecommunication applica-
tions, such as distributing different data streams in wireless
communications, differentiating uplink and downlink in satel-
lite systems, and segregating specific frequencies for various
medical imaging modules [30], [31], [32], [33]. The authors
primarily aim to develop near-equal passbands on the basis
of the 3-D meta-atom prototyped in Section II, instead of
introducing multiple transmission zeros (i.e., incorporating
geometric features), which leads to complex EM couplings
and thereby deteriorating the overall frequency response. The
incremental benefit of an extremely sharp transition on the left
side of the lower passband is beyond the scope of this section,
especially due to space constraints. As shown in Fig. 11(a),
and in comparison to Fig. 1, the original side enclosures (blue)
are significantly stretched along the transmission path while
slimmed in the other direction. Additional rectangular plates
(orange) are again integrated to vertically enclose the center,
ensuring the stability of transmission and reflection coefficients
throughout the K-Ka spectra. The dimensional parameters,
as also referenced in Fig. 2, are reconfigured for optimized
frequency response, where w; = 150 um, wy, = 75 um,
p=29mm,d =17 mm, s =0.175 mm, r, = 1.7 mm,
ri =06 mm, a =17 mm, by = 0.9 mm, b, = 2.4 mm,
hy =17 mm, hy = 2.2 mm, and s, = 3.4 mm.

The equivalent circuit—transmission line model has been
accordingly revised to reflect the rescaled patch enclosures
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Fig. 11.  Revised 3-D meta-atom for dual-band bandpass filtering with
near-equal bandwidth. (a) Assembled unit-cell geometry. (b) Relative position
of the added central loading (in orange). (c) and (d) Top and side views where
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Fig. 12.  Equivalent circuit—transmission line modeling for the dual-band
3-D meta-atom. (a) Lumped circuit elements C; = 12.95 fF, C; = 18.71 {F,
C3; = 16.83 fF, L1 = 939.44 pH, and L, = 867.74 pH. The dielectric
permittivities of the effective media are €, = 1.28, €, = 0.24, and ¢, = 0.37.
(b) From the outermost (I) to the central (IV) divisions of the meta-atom.
The electrical lengths of transmission lines are approximately ®4; = 29°,
O =27°, O, = 114°, and ©} = 92° when referenced at 30 GHz.

and newly incorporated central loading along the EM wave
propagation direction, as presented in Fig. 12, where a lumped
capacitor C3 is added to each of the circuit branches III and
a transmission line section Z, bridges the circuit branches I
on the symmetrical sides. Segmented transmission lines are
still adopted to represent variations in the effective media
dictated by the central waveguiding structure. The full-wave
simulated and circuit-calculated transmission and reflection
coefficients align closely across a broad frequency range up
to 50 GHz, as shown in Fig. 13(a). In contrast to Fig. 3,
besides the central transmission zero, another one introduced
to the right of the operating spectrum has further contributed to
the upper out-of-band rejection. The reliability and accuracy
of the equivalent circuit—transmission line modeling can be
reconfirmed by comparing the real and imaginary parts (i.e.,
equivalently magnitude and phase) of the reflection coefficients
obtained from full-wave simulation and circuit calculation,
as exhibited in Fig. 13(b).

-0.2

0.4~ Fullwave Simulation Re
—— Fullwave Simulation Im
06 ___ Circuit Calculation Re
- - - Circuit Calculation Im
-0.8 D
-1 - N
0 5 10 15 20 25 30 35

Frequency (GHz)

Fig. 13. Full-wave simulated and circuit-calculated transmission and reflec-
tion coefficients for the dual-band FSS. (a) S-parameters in the dB scale.
(b) Real and imaginary parts of the reflection coefficients.

Input Admittance
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Transmission Poles @ @ ©) @ ®

Fig. 14. Admittance Smith Chart for the dual-band 3-D meta-atom. The
yellow knot-like loop corresponds to the fractional band in-between the first
two transmission poles, while the blue and magenta ones correspond to the
fractional bands in-between the last three transmission poles. The locus from
the second to third transmission poles is tangential to the Smith Chart at the
central transmission zero.

Fractional Bands

As illustrated in Fig. 14, the Smith Chart intuitively
indicates all transmission poles and demonstrates how the
introduction of a central transmission zero splits the broad
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Experimental setups and fabricated samples. (a) and (b) Top views of transmission and reflection measurements at an oblique incidence (e.g., 20°)

for the TM and TE modes, respectively. (c) Fabricated ultrawide and dual-band FSSs (40 x 40 unit cells) framed in holders, with respective dimensions of
124 x 124 x 3.4 mm and 116 x 116 x 3.4 mm. The zoomed-in view photos are taken with a 50 mm 1:1 macro lens at a specific inclination, illuminated

by torchlight.

operating spectrum into two near-equal passbands. In contrast
to the admittance loci of the ultrawide bandpass filters as
shown in Figs. 6 and 10, which consecutively pass-through
the center of the Smith Chart and wind within the —10-dB
SWR circle, the locus of the dual-band design rapidly diverges
from the center after crossing it twice, tangentially touches
the rim of the Smith Chart, and then crosses the center
for three more times in quick succession. By adjusting the
tangent point, the frequency corresponding to the transmission
zero can be relocated. The in-band reflection coefficients
have been suppressed to —20 dB, consequently, the knot-like
loops are significantly miniaturized. This dual-band bandpass
filter has also been fabricated utilizing multimaterial additive
manufacturing techniques, with its frequency response verified
through comprehensive measurements in Section IV.

IV. EXPERIMENTAL SETUPS AND MEASUREMENTS

The transmission and reflection paths, as displayed in
Fig. 15(a) and (b), consist of a vector network analyzer
(VNA), coaxial cables, paired K- and Ka-band horn antennas,
slide rails and carriers, and 3-D-printed polymer holders for
antennas and samples. The aperture sizes of the high-gain
horn antennas used in the experimental validation are 23.1 x
30.7 mm for the K-band and 21.9 x 27.4 mm for the Ka-band,
which are approximately 5% of the fabricated FSS sample
sizes, making the truncation effect insignificant. The floating
bench is surrounded by flat and pyramidal foam absorbers
to minimize interference. The transmissivity and reflectivity
of the FSSs are, respectively, referenced to free space and
metallic plates, which correspond to near-perfect transmission

and reflection at the FSS location. Transmissivity is determined
by the ratio of the absolute power transmitted with and without
the FSS sample, while reflectivity is calculated from the ratio
of the absolute power reflected with the FSS sample and with
a metallic mirror of the same size.

The DragonFly 3-D printer is equipped with dual printing
heads to simultaneously print silver nanoparticle conductive
ink and acrylate dielectric ink, cured by infrared (IR) and
ultraviolet (UV) light. Key specifications include a minimum
linewidth of 75 pum, a minimum gap of 100 um, a resolution
of 18 yum in the orthogonal horizontal directions and 10 um in
the vertical direction, a minimum conductive layer thickness
of 1.18 um, and a minimum dielectric layer thickness of
10 pum, with tolerances maintained within 40 pum in the
horizontal directions. The inks are meticulously deposited onto
the Kapton surface using a layer-by-layer process. After each
layer solidifies, successive layers are applied, progressively
constructing the desired structure. Subwavelength geometries
can be recognized from the zoomed-in view pictures in
Fig. 15(c), including the hexahedral grid with or without gaps,
square patches, square rings, and vertical enclosures.

In practice, the acrylate ink used for fabricating FSSs
exhibits dielectric attenuation (i.e., tand§ = 0.012). The mea-
sured transmission and reflection coefficients will be compared
with simulations that incorporate such a loss tangent for
experimental verification. With a physical insight into time—
frequency-domain mutual conversions, external interference
can be effectively reduced without distorting the raw data by
implementing time-gating in postprocessing. In the absence
of focusing lens assemblies, the reflected wave can be distin-
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TABLE I
COMPARISON OF NOTABLE FABRICATED WIDEBAND BANDPASS FSS FILTERS

Zeros Poles
Ref Polarization Band 3dB FBW
Left Right In-Band
[34] TE Only S-C 130.4% 0 0 4
[25] TE Only C 21.4% 0 0 3
[22] TE Only C 78.7% 0 0 4
[35] TE Only C-Ku 78.5% 1 1 -
[38] Both S 13.4% 1 1 2
[27] Both S 26.3% 0 2 2
[24] Both C-X 22.9% 0 2 2
[36] Both X 30.8% 0 2 2
[26] Both Ku 15.2% 1 2 2
[37] Both K-Ka 28.6% 0 0 3
Proposed Both K-Ka 69.1% 2 1 6

Angular Stability (deg)

Electrical Length (A;) Central IL (dB)

TE Mode  TM Mode
40 - 0.03 x 0.03 x 0.16 0.7
45 - 0.15 x 0.15 x 0.52 0.4
40 - 0.06 x 0.10 x 0.27 1.0
45 - 0.18 x 0.18 x 0.18 3.0
20 40 0.22 x 0.22 x 0.28 2.1
60 60 0.09 x 0.09 x 0.22 1.1
40 40 0.18 x 0.18 x 0.27 0.7
30 45 0.27 x 0.27 x 0.25 0.3
10 20 0.62 x 0.62 x 0.25 2.0
45 45 0.29 x 0.29 x 0.47 0.8
45% 30* 0.19 x 0.19 x 0.21 1.6

* Approximately 40% 3dB fractional bandwidth can be achieved at 55° in TE mode and at 65° in TM mode, respectively.

S-Parameters (dB)

—— Simulated TE/TM Mode
- - = Measured TE Mode
Measured TM Mode

S-Parameters (dB)

30 35
Frequency (GHz)

50

Fig. 16. Simulated and measured frequency responses under normal
incidence for (a) ultrawide and (b) dual-band bandpass filters. Full-wave
simulated transmission and reflection coefficients for the TE and TM modes
cannot be distinguished from each other due to the symmetry of the proposed
meta-atoms, while the measured results exhibit slight variations between the
modes. Since the cutoff frequency of the K-band horn antennas is 15 GHz,
the presented simulation and experimental curves start at 15 GHz.

guished from the internal noise using the transmission mode of
a pair of horn antennas, as shown in Fig. 15(b). To approximate
reflection under normal incidence, the antennas especially
feature a small inclination (e.g., 5°), which nonetheless has
a negligible effect on the frequency response. As shown in

Fig. 16(a) and (b), the simulated and measured results for the
ultrawide and dual-band FSS filters under normal incidence
match closely, with slight differences attributed to fabrication
tolerances, alignment imperfections, and minor sidelobes in
the antenna’s radiation pattern. However, the discrepancies
on both sides of the passbands are at the —30-dB level
(i.e., 0.1% of the power), which is considered acceptable for
spatial filter measurements. The measured in-band insertion
loss of our proposed designs is approximately 1.6 dB, which
is slightly higher than the full-wave simulated results but still
well below the 3-dB standard defined for operating bandwidth.
The ultrawide bandpass filter covers a —3-dB bandwidth
from 18.23 to 37.49 GHz, while the dual-band design offers
two nearly equal absolute bandwidths, respectively, spanning
17.21-25.29 and 29.62-37.45 GHz. Although the proposed
FSS filters are designed for scenarios with normally incident
EM waves, their robustness under oblique incidence has also
been tested through full-wave simulations and experimental
validations. As demonstrated in Figs. 17 and 18, the operating
frequency range of the ultrawideband FSS stays largely stable
up to 45° for the TE mode and 30° for the TM mode, while
the passbands of the dual-band FSS hold firm up to 50° for the
TE mode and 30° for the TM mode, aiming to approach their
performance under normal incidence. The frequency responses
of these filters remain highly competitive even at higher angles
compared to the existing designs in the literature. Specifically,
the wideband FSS can achieve a narrower bandwidth of 41.5%
at 55° for the TE mode and 42.1% at 65° for the TM mode,
which is still broader than the tabulated polarization insensitive
designs.

The experimentally verified state-of-the-art wideband band-
pass FSSs have been tabulated in Table I [22], [24], [25],
[26], [27], [34], [35], [36], [37], [38]. Polarization insensitivity
is essential for spatial filters (e.g., FSS-based radar domes),
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Fig. 18. Robustness tests for dual-band bandpass FSS under oblique

incidence. (a) Full-wave simulated TE mode. (b) Measured TE mode. (c) Ful-
I-wave simulated TM mode. (d) Measured TM mode.

as the polarization of the incident wave is often unpredictable.
Despite designs employing asymmetric unit-cell shapes that
can achieve impressive performance with greater flexibility
for a single polarization mode, their inherent polarization
sensitivity imposes a limitation on their suitability for prac-
tical applications. It also becomes increasingly challenging
to obtain broad bandwidth at a higher frequency spectrum
because of the hiked material attenuation, therefore a fair com-
parison is drawn starting from the C-band onward. Most fully
optimized FSS designs feature wide out-of-band rejection on
the higher side of the operating frequency range, whereas addi-
tional transmission zeros on the lower side are desirable but
require a tradeoff in bandwidth. Our proposed ultrawideband
FSS, despite operating across the K—Ka spectra, still exhibits
low insertion loss in the central frequency range. Featuring
six transmission poles, its passband bandwidth is more than
double that of the other tabulated designs. The transmission
coefficient curve uniquely includes two low-frequency trans-
mission zeros, ensuring an extensive low-frequency attenuation
region. Due to the inherent integration properties of the 3-D
meta-atom, the proposed design is also the thinnest relative
to the wavelength of the lowest operating frequency Aj.
Despite the lack of standardized and unambiguous evaluation
criteria for the limited number of existing multiband bandpass
FSSs, our proposed dual-band FSS excels in the absolute
bandwidth, in-band transmission, and insertion loss for each
passband [30], [39], [40], [41].

V. CONCLUSION

Facilitated by advanced multimaterial additive manufac-
turing techniques, the frequency-selective potential of the
meta-atom lattice can be thoroughly exploited by lifting the
inherent constrains in topological optimization of conven-
tional layered 2-D-FSSs or quasi-3-D FSSs that adopt vias
or microstrip line insertions. The proposed 3-D prototype
draws inspiration from the centrally loaded double-layer FSS
with bandpass filtering performance. By freely assembling
fundamental geometries within a 3-D meta-atom lattice, mul-
tiple transmission poles are introduced without substantially
increasing the computational cost of analysis and synthesis.
The authors present a generalized approach for constructing
equivalent circuit—transmission line models, the frequency
responses of which align accurately with the full-wave simula-
tions of an evolutionary series of 3-D meta-atoms. Combined
with the real-time tuning function in the ADS, Fig. 5 provides
a qualitative design aid that effectively bridges the gaps
in-between dimensional parameters and material attributes, cir-
cuit elements and transmission line properties, and frequency
responses. These design tools are applicable to optimize a
variety of FSS-based structures for desirable features such as
wide bandwidth, efficient in-band transmissions, steep roll-
off skirts, and clear out-of-band rejections. Upon request,
closed-form expressions relating the equivalent circuit com-
ponents to the geometric dimensions of the meta-atom can
be derived using the fast semi-analytical design method [9].
On the basis of the proposed 3-D prototype, by isolating grid
frames or stretching the vertical patch enclosures, additional
transmission zeros are strategically inserted at distinct posi-
tions on the operating frequency spectrum to, respectively,
obtain bilateral sharp transitions and specified passband divi-
sions, which are highly sought-after in the realm of spatial
filters.

Particularly configured for the application-driven K-Ka
spectra, the ultrawide FSS spans a —3-dB passband from
18.23 to 37.49 GHz, while the dual-band FSS offers a
pair of near-equal absolute passbands ranging from 17.21 to
25.29 and 29.62 to 37.45 GHz. Both filters are inherently
polarization insensitive due to the symmetric geometries of
their meta-atoms whose robustness against oblique incident
EM waves has also been experimentally verified for both
TE and TM modes. The filter response order can be fur-
ther enhanced by evolving the simple FSS shapes through
the incorporation of additional geometric features, while the
operating frequency can be extended up-to the D-band through
rescaling without exceeding fabrication capabilities or material
loss limitations. At the cost of increased geometric complexity
in the meta-atom structure, multiple in-band transmission
zeros can be realized. However, to mitigate the side effects
of more complex mutual couplings, the difficulty in topo-
logical optimization may also increase accordingly. Similar
to the demonstrated evolutionary process, a highly selective
narrowband 3-D FSS may be developed based on the 2-D
FP FSS, thereby underscoring the substantial potential of
3-D meta-atoms from a more comprehensive perspective.
The proposed 3-D meta-atoms not only exhibit compelling
frequency-selective properties but also establish a promising
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foundation for advancing applications in metamaterials and
array-based structures.
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