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Abstract—The presence of multipath effects in terahertz wire-
less links degrades signal quality, making absorbers a critical
component of 5G/6G wireless systems. Here, we leverage the
innately high loss of liquid water, combined with the microscale
precision of UV-cured resin-based micro 3-D printing, to realize
a viable pyramidal absorber for terahertz waves. Both simu-
lation and experimental results confirm near-unity absorption,
achieving over 99% in the 75-190 GHz range and 99.99% over
190-500 GHz. Furthermore, simulations show that the absorber
maintains high performance up to 1000 GHz, with absorption
exceeding 99.999%. These results demonstrate potential for
future micro 3-D-printed resin-based absorbers that can be
readily tailored to serve in communication, sensing, and radar
applications, thanks to their microscale size, cost-effectiveness,
and adaptability to broadband terahertz wireless systems.

Index Terms—Antenna shielding, broadband communication,
electromagnetic absorbers, micro 3-D printing, resin, terahertz
radiation.

I. INTRODUCTION

S WIRELESS technology rapidly advances, expanding

to higher frequencies beyond the microwave range is
increasingly motivated by the needs of 5G/6G communication
networks [1], [2], [3], and a growing number of applications
in sensing [4], imaging [5], [6], and radar testing [7]. The
capabilities offered by such systems are enriched in various
aspects, such as high bandwidth and high resolution, by the
use of terahertz waves. However, there is also a growing
need for reliable signal detection and high transmission purity,
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and this presents significant challenges in the presence of
multipath. While the microwave range offers signal-processing
techniques to mitigate the undesired effects of multipath [8],
or even exploit them for signal diversity in MIMO systems
[9], this approach is infeasible for the high-frequency and
large channel bandwidths associated with terahertz wireless
technology. For this reason, it is essential to mitigate multipath
effects and signal degradation at the physical level, by ensuring
a single flight in a line-of-sight between the source and
the detector. Thus, high-performance absorbers are a critical
necessity.

Traditionally, standard  microwave-range pyramidal
absorbers have used ferrite [10] and polymer composites,
such as polyurethane [11], [12] and carbon-loaded urethane
absorbers achieving reflectivity of —55 dB up to 110 GHz
[13]. However, the dielectric properties of such materials
are ill-suited for short wavelengths, and fabricating high-
aspect-ratio pyramid structures at the microscale with these
methods has proven challenging. Only a few examples made
from carbon-loaded polypropylene provided in flat-panel tiles
exhibit high performance, achieving losses of —60 dB up to
650 GHz [14]. Highly specialized terahertz materials, such
as TK RAM, excel in controlled environments; however,
the use of injection molding imposes inherent limitations
when adapting to more intricate geometries. A potential issue
arising in the polymer matrix is its inherent fragility due
to carbon powder impregnation, which can undermine its
structural integrity [15]. Consequently, the constrained design
flexibility and precision at the microscale imposed by the
manufacturing process pose significant challenges to effective
deployment in real-world environments.

Given the difficulties associated with adapting classi-
cal microwave-range absorbers to the microscale, terahertz
absorbers have seen significant design innovations, especially
in the form of planar metamaterials. The fundamental oper-
ating principle of these metamaterials lies in the collective
interaction of an array of tailored meta-atoms with terahertz
waves designed to resonate at certain frequencies, offering
efficient control over electromagnetic waves [16], [17], [18].
However, the use of resonance effects limits the bandwidth,
and so broadband functionality often depends on complex
stacked multiresonant layouts that are difficult to fabricate
[17]. One more favorable approach to increase bandwidth
focuses on dielectric materials combined with graphene to
increase absorption by introducing magnetic loss [19], [20],
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[21], [22]. Graphene sheets are known to contribute significant
ohmic loss, and so hosting flakes of graphene in a poly-
mer matrix has enabled terahertz absorbers up to 600 GHz
[22]. However, their limited intrinsic absorption, coupled with
difficulties in precisely controlling the material structure, con-
strains their applicability in high-frequency wireless systems.
These limitations highlight the necessity for advanced fabrica-
tion approaches that enable greater design diversity, including
higher aspect ratios, enhanced electromagnetic properties, and
adaptability for broadband performance.

Advances in micromanufacture have enabled the realiza-
tion of intricate nonplanar geometries using silicon, due
to its compatibility with techniques such as deep reac-
tive ion etching. Owing to the strong conduction losses
of doped silicon, shallow-etched 3-D structures can achieve
high absorption by exploiting band-edge resonances, though
their performance remains inherently narrowband [23]. More-
over, geometrically intricate structures, such as arrays of
cross-shaped [24], [25] and inverted pyramidal [26] struc-
tures, show exceptionally broad bandwidth at terahertz up
to far-infrared due to combined resonance effects of the
plasmonic cavities. Another example is grating-based multi-
layer structures, which achieve similar broadband performance
by leveraging multiorder diffraction effects [27]. However,
broadband absorption is generally between 10 and 20 dB,
primarily limited by the aspect-ratio constraints of deep etch
fabrication techniques used to realize the microstructured
topologies. This level of absorption performance falls below
the typical standards required in effective electromagnetic
shielding applications. Alternative microfabrication strategies
are therefore required to enhance the aspect ratio of 3-D
microstructures.

UV-cured resin-based micro 3-D printing offers design
freedom in creating complex, high-aspect-ratio microscale
structures. This technique has been used to fabricate resin-
based microstructured absorbers, including multiresonant
metal composites [28], arrays of cross-shaped resonators with
different lengths [29], and classical pyramidal absorbers that
exploit the intrinsic dielectric loss of the resin [30]. However,
the intrinsic loss of the 3-D-printed resin is limited. This
is why, although the latter cited work does indeed achieve
high absorption of 50 dB above 250 GHz, this demands a
taper length of >151y, posing a significant barrier to practical
deployment. Not only that, loss also reduces to <10 dB
below 85 GHz due to diminishing intrinsic absorption of the
resin at lower frequencies. It would therefore be beneficial to
combine the structural versatility of UV-cured resin micro 3-D
printing with the strong intrinsic absorption of a truly high-loss
material.

One of the most notoriously lossy substances in the mm-
wave and terahertz ranges is ordinary liquid water, which
presents a significant problem in signal degradation for
communication links in humid conditions [31]. Thus, it is
widely regarded as a major obstacle to the adoption of
wireless terahertz technologies. However, this has not wholly
impeded the deployment of this material to construct tera-
hertz devices as, perhaps surprisingly, terahertz waves have
previously been generated by exploiting the high nonlinear-
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Fig. 1. Schematic illustration of the proposed water-based pyramid absorber
used as a shielding structure of a terahertz horn antenna. The design features
the relief structure with the liquid water enclosed and the HTL resin-based
pyramid arrays under normal incidence.

ity of liquid water by means of intense laser pulses [32].
Researchers have since leveraged water’s high dielectric loss to
develop high-performance absorbers across the full microwave
regime [33], [34], [35], [36], and extending to the mm-
wave regime using mushroom-shaped [37] and ring resonators
[38]. Advanced fabrication techniques have raised operational
frequency up to 100 GHz [39], [40], and plexiglass-based
structures have demonstrated single-frequency absorption of
60 dB at 240 GHz [41]. While these techniques offer high
absorption for particular frequency ranges, their design com-
plexity increases while expanding to broader operation ranges.

In this work, we present a broadband pyramid absorber
for mm-wave and terahertz frequencies composed of ordinary
liquid water. An illustration of the proposed water-based pyra-
mid absorber designed for horn-antenna shielding is depicted
in Fig. 1. This is enabled by a UV-cured resin 3-D-printed
hollow pyramid-array relief structure, which simultaneously
encloses a reservoir of liquid water while imposing the desired
microscale pyramid shape upon it. Micro 3-D-printed struc-
tures that enclose lossy liquid metal have previously enabled
terahertz absorbers, albeit with notable dips in absorption
below 90% over the stated operation bandwidth [42]. Alterna-
tively, the hollow cavity could be filled with liquid crystal
to enable tunability under high bias fields [43]. However,
this approach is not required in this case, since broadband
performance precludes the need for frequency tunability. Our
absorber demonstrates high absorption performance across
a broad bandwidth, achieving measured absorption of 99%
over 75-110 GHz and 99.99% over 140-500 GHz. The
high absorption levels primarily result from the significant
dielectric loss of water at low frequencies and resin at high
frequencies, combined with the progressive matching effect
that arises due to the microstructured pyramid geometry. In
addition, simulations up to 1000 GHz confirm high-frequency
operation, achieving high absorption of 99.999%. Therefore,
the proposed absorber is well-suited for mitigating multipath
effects in wireless links, enhancing electromagnetic shielding
of antenna test equipment, and suppressing undesired leakage
signals.
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Fig. 2. (a) Illustration of the unit cell of the proposed terahertz absorber
in cross-sectional view with the given detailed dimensions. (b) Absorption
spectra of the proposed water-based absorber under normal incidence for
different slope angles ranging from 8° to 20°, obtained from full-wave
simulations.

II. DESIGN CONCEPT AND ANALYSIS

The unit-cell geometry of the proposed relief absorbing
structure is illustrated in Fig. 2(a). In this design, two key
principles are crucial for the absorbing structure’s operation:
the pyramidal taper that yields progressive impedance match-
ing to free space, and the use of liquid water as the lossy
medium, with ¢ = 6 and tand = 1.01 at 300 GHz, with
broadband dispersive properties accurately described by the
Debye formula [44]. The absorber consists of a relief structure
formed by resin-based hollow pyramid arrays to enclose the
liquid water. The overall pyramid design is parameterized in
terms of period a, base thickness b, taper angle 6, and wall
thickness of the resin, ..

The performance of the absorber is analyzed using full-wave
simulations implemented with the commercially available soft-
ware package CST Studio Suite. The proposed structure is
designed to operate within the 75—>1000-GHz range, while the
upper limit for the experimental validation is set to 500 GHz
by to the available instrumentation, which will be discussed
in Section III. The relative permittivity and loss tangent of the
resin substrate are equal to € = 3 and tand = 0.03 at 300 GHz
[28]. The pyramidal array has a 2-mm period, designed to
interact efficiently with terahertz radiation in this frequency
range, maintaining consistency with prior pyramid-absorber
studies and enabling a fair and direct comparison [15], [30].

This value of a remains fixed during the analysis process. In
addition, the thickness of the back layer is set to b = 0 mm
for these simulations, to obtain a conservative estimate of
performance, although it is noted that higher absorption can be
achieved if it is extended. The resin wall thickness is 500 um,
although according to additional simulations (not shown), the
specific value has minimal impact on the overall performance
of the absorber. This is because the progressive matching
operation of the pyramid geometry is primarily dependent on
the slope angle of the pyramidal tip, which is independent of
small variations in wall thickness.

The optimization process is a careful balance between
electromagnetic performance and practical fabrication viabil-
ity. In simulations, perfect electrical boundaries are applied
to the back wall to establish a lower bound of absorption.
A single Floquet port is set at zmax, and unit-cell boundaries
are set along the x- and y-axis directions. An incident terahertz
beam is impinged on the unit-cell structure and propagates
along the z-axis. The overall simulated absorption performance
accounts for the possibility of nonspecular reflection due to
diffraction effects by evaluating the total power delivered from
the exciting Floquet port to the model, as opposed to the return
loss in a given Floquet mode.

The absorption characteristics of four different taper angles
are simulated, and the results are presented in Fig. 2(b).
It can be seen that steep angles are favored as they are
associated with superior matching and absorption. However,
this results in taller pyramids, compromising compactness
and manufacturability. In contrast, wider angles are expected
to limit performance at high frequencies. The chosen slope
range from 8° to 20° allows for a parameter space that spans
between shallow pyramid designs [26] and more optimistic
designs with extreme slope angles [30]. Fortunately, given
the manufacturing flexibility of the resin micro 3-D printing,
we have significant freedom to select the desired slope angle.
As can be seen, all the designs show absorption levels above
30 dB, equivalent to over 99.9% and reaching beyond 50 dB,
i.e., 99.999%, particularly for the more severe slope angles at
higher frequencies. However, such steep angles will be avoided
due to the potential challenges related to water ingress in
practice. In addition, 20° angle exhibits good performance,
starting at around 30 dB and gradually reaching 40 dB, i.e.,
99.99%, from 400 GHz and beyond. The 15° angle was there-
fore selected as an optimal balance for this design in terms
of high performance and ease of fabrication. Across the entire
frequency range, the structure achieves sufficient absorption
with levels ranging from 35 to 40 dB above >150 GHz to
50 dB at higher frequencies, particularly in the range above
400 GHz.

To provide additional insight, a detailed theoretical analysis
of the equivalent circuit model is conducted to evaluate the
performance of the chosen design. The equivalent circuit
model of the proposed terahertz absorber with a selected 15°
slope angle is derived, as shown in Fig. 3(a). The analysis
combines effective medium theory with transmission line mod-
eling, and hence omits diffraction and scattering phenomena
from consideration. This allows us to consider the progres-
sive matching operation of the tapered pyramid itself, and
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Fig. 3. (a) Equivalent circuit model of the proposed water-baser absorber. (b) Absorption spectra of the absorber with 15° slope angle and the flat absorber,

both derived from the equivalent circuit model.

thereby gauge the impact of the aforementioned nonspecular
reflection effects that are modeled in the full-wave simulation
via cross-comparison. The structure is approximated as a set
of series-connected subwavelength transmission lines, starting
with a short-circuit representing the package’s metal back-
plane, as detailed in Section III. By dividing the structure into
a series of n subwavelength slices of 10 ym, computing the
effective medium properties of each, and then representing
them with lengths of the transmission lines characterized
by y. and Z., where ¢ = 1,2,...,n. Using the generalized
Maxwell Garnett formula for multicomponent mixtures in a
host material [45], the complex effective permittivity €. can
be computed directly by applying the following equation for
mth inclusion:

_Sh

Em + 26 M

& —|—28h - ;fm Em
where, in this case, the host material is resin, with a
permittivity of €,, while water and air are the inclusions
with permittivities €, and corresponding volume fractions
fm. Considering a homogeneous lossy medium, the complex
propagation constant and impedance can be expressed as

Ve 2
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Zy

Ve

where €, is the complex effective permittivity, and Z, is
the impedance in free space [46]. Accordingly, the solutions

from telegrapher’s equations for a lossy transmission line are
represented as an ABCD two-port network, as
cosh(y. - 1) )
N C))

Ac B. _
C. Dc| [sinh(y.-D-Z!

We approximate the short-circuited base with a finite
impedance of Zgoy = 10 Q, which results in a noninfinite
C-parameter, i.e., Cshort = 1/ Zshort. The ABCD matrix for
each segment of the transmission line is then computed
accordingly. It is, therefore, convenient to determine the over-
all performance of the absorber from deriving the cascaded

Z =

Z. - sinh (y, -
cosh (y. - D)

ABCD matrix for all the slices, and then convert it into S-
parameters to find the S, parameter for the entire frequency
band [47]. The resultant absorption spectrum is depicted in
Fig. 3(b), compared with the scenario featuring a flat geometry.
These results show a substantial enhancement in absorption
attributed to the presence of the pyramid structure, which
effects a progressive impedance transition between free space
and the absorbing medium. A similar behavior is observed
from 100 GHz and above when compared with simulations,
albeit with higher absorption. This outcome is expected, as
the analytical model assumes wave propagation solely in the
longitudinal direction, thereby neglecting secondary wave phe-
nomena and resulting in higher loss. At the lower bound of the
frequency range, however, the absorption levels deviate from
the analytical model, with full-wave simulations predicting
higher loss. This discrepancy arises from diffraction and scat-
tering phenomena occurring within the high-refractive-index
medium. In the latter, these effects result in wavelength com-
pression and increased internal scattering, which collectively
trap the energy and hinder its reradiation back into free space.
These observations reveal inherent differences between the
two methodological approaches, particularly in the physical
phenomena they account for.

To elucidate the operation of the water-based pyramid
absorber, Fig. 4(a)—(c) shows the loss distributions at frequen-
cies of 100, 300, and 500 GHz, respectively, as derived from
full-wave simulation. We concentrate on the 75-500-GHz fre-
quency range, to maintain consistency with the measurement
range addressed in Section III. As observed at the lower end
of the frequency range, absorption is primarily concentrated
toward the apex of the water pyramid, indicating that high
performance can be achieved without requiring an extended
reservoir. At higher frequencies, especially at 500 GHz, resin
acts as a more lossy medium, and hence contributes a greater
proportion of loss. To quantify this shift, we compare the
relative loss in each material across the entire frequency range
shown in Fig. 4(d). Specifically, above the crossover frequency
of 350 GHz, the resin exhibits higher power loss, whereas
water indicates a dominant role in the lower frequency band.
This performance trend is well-aligned with previous reports
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Fig. 5. Simulated absorption spectra at different incidence angles between 0°
and 80° for (a) TE and (b) TM polarizations.

[30], in which an all-resin pyramid is able to achieve high
absorption only at higher frequencies.

To further evaluate the capabilities of the proposed absorber,
it is important to consider that normal incidence is not the sole
possibility; the absorber’s ability to sustain high absorption
across various angles of incidence must also be verified. For
this simulation, we are focusing on 15° slope representing
the lower bound of performance up to 500 GHz, as a con-
tinuation of the study based on previous results. Fig. 5(a)
and (b) depicts the absorption for TE and TM polarizations
at various incidence angles ranging from 0° to 80° in 20°
increments, respectively. Across the entire frequency range, the
absorber maintains high absorption albeit with some perfor-
mance degradation. Particularly, high absorption beyond 30 dB
and broadband performance is shown under <20° angle of
incidence for the entire range. For the incidence angle of 40°,
a strong absorption of 30 dB is evident from 110 and 220 GHz
up to 500 GHz for TE and TM polarizations, respectively. An
additional increase to 40 dB is observed >250 GHz for TE

polarization and >350 GHz for TM polarization. However,
absorption becomes unsatisfactory at high incidence angles,
such as grazing incidence at 80° angle. This is expected, since
the pyramid is specifically designed to achieve progressive
matching primarily along the z-axis. Future designs have the
potential to significantly enhance absorption at oblique angles
by corrugating the wall surfaces of the pyramid, as reported
in [48], through the use of square-shaped subwavelength
gratings. In principle, the use of micro 3-D printing opens
the door to such advanced microstructures, to further optimize
performance as needed.

III. RESULTS AND DISCUSSION

The proposed water-based pyramidal absorber is fabricated
to facilitate experimental characterization. To maintain a man-
ageable scope, we select a single design as proof of concept for
this purpose, for which we find that 15° angle allows efficient
absorption in the range of 75-500 GHz. The height of the total
absorbing tip measures 5.8 mm, with the resin layer thickness
of 500 um. This design effectively balances compactness,
performance, fabrication, and assembly considerations.

A. Assembly Procedure

The designed terahertz absorber is fabricated by projection
micro stereolithography (PuSL) technique using the S230
microArch resin 3-D printer from Boston Microfabrication.!
A photograph of the relief structure is shown in Fig. 6(a),
with a close-up microscope image of the pyramidal tips in
Fig. 6(b). The PuSL technique features high printing resolution
of 2-um, making it ideal for microscale fast prototyping and
fabrication. The use of UV light curing permits fine detail,
fast printing speeds, and excellent material durability of the
final printed parts [42]. The designed pyramid array spans 20
periods, covering a square area of 40 x 40 mm?. A metal
package is designed to enclose distilled water in the pyramidal
relief structure during the experimental probing. A general-
purpose syringe is used to fill each pyramidal cavity with the
liquid.

To prevent water leakage, we apply petroleum jelly to the
edges of the metal package avoiding the pyramidal cavities,
prior to assembly to form a temporary hydraulic seal. This
approach ensures a secure seal during the demonstration,
although it may introduce slight variations in the homogeneity
of the filling medium. One complication encountered during
this assembly procedure is the formation of microbubbles at
the tip of each pyramid when the water is added, caused by
surface tension. To eliminate these bubbles, a needle is used
to manually puncture and release them. In future iterations,
this manual procedure could be replaced with a vacuum-
environment-based assembly to wholly evacuate all the gases
prior to assembly, thereby obviating the need for any sealant
material.

ISee Boston Microfabrication, $230 MicroArch Resin 3-D Printer, accessed
November 10, 2024.
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Fig. 6. (a) Photograph of the proposed pyramidal absorber. (b) Micrograph of the tips. (c) Illustration of the experimental setup for absorber characterization,
including the hollow waveguide and the SGH antenna positioned 1.5 cm away from the absorber, which is enclosed in a metal package. Photographs of the
individual tests are presented for (d) WR-10, (e) WR-5.1, (f) WR-3.4, and (g) WR-2.2 frequency bands. (h) Measured absorption levels across the entire
frequency band, derived from normalized reflection (return loss) measurements, compared with simulated and theoretical results representing total absorption

loss.

B. Experimental Validation

The absorption characteristics are evaluated by normalized
return loss measurements. Fig. 6(c) illustrates the experi-
mental setup used, and all the measurements are performed
under the same conditions: normal incidence of the terahertz
beam with a short standoff distance of ~1.5 cm. Measure-
ments at oblique angles are not considered due to practical
challenges, including inherent limitations associated with the
available instrumentation, insufficient aperture size, and ambi-
guities regarding the appropriate longitudinal position of the
normalization-reference plane at oblique angles owing to the
absorber’s nonplanar geometry and finite size. Nevertheless,
this restriction does not compromise our confidence in the
performance of the absorber, as normal incidence provides
sufficient information to evaluate and demonstrate the core
functionality of the proof-of-concept. Owing to its rotationally
symmetrical geometry, no variation is anticipated with respect
to the polarization angle of the incoming radiation at normal
incidence. The flat backside of the metal package is used as

a conductive mirror, to serve as a reference. In addition, the
sample is situated on top of a rotation stage allowing us to
obtain this reference directly by rotating it 180°.

To verify the absorption performance, a vector network
analyzer is equipped with a range of frequency extension heads
to cover from 75 to 500 GHz. Each individual band demands
its own specific standard-gain horn (SGH) antenna, supplied
by Anteral S.L. as shown in Fig. 6(d)—(g). We also note
that there is a gap in frequencies between 110 and 140 GHz
due to a lack of the appropriate instrumentation system for
this range. Insertion loss is calculated as the discrepancy in
measured |S ||| between the absorber sample and the reference
mirror. The acquired data are time-gated prior to normalization
to isolate the response of the pyramid absorber. Specifically,
Hann windowing is applied in the frequency domain to reduce
spectral leakage, and Hamming windowing to the time-domain
signal to isolate the response of a single flight from the antenna
to the sample and back.

The measured results given in Fig. 6(h) show that absorption
progressively increases with frequency. Starting from 20 dB
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TABLE I
COMPARISON OF BROADBAND ABSORBERS ABOVE 100 GHz

. ) . . X Absorption >10 dB  Absorption >40 dB Ease of .
Absorber type Dimensionality Thickness (um) Material (GHz) (GHz) fabrication Fragile
Carbon-loaded 75-110, 75110,
Pyramid [14], [15], [50] 3-D 7500 e e 140 - 180, 140 - 180, Medium Yes
POYPTOPY <200- 650 <200- 650 *
Photonic-crystal slab [23] 2.5-D 200 Si 275-325 - High Yes
Cross-shaped [24] 2.5-D 265 Si 6701780 ~1490 High Yes
Grating [27] f 3-D 500 Si <200-2500 ~2083 High Yes
Film [22] 2-D 600 Graphene + PTFE 210-600 - Low No
600 — 800,
Hollow cross-shaped [25] T 3-D 400 Si + Air 1100 - 1750, ~2500 High Yes
<2100-2500
Inverted pyramids [26] f 3-D 250 Si 1250 — 20000 - High Yes
Cross-shaped [29] T 3-D 25 Resin + Au 659 — 802 - High Yes
Pagoda-like [28] 3-D 39.2 Resin + Au <450 - 1600 ~900 Medium Yes
. ) <85 155, )
Pyramid [30] 3-D 26200 Resin <2955 ~215— >325 High No
.. + . - 260-315, ~385, ~400, L
Fabry-Perot cavities [42] 3-D 2250 Resin + Liquid metal 360 580 450, ~530 oW No
Pyramid (this work) 3-D 5800 Resin + Liquid water <75->500 190 -> 500 High No

* Experimental results report attenuation for individual frequencies for the 200-600 GHz range [14], [15], [50].

 Values were approximated from the provided absorption plots in linear scale, as they are not explicitly reported in dB scale in the source material.

at 75 GHz, corresponding to 99% absorption, the absorp-
tion increases to >40 dB from 190 GHz up to frequencies
above 500 GHz, achieving 99.99% absorption. It can be seen
that both the measured and simulated results show broad
agreement, very strong terahertz absorption in broadband, and
consistent trends with respect to frequency. Specifically, the
experimental results show that absorption reaches approxi-
mately 30 dB around 170 GHz, and then exceeds 40 dB
as it enters the WR-3.4 waveguide range and continues to
increase over 50 dB within the WR-2.2 range. However, there
are notable discrepancies in the specific reported value of
loss, particularly in the WR-10 band. According to additional
parametric perturbation analysis using the full-wave tool (not
shown), this cannot be ascribed to physical tolerances of
manufacture. The differences between the two models have
already been discussed in detail in Section II. That said, both
the modeling techniques use an infinite-sized array, which
is excited by a plane-wave of infinite extent. On the other
hand, the prototype of the absorber is composed of 20 x 20
periods, is enclosed within a package, and is illuminated with
a finite-sized SGH antenna. Moreover, the theoretical models
are capable of directly evaluating absorption loss, whereas the
experiment probes specular return loss in the case of normal
incidence. Another contributing factor is the practical limita-
tion posed by the antenna size, which is approximately the
same size as the array’s aperture enclosed within the metallic
package shown in Fig. 6(d). This results in reflections from
the metal borders that cannot be removed from the response
via time-gating. Overall, while these inherent differences in

modeling and measurement preclude exact correspondence,
they are all in agreement in the sense that they show high
absorption across a broad operation bandwidth, and hence
confirm the effectiveness of the design. The proposed absorber
exhibits absorption above 20 dB, corresponding to over 99%
absorption, for the entire frequency band, marking a signifi-
cant improvement compared with the results reported in the
literature [28], [30], [42].

A detailed comparison of the existing state-of-the-art broad-
band absorbers operating above 100 GHz is presented in
Table I. These absorbers, which use various materials and
fabrication approaches as outlined in Section I, are eval-
uvated based on fabrication ease, considering factors such
as cost, material and equipment requirements, and struc-
tural robustness. Notably, 3-D microfabrication techniques
are advantageous due to their ability to realize complex
microstructured geometries, using either impedance matching
strategies or heterogeneous material compositions to improve
absorption performance. While silicon-based absorbers are
capable of covering millimeter-wave and terahertz frequency
ranges and are generally cost-effective, their absorption per-
formance remains limited to the 10-20-dB range. In contrast,
resin-based absorbers fabricated via UV-cured micro 3-D
printing have emerged as a highly promising alternative,
offering significant advantages in cost-efficiency, mechanical
robustness, and design adaptability over traditional meth-
ods [15]. Among the high-performance broadband absorber
technologies, resin-based pyramidal absorbers uniquely sur-
pass carbon-based polypropylene designs in terms of
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structural durability, manufacturing flexibility, and customiza-
tion potential. By leveraging resin micro 3-D printing,
high-precision fabrication of microscale and flexible geome-
tries becomes feasible, demonstrating versatility extending
beyond instrumentation-centric use. For example, incorpo-
ration within enclosed metallic housings of high-frequency
integrated systems enables effective suppression of inter-
ference due to in-package leakage, as well as suppression
of undesired power in slab-mode dielectric devices [49].
Building on this capability, the present work introduces a
general-purpose approach for realizing unconventional, fine-
featured absorber structures tailored to diverse electromagnetic
environments. The inherent manufacturing simplicity of inte-
grating resin and liquid water unlocks a practical pathway
toward broad applicability, enabling deployment across a
wide range of application-specific scenarios requiring quasi-
anechoic, broadband absorption up to 1000 GHz.

IV. CONCLUSION

We have proposed and experimentally validated a water-
based broadband pyramid absorber up to 500 GHz. Using
UV-cured resin 3-D printing, we have realized a microscale
pyramidal array as a cost-effective and high-performance
absorber suitable for compact terahertz systems beyond
1000 GHz, as demonstrated in simulations. The experimen-
tal results demonstrate absorption exceeding 99% across the
entire band and 99.99% above 190 GHz up to 500 GHz. In
addition, a theoretical analysis of the equivalent circuit model
of the structure further confirms the observed impedance
matching with free space. The results of full-wave simulation,
equivalent-circuit modeling, and experimentation all show
strong absorption in broadband, as well as consistent trends
with respect to frequency. Overall, these results highlight the
significant potential of resin micro 3-D printing for the real-
ization of fine-featured, customizable shielding components
tailored for next-generation 5G/6G wireless communication
systems.
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