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Abstract—Critical absorption in planar resonators is achieved
when material losses match radiative losses. In this work, we
show that this condition can effectively be satisfied by exploiting
the higher-order leaky-mode resonances of a metasurface-based
Fabry–Perot cavity. Remarkably, leaky-wave theory reveals how
the condition of maximum power radiated at broadside (typically
employed for leaky-wave antennas) is linked to that of maximum
absorption (typically employed for absorbers): the two conditions
almost coincide in low-loss systems, but progressively differ as the
losses increase. To corroborate our design, the reflection spectrum
of a Fabry–Perot cavity resonator—consisting of a grounded
dielectric slab covered with a subwavelength two-dimensional
lattice of metallic strip gratings—is measured through terahertz
(THz) time-domain spectroscopy in reflection mode. Importantly,
the matching condition for critical absorption is satisfied through
the dielectric spacer losses and not the almost lossless metallic
metasurfaces. The experiment recorded an impressive −40 dB
reflectance spectrum and a nearly step-like π jump of the phase
reflection spectrum at around 357 GHz, in agreement with
the theoretical expectations for the first-order mode resonance.
The proposed metasurface-based Fabry–Perot resonator offers
significantly higher flexibility and reliability with respect to con-
ventional absorbers based on thin conducting films, whose design
is often hindered by material and fabrication uncertainties.

Index Terms—Critical Absorption, Leaky Waves, Metasur-
faces, THz Devices, THz Absorber

I. INTRODUCTION

THE significant advancement of the terahertz (THz) tech-
nology [1], especially in the high-demanding sectors of

imaging [2] and wireless communications [3], is recently
posing the problem of unwanted electromagnetic pollution at
THz frequencies in specific environments. Therefore, high-
absorption, THz-radiation shielding is one of the milestones
that has to be reached for the further development of THz
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technology [4]. For this reason, different kinds of THz ab-
sorbers have been recently proposed, some also offering
with reconfigurable and broadband features (see, e.g., [5] and
references therein).

In this paper we focus on innovative single-band absorbers,
which can be extremely useful in specific, sharp-filtering appli-
cations, such as thermally based THz imaging [5]. This kind of
absorbers is commonly based on some resonance mechanisms.
For instance, the working principle of the first THz absorber
[6]—constituted by a bilayer unit-cell structure—mainly relies
on the electric response of split-ring resonators on top of a
dielectric slab with some metal strips on the bottom (replaced
in follow-up studies by an entire metal plate [7]) which
prevent the incident wave to pass through the device [5]. The
absorptance in [6] was, however, relatively low, namely 70%.

A 100% absorptance can be theoretically achieved by
exploiting a Salisbury screen or the critical-coupling phe-
nomenon. The former is an absorber made of a resistive sheet
placed a quarter wavelength above a metal ground plane,
achieving maximum absorption when the reflected waves
cancel out (in phase): its performance, however, strongly
depends on the thickness and the features of the available
materials [8]. The latter is an effect that can be verified in
one-port resonators, i.e., devices backed with a perfect reflector
[9]. Such a critical-coupling phenomenon has been studied at
optical and THz frequencies through different mechanisms in
thin devices [10], such as bound states in continuum [11] and
guided resonances [12], metal-insulator-metal [13] or metal-
semiconductor-metal [14] cavity resonances, absorbing films
[15]–[17], graphene patterning [18], or polarization matching
[19]. From a practical viewpoint, the critical-coupling con-
dition occurs when all the power incident on the device is
resonantly absorbed (in the structure) [9]. This means that the
radiation rate of the resonator has to be equal to the dissipation
rate in the device [8], [13], [20]. A common architecture
able to reach this condition is constituted by a thin grounded
dielectric slab with a frequency selective surface (FSS) on top,
which interacts with the cavity fundamental mode [13], [21].

This paper demonstrates how the critical-absorption con-
dition can be efficiently reached through the higher-order
resonances of a Fabry–Perot cavity (FPC). The latter is
constituted by a grounded dielectric slab with a partially
reflecting sheet (PRS) on top, which consists of a homogenized
metasurface, viz., a periodic arrangement of metallic elements
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with periodicity p much smaller than the operative vacuum
wavelength λ0. As opposed to previous absorbers available in
the literature, the metasurface on top of the grounded dielectric
slab does not present an inherent resonance, but presents a
uniform, collective response represented by a scalar, purely
imaginary, sheet impedance Zs = jXs [22]. The resonance
condition in the proposed FPC-resonators (FPCR) absorbers
is thus not related to a specific metasurface geometry but
rather to the collective response of the FPC-based device,
which provides high resilience to PRS-fabrication tolerances
(slight variations, either in the dimensions or the periodicity,
among the unit cells have negligible impact on the entire
metasurface electromagnetic behavior) and great flexibility in
material selection. Being essentially lossless, the metasurface
can be fabricated using any noble metal or highly conducting
material, without strict requirements on the exact conductivity
value. Instead, absorption occurs in the dielectric spacer, which
can be selected among readily available materials, as we will
show. As a consequence, the proposed technique for designing
FPCR critical absorbers provides different degrees of freedom
in terms of dielectric slabs and PRS implementation, in stark
contrast with absorbers based on thin conducting films (TCFs),
typically constrained by the uncertainties that characterize the
latter (see, e.g., [8] and references therein).

Remarkably, we exploit leaky-wave theory (Section II)
to link the condition for the maximum power radiated at
broadside (typically employed for FPCR leaky-wave anten-
nas) to that of maximum absorption (typically employed for
absorbers). These two conditions are shown to be equivalent
under the assumption of low losses, and slightly differ for
moderate to high losses. Thanks to this rigorous theoretical
framework, analytical formulas and efficient numerical proce-
dures are provided to finely engineer the metasurface prop-
erties to achieve normal-incidence critical coupling through
leaky modes of any order supported by the FPCR. It is
worth noting that, while increasing the incident angle θi on
the same FPCR absorber generally leads to a degradation of
the absorption performance, the proposed theoretical design
framework can be extended to arbitrary values of θi.

Although the proposed method is completely general and
can be adapted in any frequency range (from microwaves
and millimeter waves to optics), a prototype is finally real-
ized and experimentally validated at THz frequencies to test
the proposed innovative absorbing device (Section III). In
particular, a grounded dielectric slab of a commercial FR-4
is covered with a metal strip grating metasurface, precisely
designed to match the higher-order leaky mode of the FPCR.
Measurements based on THz time-domain spectroscopy (TDS)
working in reflection mode demonstrate the critical absorption
of the device through a reflection coefficient as low as −40 dB
and a step-like phase profile at the working frequency of 357
GHz. A short discussion (Section IV) concludes the paper.

II. THEORETICAL ANALYSIS AND NUMERICAL RESULTS

A. Theoretical Framework

We consider an FPCR consisting of a grounded dielectric
slab covered with a periodic arrangement of subwavelength

Fig. 1. (a) Schematic representation of the Fabry–Perot cavity resonator
working as a THz absorber. Gray, light blue, and black areas represent
the surface impedance boundary condition (SIBC) imposed by the partially
reflecting sheet (PRS), the dielectric, and the metal sheet, respectively. The
inset shows the possible implementation of the PRS unit cell through a metal
strip grating. (b) Equivalent transmission-line model of the device.

metallic scatterers, operating in the THz range [23]. Specifi-
cally, the periodicity p of the unit cell is set to p = λ0/5, with
λ0 = 1 mm being the operating wavelength at f0 = 300GHz.
In this scenario, the PRS is completely represented by a
surface impedance boundary condition (SIBC), viz., by an
equivalent sheet impedance Zs [22]. If losses and polarization
cross-coupling effects are negligible, as is customary for sim-
ple, symmetric PRS unit cells at THz frequencies [23], [24],
the SIBC is represented by a scalar and purely imaginary sheet
impedance Zs = jXs or, equivalently, by a sheet admittance
Ys = jBs, with Bs = −1/Xs. Specifically, as the PRS is
more reflective, |Xs| tends to zero while |Bs| tends to infinity.
The reactance/susceptance ± sign, instead, depends on the
inductive or capacitive character of the unit cell [25]. The
attention in this work is focused on inductive-like PRS, such
as metal strip gratings [26] and fishnet-like metasurfaces [23],
but the proposed design procedure is also applicable in the
case of capacitive PRS.

Since the PRS is fully characterized by an SIBC, the
overall FPCR can be described through a transverse equiv-
alent network (TEN). The latter is constituted by a short-
circuited transmission-line segment (characteristic admittance
Yd and propagation constant kzd) of length h (height of
the dielectric slab with relative permittivity εr = ε′r − jε′′r )
shunted by the PRS Ys admittance and terminated on the
vacuum characteristic admittance Y0 (see Fig. 1(b)). As a
consequence, the reflection coefficient r of an incident plane
wave is immediately found and reads:

r =
Y0 − jBs + jYd cot (kzdh)

Y0 + jBs − jYd cot (kzdh)
. (1)

It is worth noting that the denominator in (1) corresponds to
the dispersion equation of an FPCR acting as a leaky-wave
antenna (see, e.g., [27] and references therein). By considering
a dipole-like source embedded in the cavity, FPCRs have been
widely used as two-dimensional (2-D) quasi-uniform leaky-
wave radiators [28]. Interestingly, by exploiting a ray-optics
approximation (or the reciprocity theorem [29]), it is possible
to evaluate the power radiated at broadside. The latter is
inversely proportional to the square of the absolute value of
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the reflection-coefficient denominator in (1) [30]:

P0 ∝ |Y0 + jBs − jYd cot (kzdh)|−2
. (2)

As a result, the complex poles of (1) also correspond to
the complex poles of (2), thus the resonance conditions of
the FPCR when a THz beam impinges at normal incidence
(the approach can be generalized for any incident angle),
are identical to the condition for maximum radiated power
at broadside. In this context, as shown in [29], the optimum
cavity height for the FPCR leaky-wave antenna can be found
by taking the real part of these complex poles:

hLW
opt =

c0

2f0
√
ε′r

{
m+

1

π
Re

[
acot

(
Bsη0 − j

√
εr

)]}
(3)

with η0 ≃ 120 Ω, c0, and m being the vacuum charac-
teristic impedance, the speed of light in vacuum, and the
resonance order of the FPCR, respectively. Interestingly, under
the assumption of low losses and highly reflective PRS (viz.,
|Bs|η0 ≫ 1 or, equivalently, |Xs| ≪ η0), it is possible to
approximate (3) as in equation (32) of [31]:

hLW
opt ≃

c0

2f0
√
ε′r

(
m+

√
ε′r

πη0Bs

)
. (4)

Under the same assumptions, it is also possible to find an
analytical approximation of the power radiated at broadside in
(2) where the optimum cavity height in (3) is considered:

P0 ∝
∣∣∣∣(Y0 + jBs)(−

√
εr

Bsη0
+ jπ

tan δ

2
) + jYd

∣∣∣∣−2

(5)

with tan δ = ε′′r/ε
′
r being the dielectric loss tangent.

At this point, by exploiting a similar leaky-wave approach
to that used for describing the FPCR as an antenna, it is
possible to find an original theoretical framework for using
such a device as an absorber. In particular, if the metal back
plate of the FPCR is thicker than the skin depth—so as to
completely prevent the leakage of incident wave beyond the
FPCR ground plane [5]—all the power which is not reflected
from the FPCR is absorbed. As a consequence, a simple
formula of the absorptance A can be obtained as follows:

A = 1− |r|2. (6)

By substituting (1) in (6) is thus possible to analytically
evaluate the absorptance of an FPCR as a function of the
working frequency, PRS sheet admittance, and cavity height.
Therefore, thanks to the simplicity of its structure and the
powerful theoretical framework discussed so far, it is possible
to design a critical absorber at almost any frequency with sim-
ple and low-cost materials. Specifically, the optimum cavity
height hopt for maximum absorptance at normal incidence
(the approach can be generalized for any incident angle) can
easily be expressed analytically as a function of f0 and Bs by
equating to zero the numerator in (1):

hopt =
c0

2f0
√
ε′r

{
m+

1

π
Re

[
acot

(
Bsη0 + j

√
εr

)]}
. (7)

Interestingly, such a condition converges to (4) for low losses
and highly reflective PRS indicating that, in these working

situations, the condition for the maximum power radiated at
broadside corresponds to that of the maximum absorptance.
With these assumptions, using (7) in (6), it is also possible
to find the following analytical formula for the absorptance
profile as a function of the PRS susceptance Bs:

A ≃
2Y 2

0 π
√
εr tan δ∣∣∣(Y0 + jBs)(−

√
εr

Bsη0
+ jπ tan δ

2 ) + jYd

∣∣∣2 (8)

where it is noted that (8) and (5) have the same denominator,
thus the same dependence from Bs or, equivalently, Xs.
This is a consequence of the reciprocity theorem under the
abovementioned conditions, as thoroughly discussed next.

At this point, it is possible to find a design equation for the
optimum sheet reactance Xopt

s value for a normal-incidence
FPCR absorber by analytically seeking for the maximum of
(8). After a few mathematical steps, this procedure leads to:

|Xopt
s | = η0

√
π tan δ

2
√
εr

. (9)

Since (9) is found under the assumptions of (8) (viz., a
low-loss substrate and a highly reflective PRS), the latter
corresponds to the formula for the optimum susceptance value
in equation (23) of [30] for achieving the maximum radiated
power at broadside in an FPCR working as a leaky-wave
antenna. Interestingly, (9) also corresponds to the desired
critical-absorption condition for highly reflective PRS. This
aspect can be easily demonstrated by equating, for Bsη0 ≫ 1
and µr = 1, the dielectric loss tangent tan δ to the equivalent
loss tangent of radiative losses reported in [32], viz.:

tan δrad =
2

π

√
εr
µr

1

(Bsη0)2 + 1
. (10)

The design workflow of FPCR absorbers is thus clear: through
a simple transmission-line model, it directly links the desired
operating frequency to the required substrate electrical thick-
ness and to the PRS equivalent sheet reactance Xs. Conse-
quently, to design an absorber operating at a target frequency
f0 using a dielectric slab with known relative permittivity
εr and loss tangent tan δ, formula (9) can be employed to
determine the optimal value Xopt

s and, then, expression (7) is
used to find hopt. At this stage, the unit-cell geometry required
to achieve the desired sheet reactance can be obtained either
through approximate analytical expressions [26] or through
accurate full-wave simulations [24] (as thoroughly discussed
in Section III). Starting from this initial structure, the design
process can then be finalized by numerically optimizing (6),
while accounting for the dispersive behavior of both the
substrate material and the homogenized PRS response.

At this point, to confirm the validity of the proposed theo-
retical framework and show the limits of its approximations, a
few case studies are numerically investigated in the following
subsection.

B. Numerical Results

The main objective of this subsection is to analytically
retrieve, at the resonance frequency of f0 = 300 GHz, the
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Fig. 2. Theoretical results for the design of critical absorbers at f0 = 300 GHz based on Fabry–Perot cavity resonators realized through a grounded dielectric
slab with relative permittivity ε′r = 3 and loss tangent tan δ = 0.01 (first row) or tan δ = 0.1 (second row). Absorptance A and maximum power radiated
at broadside P0 as a function of the sheet reactance Xs when the optimum cavity height in (7) is assumed for a dielectric substrate with (a) tan δ = 0.01
and (d) tan δ = 0.1. The condition of the optimum reactance sheet value (9) is reported through a magenta marker. Color maps of the absorptance as a
function of the cavity height h and the PRS reactance Xs for a Fabry–Perot cavity absorber working at f0 = 300 GHz with a dielectric loss tangent of (b)
tan δ = 0.01 and (e) tan δ = 0.1: while the optimum h and Xs values obtained by means of (7) and (9) are reported through black and magenta dashed
lines, respectively, the blue dots and the green squares indicate the numerically computed conditions for the best absorptance and the maximum power radiated
at broadside for each resonance order m, respectively. Absolute value of the reflection coefficient of an absorber with (c) tan δ = 0.01 or (f) tan δ = 0.1
designed to resonate at f0 = 300 GHz with the optimum cavity height h in (7) computed for different Xs values (while colors shade from black to red and
yellow as Xs → 0, the blue and green lines indicate the condition for the maximum absorptance and the maximum power radiated at broadside, respectively).

absorptance and the power radiated at broadside of two FPCRs
based on two case-study materials with two different loss
tangent—tan δ1 = 0.01 and tan δ2 = 0.1—and the same rel-
ative permittivity ε′r = 3. These two cases are representatives
of a moderately low-loss and moderately high-loss material.

The absorptance A (given by (6)) and radiated power at
broadside P0 (given by (2)) are initially obtained assuming the
optimum cavity height for the first, nonzero, resonance (viz.,
m = 1)—given by (7)—and shown, normalized with respect
to their maxima, in Fig. 2 as a function of the sheet reactance
Xs. As expected, the normalized A and P0 are almost identical
for moderately low losses (see Fig. 2(a)) and show only
minor differences for moderately high losses (see Fig. 2(d)).
Interestingly, the critical absorption is reached for smaller Xs

values when the loss tangent is tan δ = 0.01 (Fig. 2(a))
rather than tan δ = 0.1 (Fig. 2(d)). This effect is a direct
consequence of (9): a lower loss tangent calls for a lower sheet
reactance. In physical terms, a lower dissipation of power into
the dielectric material has to be balanced by a lower leakage
rate of radiated power, which is obtained by increasing the
reflectivity of the PRS, thus by decreasing its sheet reactance.
In this context, it is worthwhile to point out that dielectric
losses are commonly the main dissipative mechanism at low-
THz frequencies since they are one order higher than the
ohmic losses [6]. Still, by observing Fig. 2(a) and (d), it is

also interesting to note how the approximate expression for
the maximum radiated power at broadside (5) and that for the
absorptance (8) are more accurate, as theoretically expected,
for low-loss materials and highly reflective PRSs. Under the
same conditions, the validity of the PRS design equation (9) is
also confirmed since it corresponds to the magenta marker in
Figs. 2(a) and (d). The latter is placed exactly at, or in close
proximity of the maximum absorptance level for the tan δ1
or tan δ2 case, respectively. In any case, it is worth noting
that the effectiveness of the leaky-wave approach [28] and
of the proposed approximations becomes limited as the PRS
reflectivity decreases, as corroborated by the disagreements
among the curves in Figs. 2(a) and (d) as Xs increases.

At this point, thanks to the theoretical approach presented
in Sec. II.A, it is also possible to evaluate the absorptance of
FPCRs based on these two materials when the condition of
the optimum cavity height in (7) is not necessarily satisfied.
To do so, (6) is computed at f0 = 300 GHz as a function of
both the PRS reactance Xs = −1/Bs and the cavity height
h. The obtained results are reported for tan δ = 0.01 and
tan δ = 0.1 in Figs. 2(b) and (e), respectively, and show inter-
esting outcomes. First, the validity of equation (7) (indicated
through two dashed black lines for m = 1 and m = 2) which
reports the optimum cavity height as a function of Xs is clearly
confirmed in these figures since the latter always fall in the
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Fig. 3. (a) Magnitude and (b) phase of the reflection coefficient of the designed critical-absorption Fabry–Perot cavity resonator based on a grounded dielectric
slab with ε′r = 3 and tan δ = 0.01 (blue curves). Simulation and theoretical results obtained by means of the equivalent transmission-line model of the
device are reported through solid and dashed lines, respectively. The green/red curve indicates the reflectance spectrum for an overcoupled/undercoupled case
obtained through a PRS with a sheet reactance larger/smaller of 10Ω with respect to the optimum Xopt

s value.

region where the absorptance is maximized. Second, for each
resonance order, the optimal operating points of the FPCRs
used as leaky-wave antennas to radiate maximum power at
broadside (green squares, numerically evaluated through (2))
have been identified. For moderately low-loss dielectric slabs,
these points coincide with the critical-absorption points (blue
dots, obtained from (6)), which correspond to the condition
where the radiation leakage rate equals the dielectric absorp-
tion rate. Conversely, for high-loss dielectrics, the two sets of
points do not coincide. Interestingly, the optimized values of
the cavity height computed through (7) (black dashed lines)
correspond to the best working points in terms of both power
radiated at broadside for the leaky-wave-antenna configuration
and the absorptance for the FPCR absorber. This is due to
the fact that (7) corresponds to the design formula (4) for
Fabry–Perot cavity antennas pointing at broadside when highly
reflective PRS are considered (viz., when Bsη0 ≫ 1). Still,
(7) clearly holds regardless of the m value demonstrating that
the critical absorption can be reached with any resonance
order inside the FPCR since the working principle of the
device is not based on the specific design of the PRS or
the choice of the substrate height, but on their comprehensive
response, irrespective of the order of the resonance. Even more
interestingly, Fig. 2(b) demonstrates that the design formulas
of the optimum cavity height (7) and sheet reactance (dashed
magenta line obtained through (9)) perfectly work under their
operating conditions of relatively low-loss materials and highly
reflective PRSs. Moreover, although (9) does not provide the
optimum design parameters for the tan δ2 case, Fig. 2(e)
shows that for higher losses, the near-optimal region is larger,
thus giving more tolerance to the choice of Xs and h.

This aspect is related to the lower quality factor Q of
FPCRs based on high-loss dielectrics. To corroborate this
point, Figs. 2(c) and (f) report—for the tan δ = 0.01 and
tan δ = 0.1 cases, respectively—the reflection coefficient
computed through (1) by assuming, for different Xs values
(colors shade from black to red and yellow as Xs → 0),

the choice of the optimum cavity height h. Despite the level
of the dip (which depends on the absorption level related
to the Xs value, as shown in Figs. 2(b) and (e)), FPCRs
based on materials with higher losses have a larger bandwidth
with a high absorption rate. As a consequence, for high-loss
materials, it is possible to achieve a large absorption rate
also without the optimum h value for the considered design
frequency (see the difference between Figs. 2(b) and (e) with
tan δ = 0.01 and tan δ = 0.1, respectively). Remarkably,
in Figs. 2(c) and (f), it is also possible to appreciate the
differences between the optimum designs for radiating power
at broadside (green solid line) or absorbing the THz signal
(blue dashed line) depending on the losses. This is due to
the fact that, for low-loss materials (see Fig. 2(c)), almost
all power trapped in the FPCR coming from an orthogonally
incident THz wave corresponds, by virtue of the reciprocity
theorem, to the power radiated at broadside by the same device
working as a leaky-wave transmitter [24]. On the contrary,
when dielectric slabs with high tan δ values are considered
(see Fig. 2(f)), an important contribution to the absorption rate
is directly given by the dielectric losses. As a consequence,
the best condition for radiating at broadside through non-
efficient (due to the high losses [32]) FPCR antennas does not
exactly correspond to the best design for FPCR absorbers. This
conclusion is corroborated in Fig. 2(f) by the clear difference
between the green and the blue lines (they almost coincide,
instead, for the low-loss case in Fig. 2(c)).

To corroborate these purely analytical results, the full-wave
simulation of the maximum-absorptance design for a dielectric
with ε′r = 3 and tan δ = 0.01 has been conducted on
CST Microwave Studio [33]. Specifically, a critical-absorber
FPCR has been designed through the proposed approach by
obtaining an optimum cavity height of hopt = 273.17 µm
and a sheet reactance of Xopt

s = 37.037 Ω. The latter is
implemented on the full-wave-solver periodic environment
through a grounded dielectric slab with an SIBC on top which
can be designed, as in [28], through a transparent impedance
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boundary condition with a linearly dispersive frequency be-
havior. The obtained results are reported through a blue color
in Fig. 3 confirming the validity of the proposed theoretical
method due to the impressive agreement of the phase and mag-
nitude profile of the reflection coefficient computed by means
of full-wave simulations (solid lines) and the transmission-
line model (dashed lines). Interestingly, the critical-absorption
condition is also confirmed due to the very low absolute
value of the reflection coefficient at the working frequency of
f0 = 300 GHz and the step-like profile of its phase. As a
comparison, the reflectance spectrum of two additional cases
constituted by the same device with a different PRS are also
reported in Fig. 3. Specifically, with Xs = Xopt

s + 10 Ω
and Xs = Xopt

s − 10 Ω, a much lower absorptance level
(the magnitude of the reflectance is about −10 dB instead
of −40 dB) and a smoother phase profile representing a
overcoupled and an undercoupled resonator (rather than the
critical-absorption, step-like curve) are obtained, respectively.
It is thus clear that the Xopt

s value for which the maximum
absorptance occurs in Fig. 2(a) and (d) not only corresponds to
the critical-absorption condition, but also divides the operating
principle of the FPCR as an absorber into two distinct regions
depending on the Xs value, i.e., the undercoupled regime
(Xs < Xopt

s ) and the overcoupled regime (Xs > Xopt
s ).

As a conclusion for this Sec. II, one can infer that FPCRs
can be efficiently exploited as absorbers at THz frequencies
by properly choosing the design parameters of the device
as a function of the available material. To achieve an (al-
most) critical absorption, the loss level of the latter has to
be chosen as a compromise between the robustness of the
device to fabrication tolerances (high losses permit a large
quality factor of the resonator achieving a good absorption
rate even with nonexact cavity heights and PRS designs) and
selectivity in frequency (low-loss materials could lead to an
ultra-narrowband absorber). A good compromise is given by
FR4 materials, as experimentally demonstrated next.

III. DESIGN, FABRICATION, AND EXPERIMENT

In this Sec. III, the design, fabrication process, and experi-
mental validation of an FPCR-based critical absorber at THz
frequencies are reported in the following three distinguished
subsections, respectively.

A. Material Characterization and Metasurface Design

With the aim of realizing a THz absorber, the first step for
the correct design of the device is related to the characteriza-
tion of the target dielectric material. As abovementioned, an
FR4 dielectric substrate could present a good compromise of
losses in terms of fabrication tolerances and frequency selec-
tivity since such microwave-target substrates show increased
losses at THz [34]. To confirm this aspect, due to the absence
of information in the material datasheet at these frequencies,
the dielectric features of an ISOLA370HR sample has been
measured in the THz band through a TDS setup mounted in
reflection mode. The characterization was performed through
the procedure presented in [34]: first the signal of a metallic
reference plane was collected and then used to normalize the
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Fig. 4. (a) Measured (black solid line) and numerical (blue dashed line)
reflection coefficient of the considered grounded FR4 slab characterized
through a Debye model. (b) Real part of the dielectric permittivity (black
solid line) and loss tangent (black dashed line) of the proposed Debye model
representing the ISOLA370 material at THz frequencies.

spectrum in presence of the device under test (DUT), viz.,
the grounded ISOLA370HR slab. By exploiting the data post-
processing paradigm in [34], the DUT thickness h = 192
µm and dielectric properties were calculated. Specifically,
by means of a simple transmission-line model of the DUT,
the grounded dielectric slab was characterized by fitting the
parameters of a Debye model representing the device (further
information can be found in [34]). The obtained results are
reported in Fig. 4. More precisely, in Fig. 4(a) we show the
agreement between measured results (black solid line) and the
transmission-line model considering the DUT described by the
abovementioned Debye model; Fig. 4(b) reports, instead, the
real part of the permittivity (solid line) and the loss tangent
(dashed line) of the ISOLA370HR sample under test in the
THz frequency range. A tan δ ≃ 0.048 is found around the
desired working frequency of 400 GHz (chosen in accordance
to the slab thickness) with a real part of the relative permittivity
of ε′r ≃ 2.88.

Once the features of the dielectric substrate are known,
the design of the PRS unit cell is needed. Specifically, with
the idea of exploiting the homogenization formulas in [26], a
metal strip grating is considered in this work (see the inset
in Fig. 1(a)). In this context, it is crucial to note the need of
taking into account an additional thin layer of polyimide in
the design procedure. The latter is necessary to planarize the
dielectric substrate before fabricating the patterned metallic

This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TAP.2026.3668323

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. XX, NO. XX, MONTH 202X 7

0  100 200 300 400 500

0.1

0.2

0.3

0.4

0.5

0

0.2

0.4

0.6

0.8

1

(a)

0
.3

 

0
.3

1

0
.3

2

0
.3

3

0
.3

4

0
.3

5

0
.3

6

0
.3

7

0
.3

8

0
.3

9
0
.4

 

50 

60 

70 

80 

90 

100

0 

2 

4 

6 

8 

10

(b)
Fig. 5. (a) Absorptance as a function of the PRS sheet reactance Xs and the
resonance frequency f when a ISOLA370HR substrate, described through
the Debye model in Fig. 4, is considered with a thickness h = 217 µm.
(b) Real (dashed line) and imaginary (solid line) part of the sheet impedance
Zs = Rs+jXs of the homogenized metasurface constituted by a metal strip
grating with period p = 200 µm and strip width w = 51 µm (see Fig. 1 for
the definition of the geometrical parameters).

sheet (this point is thoroughly discussed next in Sec. III.B).
This material presents very similar dielectric features and
losses to the ISOLA370HR substrate at THz frequencies (see,
e.g., [35]). As a consequence, one has to simply consider
an effective thickness of the substrate to design the device,
h = 217 µm in this case. Once the cavity height is known, it
is possible to exploit the design procedure presented in Sec. II
to retrieve, as a function of the surface reactance sheet Xs

and the working frequency f , the absorption rate of an FPCR
based on the ISOLA370HR characterized as in Fig. 4. The
results of this analysis are reported in Fig. 5(a) where the
critical-absorption condition, indicated by a light-blue dot, is
given at the working frequency of f0 = 357 GHz through
a sheet reactance of Xs ≃ 80 Ω. (It is worth noting that a
frequency shift with respect to the abovementioned 400-GHz
resonance is due to the different effective cavity height which
considers the additional polymide layer.) According to the
formulas in [26], the desired Xs value can be realized through
a metal strip grating with periodicity p = 200 µm and strip
width w = 51 µm. This aspect has been corroborated through
full-wave simulations of the real structure. Specifically, the
Zs value of an aluminum strip grating has been computed
through the numerical computation of the reflection coefficient
given by such a metasurface printed on top of a grounded
slab [28] with the dielectric characteristics in Fig. 4 directly

Fig. 6. Absolute value (solid line) and phase (dashed line) of the measured
reflection coefficient generated by the designed critical absorber based on a
Fabry–Perot cavity resonator. The insets shows the device picture.

imported in the CST, frequency-domain, full-wave solver [33].
These results are shown in Fig. 5(b) where Zs is reported as
a function of the frequency f . Interestingly, although much
lower and negligible with respect to the target Xs at f0, there
is a nonzero value of the sheet resistance Rs due to the realistic
metasurface losses.

B. Fabrication Process

A 192-µm-thick ISOLA370HR FR4 double-sided board was
used as the substrate. To protect one copper surface, a dry-
film photoresist (Ordyl FP400, Elga Europe) was laminated,
and the opposite copper side was completely etched in a 35
wt% ferric chloride (FeCl3) solution. The exposed surface was
then planarized by spin-coating a polyimide layer (PI2611, HD
Microsystems), which was subsequently cured in a nitrogen
atmosphere at 250 °C for 2 hours. The sample was then
loaded into an evaporator, and a 250 nm-thick aluminum
film was deposited. Photolithographic patterning of the grid
(50 × 50 unit cells) was carried out using a positive resist
(MICROPOSIT S1813). The aluminum layer was selectively
etched for 12 minutes in a mixed acid solution containing
nitric acid (HNO3), phosphoric acid (H3PO4), acetic acid
(CH3COOH), and water. After removing the residual resist
in acetone, the protective dry-film layer on the opposite side
was stripped using an alkaline solution (Ordyl Stripper 5600).
Finally, the sample was rinsed with deionized water and dried
under a nitrogen flow.

C. Experimental Validation

To experimentally validate the device, the sample is placed
on the reference metal plane of the THz TDS mounted in
reflection mode, as in [25]. In this manner, the absorber is
under the THz beam generated by the measurement setup and
focused in a spotsize of about 1mm [36]. In this context, it
is worth nothing that such a beam collects the response of
the FPCR only (i.e., with negligible edge effects) thanks to
the relatively large metasurface area (viz., as shown in the
inset of Fig. 6, a square of 1 cm2 which corresponds to a
11.9λ0 × 11.9λ0 surface at the absorber working frequency).
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As concerns the measurement process, a similar procedure
to that used for characterizing the material substrate has
been carried out. First, a reference trace has been collected
without the absorber on the metallic plate. Then, by properly
placing the center of the absorber on the center of the THz
focused beam, the reflection coefficient is achieved through
the normalization of the measured signal with respect to the
reference one.

Measurement results, which are reported in Fig. 6, clearly
demonstrate the effectiveness of the proposed absorber. The
device is indeed capable of reaching, for the reflection co-
efficient r, an impressive absolute value of −40 dB at the
expected working frequency f0 = 357 GHz with a relatively
high selectivity level (please note the different x-axis scales
in Fig. 2(c) and (f) with respect to that in Fig. 6). Even
more interestingly, the condition of almost perfect critical
absorption is confirmed in Fig. 6 by the phase profile of
the reflection coefficient since, as theoretically expected for
critical absorbers (see, e.g., [8] and Fig. 3), ∠r is almost
vertical at the resonance frequency f0. In this context, it is
worthwhile to point out that there is not a perfect step-like
phase profile as expected by the critical-absorption condition
[13], but the DUT presents a slightly undercoupled behavior.
This aspect is mainly due to the approximate characterization
of the polymide layer and due to the quasi-normal incidence
of the THz beam on the FCPR. The TeraFlash Pro setup
[36] used in this work presents in fact a transverse-electric
(TE) polarized THz beam which impinges with an incident
angle θi = 8◦ instead of a normal incidence (as assumed in
this paper so far). In any case, the reflectance phase curve is
almost vertical (as a reference, observe the much more oblique
phase profile when a shift of 10 Ω is present in Fig. 3(b))
and the reflection coefficient tends to zero in modulus (−40
dB), experimentally confirming the validity of the proposed
approach for designing FPCR absorbers in the THz range.

IV. CONCLUSION

The theoretical analysis, design workflow, and experimental
validation of innovative THz absorbers based on a Fabry–
Perot cavity resonator are presented in this work. By origi-
nally exploiting a leaky-wave paradigm for designing critical
absorbers, analytical formulas for the absorptance and the
best cavity height of the device have been found based on a
transmission-line-model analysis. The theoretical design of the
device has then been corroborated through numerical analyses,
full-wave simulations, and experimental validations based on
THz time-domain spectroscopy in reflection mode. Obtained
results demonstrate that Fabry–Perot cavity resonators are a
promising candidate for achieving a THz ultra-narrowband
critical absorption with the simultaneous advantages of having
a relatively simple structure and of presenting different degrees
of freedom in terms of materials and metasurface typologies.
Potential solutions to increase the operating bandwidth and
angular stability for applications requiring broadband absorp-
tion and/or low angular dispersion could be explored in future
research, such as employing innovative configurations based
on thick partially reflecting sheets or incorporating tunable el-
ements into the homogenized-metasurface design. Conversely,

an even more narrowband and highly selective absorber for
sharp-filtering applications can be achieved by using a highly
reflective homogenized metasurface combined with a low-loss
dielectric substrate.
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