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Abstract—In numerous applications from radio to optical fre-
quencies including stealth and energy harvesting, there is a need
to design electrically thin layers capable of perfectly absorbing
electromagnetic waves. From a practical point of view, there is an
ever-growing demand for thinner absorbing layers that provide
higher absorption bandwidths. However, a theoretical upper limit
exists for the bandwidth-to-thickness ratio of passive, linear
time-invariant (LTI) metal-backed absorbing layers. Absorbers
developed to date, irrespective of their operational frequency
range or material thickness, significantly underperform when
compared to the upper theoretical limit, failing to exploit the
full potential that these LTI metal-backed systems can provide.
Here, we introduce a new concept for designing passive ultra-
thin metal-backed absorbers that can enable absorbing layers
with the highest bandwidth-to-thickness ratio ever reported in
the literature and can be several-fold higher compared to the
same thickness absorbers designed based on conventional ap-
proaches. Absorbers designed based on this concept can provide
bandwidth-to-thickness ratio arbitrarily close to the fundamental
theoretical limit for passive, LTI metal-backed structures. Using
the proposed concept, we have designed and experimentally
validated an absorber that demonstrates excellent agreement with
the theoretical framework presented.

Index Terms—bandwidth-to-thickness ratio, dispersion engi-
neering, non-Foster, upper bounds.

I. INTRODUCTION

The rapid development of new generations of defense,
telecommunication technologies, and energy harvesting sys-
tems imposes many technological challenges such as de-
manding the integration of electromagnetic absorbers in more
compact spaces. From a practical point of view, there is
an ever-growing demand for thinner absorbing layers that
provide higher absorption bandwidths. Two main classical
types of electromagnetic absorbers include Dallenbach [1]
and Salisbury [2] absorbers. Although capable of outstanding
absorption at a designated frequency, the inherent requirement
of thick layers and the resulting narrow bandwidth limit
the applicability of these conventional absorbers in many
applications. In recent years, employing artificially engineered
surfaces, such as high-impedance surfaces (HIS) and metasur-
faces, has revitalized the field of ultrathin absorbers, providing
a considerable improvement in design flexibility and minia-
turization [3]-[5]. Despite achieving significantly reduced
thicknesses compared to their traditional counterparts, these
ultrathin absorbers often suffer from limitations in bandwidth.
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From a practical perspective, a key objective has been to
engineer absorbers with minimal thickness while reducing
reflectance across the widest possible bandwidth. Nonetheless,
Rozanov’s investigation established the fundamental limit on
the maximum absorption bandwidth-to-thickness ratio for thin,
metal-backed slab absorbers which is expressed as :

AN _ 2y,
d |in po|
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Here s is the static relative permeability of the slab and
po 1s the maximum allowable reflection [6]. Subsequently,
a comparable upper bound on the absorption bandwidth-
to-thickness ratio for thin absorbers based on artificially
engineered surfaces (HIS or metasurfaces) were established
[7]1, [8]. However, to date, absorbers — regardless of their
operational frequency range, thickness, and complexity —
significantly underperform relative to the fundamental limit
defined by Rozanov, failing to exploit the full potential these
LTI systems can provide. Here, we introduce a new design
methodology for ultrathin absorbers that can enable thin
absorbers with bandwidth-to-thickness ratio arbitrarily close
to Rozanov’s ultimate limit. In the proposed concept, the
absorber consists of a passive non-Foster grid meticulously
designed based on dispersion engineering. Furthermore, we
established a new upper bound on the bandwidth-to-thickness
ratio for ultrathin absorbers based on this theory, reaching
95.5% of the fundamental limit established by Rozanov [6]. As
proof of principle, we designed and experimentally validated
an absorber based on this concept, demonstrating excellent
agreement with our predictions.

II. THEORY
A. Conventional Absorbers

Consider a generic electrically thin HIS-based absorber (Fig.
la). Assuming a perfect electric conductor for the ground
plane and air as the spacer between the ground plane and
the grid, the input admittance of the metal-backed spacer can
be approximated as Y,q~ — j/(wpuod). Hence, in our trans-
mission line model, we can readily substitute this thin metal-
backed dielectric spacer with an inductor having an inductance
value of L,,q = pod as shown in Fig. 1a. Now, for the absorber
to be perfectly matched to the free space, the grid should
provide the admittance equal to YgReq = 1/no+7/(uowd) [9].



2025 19th European Conference on Antennas and Propagation (EuCAP)

@ =

Admittance

—l/(wpd) k /’

Frequency

Fig. 1. (a) Illustration of HIS based thin absorbers under normal incidence (b)
The conventional way of achieving perfect matching using a capacitive grid.
(c) Profiles of the imaginary parts of admittance pr0v1ded by the capacitive
grid (Im{Y,F}), negative inductor grid (I m{Yy"*L}), and required grid

admittance I m{YReq} (d) Matching network employing negative inductor.

The conventional way of accomplishing this is by employing
a capacitive sheet in parallel with a resistive layer directly
above it as shown in Fig. 1b ( Y& = 1/no + jwCy) .
However, close examination of the imaginary parts of required
grid admittance [i.e., Im{Y,*9} = 1/(uodw)] and the ad-
mittance provided by the capacitive grid [i.e., I m{Yc}
wCy] reveals that, in this scenario, perfect matchmg can
only happen at a single frequency. This is the case because
the admittance required for wideband absorption and that
provided by the capacitive grid exhibit opposite signs in
their slopes, i.e., A[Im{Y“1}]/0w = —1/[pow?d] < 0 and

[Im{YC}]/aw = Cy > 0 [see Fig. 1c] eliminating the pos-
sibility of achieving broadband matching in this scenario. The
analysis of Im{Y;**?} indicates that the required admittance
corresponds to a negative inductor with inductance L., =
—pod (Fig. 1d). This represents a non-Foster element, typically
implemented using a power-intensive, complex circuit that
often encounters significant challenges related to stability and
bandwidth limitations [10]. In the following subsections, we
will introduce a new concept based on dispersion engineering,
which enables emulating the characteristics of a negative
inductor over a desired bandwidth within a fully passive
platform.

B. Realizing negative inductors using dispersion engineering

To design passive, time-invariant non-Foster reactive ele-
ments, dissipation (loss) must be introduced into the system,
which can be accomplished through a platform that enables
flexible dispersion engineering. One potential platform to
achieve this is by utilizing a parallel-plate capacitor with
capacitance Cj filled with a dielectric that follows Lorentzian
dispersion (see Fig. 2a). Similar dispersive platform was used
by Yaghjian to nullify the Q energy associated with a match-
ing capacitor in the matching network of electrically small
antennas [11]. The admittance for such a capacitor can be ex-
pressed as Y, (w) = jwCq [e(w)/eg]. where e(w)/eq is the
Lorentzian relative permittivity which is given as e(w)/ep =

1+ (wp/wo)” /[1—(w/wo)*+7 (7/wo) (w/wo)]. Here wy repre-
sents the resonance frequency, wy, is the plasma frequency, and
v is the damping constant. To achieve a negative inductor, the
imaginary component of YgDiSC(w) must possess a positive
value and exhibit a negative slope at the design frequency.
A closer investigation of the admittance of this capacitor
reveals that at frequencies w >> wg and w << wp, the
slope of Im{Y?*“} will always be positive. However, at the
resonance frequency (w = wy), the situation ig different, where
6[Im{ygDisC(w }]/aw’w:wo =Cy ( — %) which can be
made negative if v < v/2 2wy, while the imaginary component
of the admittance remains p0s1t1ve 1 m{YD 5C(w)} > 0.
Furthermore, 9[Re{Y,”**“(w)}]/0w| _ 0, indicating
that this design not only provides the requlred non-Foster
characteristics but also ensures a flat real part, i.e., dispersion-
less resistor in parallel to the negative inductor around w = wy
(see Fig. 2b). However, it is extremely difficult if not im-
possible, to realize such a capacitor filled with a material
with precisely engineered dispersion. In fact, this capacitor
can be realized using a simple circuit network composed of
frequency-independent elements. Figure. 2c represents one of
the many circuit realizations for the capacitor filled with highly
dispersive Lorentzian dielectric. Now that we have a platform
that can provide a non-Foster negative inductor over a desired
bandwidth, we can employ it in designing ultimately thin
wideband absorbers.

C. Designing thin wideband absorbers using dispersive grids

In order to achieve maximum absorption bandwidth-to-
thickness we derive specific relations for the dispersion
parameters of the grid admittance by imposing two critical
conditions at the design frequency, wo : Im{Y;)*“?} =
Im{Y,”*“} and reflection magnitude being maximum
threshold value (i.e., pp). Imposing these specified conditions

results in Cy = 1/[uowid] and w, = wp (%) (i‘%).

In this case, the absolute maxgmum bandwidth Aw,ae
happens when ~y = %Ood % Interestingly,
even though this relation was achieved through

mathematical derivation, ensuring that Im{Y;**?} and

I m{YD“C} display equal negative slopes around wy, i.e.,
OLIm{Y, e ()} lmy = OLIMAY,PI5C (w)}] /0]

also leads to the same condition on ~. For this case, tfle

maximum achievable bandwidth-to-thickness ratio can be

derived as

AA =Adr Vo . )

d 1—po

To demonstrate this idea, we design an electrically-thin ab-
sorber at frequency fo = 10 GHz and thickness d = Ag/30.
As shown in the Fig. 2d, the obtained Im{Y,”**“} clearly
demonstrates the negative inductive characteristics over a
wide frequency band while Re{YgD s} exhibits zero slope
around wo which is consistent with Re{Y**?}. Fig. 2e further
demonstrates the wideband absorption performance achieved
by the proposed design.
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Fig. 2. (a) Matching network using Lorentz dispersive dielectric-filled capac-
itor (b) Lorentz dispersive dielectric-filled capacitor emulating negative slope
around resonant frequency wg. (c) One of the many circuit representations
of Lorentz dispersive dielectric-filled capacitor. (d) Normalized admittance
profiles of dispersion engineered 1! order grid. (e) The reflection and
absorption spectrum of a A\o/30-thick absorber designed based on theory
developed in section II-C with maximum allowable reflection pg = 0.1.

III. HIGHER ORDER DISPERIVE GRID BASED ABSORBERS

This proposed concept can be further enhanced by incor-
porating higher-order Lorentz dispersion into the platform.
Specifically, by adding higher order dispersion into the grid
enables achieving a negative slope for the imaginary part and
near dispersion-less behavior for the real part of admittance
across a broad frequency range, thereby further improving
the absorption bandwidth. Building on this, the following
subsections will outline a design methodology for absorbers
based on higher-order dispersive grids and establish upper
bounds on the absorption bandwidth-to-thickness ratio.

A. Design Methodology

Consider a grid characterized by a dispersive dielectric-filled
capacitor, where the dielectric’s dispersion follows an n'’-
order Lorentz model. The admittance of this grid can be ex-

pressed as follows:Yy(w) = jw > i Co; {1 - W}
where Cy ; is the capacitance of the capacitor with free space
between its parallel plates, and w,;, wo;, 7; are plasma
frequency, resonant frequency, and damping frequency of the
it" resonator, respectively. For an nt"- order grid the total
number of parameters to be determined is 4n. Determining
these design parameters analytically to maximize the achiev-
able bandwidth-to-thickness ratio becomes exceedingly chal-
lenging, if not impossible, for orders n > 1. To address this,
we developed a semi-analytical approach aimed at optimizing
the dispersion parameters of a multi-order Lorentz grid to
achieve the highest possible absorption bandwidth-to-thickness
ratio for a specified allowed reflection. This method closely
follows the semi-analytical approach proposed by Rozanov to
extract upper bounds on the bandwidth-to-thickness ratio of
thin metal-backed dispersive dielectric absorbers with arbitrary
orders of dispersion [12] . We begin by considering the first-
order design, whose equivalent circuit parameters have been
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Fig. 3. (a) Initialization of the circuit parameters of higher order grid based
on first order design. (b) Admittance profiles for the designed higher order
dispersive grid (i.e., n = 1 through n = 5). (c) The reflection spectrum of
the absorber based on higher order dispersive matching.

analytically derived for a given thickness d, design frequency
fo, and maximum allowable reflection py (see section II-C).
The circuit parameters of the multi-order grid are then initial-
ized to provide the same grid admittance as that of the first-
order grid, as shown in Fig. 3a. The optimization of these
higher-order grid parameters is performed by maximizing the
following objective function: o (%)0'5 =" (Ri—po)?. Here,
R; represents the i*" local maximum of the reflectivity spec-
trum within the absorption bandwidth, and A)/d denotes the
achieved absorption bandwidth-to-thickness ratio. The param-
eter « acts as a scaling factor to ensure that the first and second
terms in the objective function are comparable in magnitude.
The purpose of this objective function is to maximize the
bandwidth-to-thickness ratio while simultaneously minimizing
the penalty associated with the reflection coefficient maxima
deviating from pg within the absorption band. This approach
allows for the determination of the optimal design parameters
that result in the maximum achievable bandwidth-to-thickness
ratio for a given order of dispersion, design frequency, thick-
ness and pg. To demonstrate bandwidth enhancement using
higher-order Lorentzian dispersion networks, we designed
an electrically thin absorber with dispersion orders ranging
from 1 to 5, based on the proposed optimization routine.
Fig. 3b clearly shows that as the dispersion order increases,
the bandwidth of the negative slope of Im{Y,} expands,
and the flatness of Re{Y;} improves. Consequently, Fig. 3c
illustrates the corresponding increase in absorption bandwidths
with higher dispersion orders.

B. Upper bounds on bandwidth-to-thickness of higher order
dispersive grid based absorbers

Based on the proposed optimization routine, we numerically
calculated the maximum achievable bandwidth-to-thickness
ratio for a given dispersion order n at varying threshold reflec-
tivity pg. By checking the numerical data for second order in
Fig. 4a, it turns out that for pg — 0 and pg — 1, the data can
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Fig. 4. Maximum achievable AX/d of higher order absorbers. The circles
indicate the numerically extracted value and solid lines indicate the determined
empirical relation (4) for @) n=2®b)n=3()n=4(d)n=>5

be fitted using A\/d ~ 37er3 and AX/d =~ 4.57/(1 — po),
respectively. By combining these two asymptotic behaviors
and considering other reflection data points within this range,
we can fit the maximum achievable bandwidth-to-thickness
ratio for the 2"? order grid using the following empirical
equation:

AN 1/3
T =T ©)
)
Following the similar procedure, the obtained numerical data
1/4
for n = 3,4 can be fitted using M = 152%: 72 and AA =

1/5
27r1 f 775 respectively (refer to Fig. 4b and 4c). Through
careful analysis of these empirical relations, the maximum
achievable bandwidth-to-thickness ratio can be generalized for
an arbitrary order of dispersion n as:

AN 3
7 (o) = 4w (n+2> ;

It is interesting to note that, for n = 1, this empirical
equation (4), yields the analytical upper bound derived for
the first order grid previously, i.e., (2). As a test, Fig. 4d
compares the numerically obtained bound for the 5* order
with that of the generalized empirical equation when n = 5,
demonstrating excellent agreement. Subsequently, an ultimate
upper limit on bandwidth-to-thickness ratio of dispersive grid-
based absorbers is derived when n — oo which is expressed
as:

pé/(nJrl)

_ pg/(nJrl) S

A 6m
li _— 5
7L1—>Holo d (007 ) |lnp0| ( )
IV. RESULTS

A. Comparison of bandwidth-to-thickness ratio of proposed
concept with existing bounds

Fig. 5a presents a comparison between the absorption
bandwidth-to-thickness ratio of the proposed design and es-

tablished upper bounds in the literature. It is evident that
the derived ultimate bound for the dispersive grid-based ab-
sorber (5) surpasses all previously established bounds and
remarkably achieved 95.5% of the fundamental limit (1)
defined by Rozanov. Furthermore, it is fascinating to note
that the proposed 4'"-order grid exceeds Rozanov’s bound for
metal-backed dispersive dielectric absorbers with infinite-order
dispersion in the dielectric (AX/d = 48/(w|ln pol), Eq. 10 in
[12], as n — oo) when py > 0.15. In contrast, the proposed
5" and higher order grids surpass this bound when py > 0.05,
as illustrated in Figure 5b.

B. Comparison of bandwidth-to-thickness ratio of proposed
concept with existing wideband absorbers

So far, we have compared the bandwidth-to-thickness ratio
of absorbers designed based on our proposed concept with
the fundamental bounds in the literature. However, it is es-
sential to also evaluate the performance of our design against
existing wideband absorbers. Fig. 5c and Table. I provides
a comparison of the absorption bandwidth-to-thickness ratios
of some of the best-performing wideband absorbers across
different parts of the frequency spectrum. As demonstrated
in this figure, to the best of our knowledge, irrespective of
design frequency our first-order design achieves a record high
absorption bandwidth-to-thickness ratio. Furthermore, while
all other absorbers drastically under perform in exploiting all
the potential that these LTI structures can provide, absorbers
based on the proposed concept can get arbitrarily close to the
fundamental limit.

C. Full wave simulations and measurements

To validate the proposed theory, we designed and measured
an absorbing layer incorporating a first-order grid with a
thickness of d = \y/30 at a center frequency of 10 GHz and
a reflectivity of pg = 0.15. Fig. 5d illustrates the designed
unit cell of the admittance grid, while Fig. Se depicts the
measurement setup for the fabricated sample. Fig. 5f compares
the measured reflection spectrum of the absorber with simu-
lated and theoretical results, demonstrating strong agreement.
The measured response indicates a bandwidth of 1.9 GHz
centered at 10 GHz, with reflectivity below -15 dB, very
closely aligning with the theoretical predictions. Please note
that the propsed design concept is based on the normal wave
incidence; however, oblique incidence modifies the matching
conditions, resulting in angle-dependent performance. We are
currently developing a methodology to achieve wide-angle,
wideband thin absorbers.

V. CONCLUSION

We have developed an innovative design methodology based
on dispersion engineering for ultra-thin absorbers, capable of
achieving an absorption bandwidth-to-thickness ratio nearing
the fundamental limit. Furthermore, we established new upper
bounds on this ratio for absorbers composed of dispersive
grids, expressed as a function of threshold reflectivity pg
and dispersion order n with the ultimate bound reaching
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Fig. 5. (a) Comparison of upper bounds on A)/d of the proposed theory
with established bounds in literature. (b) Comparison of A\ /d of the proposed
multi-order order dispersive grid based absorber with Rozanov’s upper bound
on dispersive dielectric absorber. Please note that y-axis has been normalized
with this upper bound. (¢) AX/d comparison between the proposed concept,
Rozanov’s limits, and some of the existing broadband absorbers in literature
[13]-[24] . The y axis is reported bandwidth-to-thickness normalized with
Rozanov’s fundamental limit and x axis is the thickness normalized with
wavelength at the lower frequency of absorption band. The numbers on the
graph indicate the references. (d) Designed unit cell (e) Experimental setup
(f) Simulation and measurement results.

TABLE I
COMPARISON OF WIDEBAND ABSORBERS IN FIG. 5C

Ref Frequency | Lower Frequency | Higher Frequency Thickness Avd
[13] Microwave 7.80E+09 1L.47E+10 0.14) 3.44
[14] Microwave 1.90E+09 7.30E+09 0.076) 9.73
[15] Microwave 4.23E+09 8.13E+09 0.07), 7.09
[16] Microwave 6.30E+09 3.07E+10 0.13% 6.01
[17] Microwave 2.70E+09 1.27E+10 0.08% 9.37
[18] THz 6.50E+11 3.03E+12 0.11% 7.22
[19] THz 6.39E+12 9.47E+12 0.11% 2.96
[20] THz 3.34E+13 1.85E+13 0.05), 8.61
[21] THz 2.34E+12 5.64E+12 0.07) 7.98
[22] Optical 1.80E+15 1.56E+14 0.23), 3.91
[23] Optical 4.23E+14 1.15E+15 0.24) 2.63
[24] Optical 4.29E+14 1.07E+15 0.14) 4.20

to 95.5% of the fundamental limit established by Rozanov
[6]. Our findings further demonstrate that integrating fourth-
order Lorentz dispersion within the impedance grid signifi-
cantly enhances performance, enabling our design to surpass
Rozanov’s established limit for metal-backed dielectric ab-
sorbers with infinite-order dispersion in dielectric. As proof
of principle, we fabricated and experimentally validated our
proposed theory using a first-order dispersive grid absorber.
The proposed concept enables metal-backed absorbers with
the highest bandwidth-to-thickness ratio ever reported in the
literature, representing a significant advancement in the design
and performance of electromagnetic absorbers.
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