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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 wp. (c) One of the many circuit representations
of Lorentz dispersive dielectric-filled capacitor. (d) Normalized admittance
profiles of dispersion engineered 15! order grid. (e) The reflection and
absorption spectrum of a Ag/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

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
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li _— 5
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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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