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The optical window of low-observable platform needs to be compatible with ultra-broadband absorption, hence an
optically-transparent absorber with ultra-broadband absorption is designed and analyzed in this paper. The transparent ma-
terials indium-tin-oxide (ITO) film and polymethylmethacrylate (PMMA) are selected as the lossy layer and the supporting
dielectric layer, respectively. The optically-transparent ultra-broadband absorber (OT-UBA) is composed of three layers
of ITO square patterns, three layers of PMMA dielectric and a uniform ITO plane. The ITO square patterns can realize
arbitrary equivalent series of RC (resistor and capacitor) circuit, so that three layers of ITO square patterns together with
the ITO plane can achieve ultra-broadband absorption based on the equivalent circuit optimization. Measured results shows
that the 90%-absorption bandwidth covers 2—17 GHz while the light transmittance achieves 59.6% with a total thickness of

only 12.9 mm.

Keywords: ultra-broadband absorbers, optically-transparent, equivalent circuit optimization

PACS: 41.20.Jb, 42.25.Bs, 12.20.Fv

1. Introduction

The cockpit of the low-detectable aircraft, the glass win-
dow of the ground vehicle instrument in the military field and
the signal-shielding microwave technology room in the civil-
ian field require a visible light-transparent absorber to meet
the engineering needs of radar cross section (RCS) reduc-
tion and electromagnetic radiation resistance, also high light
transmittance to provide the operator with clear vision. Exist-
ing literature research on transparent absorbers, in which in-
dium tin oxide (ITO),!" graphene,?! metal grids!® and other
materials'*>! are used as loss layers. Not only the light-
transmitting properties, but also the electrical conductivity of
the material should be considered in the impedance-matching
problem. Therefore, it is difficult to design ultra-broadband
absorbers under the constraints of high light transmission.

Metamaterials are artificially manufactured materials that
do not exist in nature and have special performance advan-
tages, such as electromagnetic regulation!®! and negative re-
fractive index.!”! Metamaterials change some common prop-
erties of light and electromagnetic waves because the mi-
crostructure design of the metamaterial is smaller than the
wavelength of action of the material.[®?! Tt has great ad-
vantages in the design of broadband absorbers, the realization
of broadband impedance matching, the miniaturization of ab-
sorbing structures, the realization of light and thin characteris-
tics, and the use of indium tin oxide, graphene, and other ma-
terials to achieve microwave absorption and visible light trans-
parency. There are many ways to realize ultra-broadband ab-
sorbers. On the one hand, optimizing the pattern of the struc-
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tural unit and loading the lumped elements generates multi-
resonance to expand the bandwidth. A resistive square loop
was used in Ref. [13] as the unit cell of a wide-band absorber
and the theoretical bandwidth realized was 112% with a thick-
ness of 0.104AL. A double square loop with resistors of a sin-
gle layer absorber was proposed to produce three resonances,
which extended the fractional bandwidth to 126.8% for at least
a 10 dB reflectivity reduction under normal incidence.!'*! Var-
ious unit shapes such as the square patch,[!>! cross, !¢ gear-

171 and bow-tie shape!!®! were also tested. On the other

shape,
hand, an effective way to expand the bandwidth is to stack
The su-

perimposed structure of multi-layer dielectric films has been

multiple layers of dielectrics and lossy structure.

proved to effectively expand the bandwidth, and the single
lossy layer structure of the absorber can easily exceed the
fractional bandwidth of 120%.[!17-191 A three-layer slotted
square loop structure is proposed to achieve a fractional ab-
sorption bandwidth of 150%.1>!

In this paper, a method for an ultra-broadband absorber
characterized by its optically transparent property based on
circuit optimization is proposed. The objective function can
be realized by optimizing the circuit model, and the circuit
model is designed into a wave-absorbing structure through
the impedance law. The model of a resistive square patch
was taken as an example, the light transmittance is consid-
ered and optimized in the design of the absorber, and an ultra-
broadband transparent absorber is to testify the correctness of
the method. Finally, this work extends the bandwidth to 157%
on the constraint of 60% transmittance.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Materials and method
2.1. Selection of the transparent materials for the OT-UBA

ITO is a transparent conductive oxide material with
good electrical conductivity, and resistivity can be as low as
10~* Q-cm. We measured the light transmittance of the ITO
coated onto 0.125 mm PET film with different square resis-
tance values. The square resistance of the ITO is determined
by the thickness, which in turn affects the light transmittance.
For example, when the thickness of ITO with a square resis-
tance of 1 Q /[0 is 1000 nm, its light transmittance fluctuates
greatly since the light transmittance is lower than 70% in most
visible wavelengths. While the thickness of the square resis-
tance of 10 Q/[7 is one-tenth of 1 /0, the transmittance is
increased to 80%, as shown in Fig. 1. The light transmittance
can be improved (when designing a transparent absorber) by

selecting an ITO with a larger square resistance.
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Fig. 1. Photos of ITO film with different square resistances. (a) Ry =
1 Q/0, (b) Ry =10 Q/0, (c) Ry =50 Q/0, (d) Ry = 150 Q/O,
(e) Ry =300 Q/0. (f) the measured light transmittance of ITO at dif-
ferent thicknesses.

The dielectric material supporting the lossy layer also
needs to be highly transparent. We compared the optoelec-
tronic properties of some common transparent media, among
which PMMA has the best light transmittance and the dielec-
tric constant of 2.25, which is a good dielectric material. And
it has the advantages of low price and easy processing. In ad-
dition, changing the thickness of the PMMA has little effect on
the transmittance, so when optimizing the structure, the thick-
ness of the medium can be used as the optimization object to

only consider the absorbing factor.

2.2. Circuit simulation optimization

When the electromagnetic wave irradiates the surface of
the absorber, it will be reflected, transmitted or absorbed by
the absorber: RZ+ T2+ A% =1 (R, T, A represent reflec-
tivity, transmissivity and absorptivity, respectively). Increas-
ing absorptivity must simultaneously achieve small reflectiv-
ity and transmissivity. A small transmissivity can be used as a
grounding layer through a small resistance to shield the elec-
tromagnetic waves. To reduce the reflection of electromag-
netic waves, it is necessary to achieve impedance matching
between the input impedance of the wave absorbing structure
and the wave impedance of the air in a broadband range.

Zin—2y
Zin+7Zy

; ey

where Zj, and Zj represent the input impedance of the absorber
and the wave impedance of the air, respectively. According to
transmission line theory, the dielectric material can be equiv-
alent to the transmission line, and the resistive film layers can
equal the impedance in parallel with the transmission line.
Therefore, the input impedance of the absorbing structure can
be designed and optimized by the equivalent circuit method
to design broadband absorbers. An objective equation can be
designed in advance and then the circuit parameters can be
optimized. The parameter optimization process is a gradient
optimization algorithm, which is calculated inside the circuit
simulation software.

We assume absorption rate over 90, which covers the
range 2-18 GHz as the objective function. A triple-layer ab-
sorber is selected because increasing the number of lossy lay-
ers can expand the bandwidth. Meanwhile, PET with a thick-
ness of 0.12 mm is selected as the carrier for ITO, and the
series RC circuit is selected as the lossy layers to invert the
structure. The circuit model is shown in Fig. 2. The charac-
teristic impedance of a transmission line is determined by the
permittivity of the material, Z.; = 217.66 Q, Z., =251.33 Q,
where 2 = 0.125 mm is the thickness of the PET. The uniform
plane material as a reflective layer is also ITO, there is a re-
sistor rather than an ideal conductor in the circuit model. The
rest of the parameters are optimized by ADS software. Fi-
nally, we get the value of the circuit components in Fig. 2 and
the reflectance curve in Fig. 5(a).

Zo  Ze1 Zeo

Port 1

ho hy ho

hs
Zin3 ZinZ Zinl

Fig. 2. The circuit model of the OT-UBA structure. Circuit parameters:
Ry =200 Q, C; =25.12 fF, Ry, =323 Q, C; =207 {F, R3 = 136 Q,
C3 = 673.5fF, hg =0.125 mm, i~ = 2.8 mm, &, and A3 both are 4.8 mm,
R, =1Q

o .
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As shown in Fig. 2, the input impedance per reference
plane of the transmission line with any load impedance is

7 . =7 H 7 Zin(i—l) Jerc tanﬁl
ini = 4i

. , (i=1,2,3), (2
*Ze+Zin(i—1)tan 1 ( )

where [ is the length of the transmission line and f is
the propagation constant. It is easy to conclude that when
the Real(Z;,) = 377 Q as well as Imag(Z;,) = 0, the input
impedance is perfectly matched with air according to Eq. (1).
The input impedance of each layer to the ground and their
corresponding reflection coefficient are calculated as shown in
Fig. 3. With the increase to three in the number of lossy layers,
the real part of the impedance is close to 300 Q, and the imag-
inary part is kept near 0 Q. The input impedance is getting
closer to the air impedance in the entire working frequency
band, so the reflectivity is getting smaller, and the correspond-
ing resonance points are increased to three, which is why it
can achieve a good impedance matching in a wide frequency
range.

According to Ref. [21], a series-connected RC circuit can
be realized with a square patch structure. In order to realize
the circuit parameters with the actual structure, the impedance
law of resistive square patch is used. For any square patterns
element with different Ry and structural parameters, its ac-
curate equivalent surface impedance Z = R+ jX can be ex-
tracted by full-wave simulation software such as CST and
HFSS. The real part of the impedance is just the series equiva-
lent resistance R, while the imaginary part X is determined by
the capacitance C. Based on the extracted equivalent surface
impedance by full-wave simulation software CST, the capac-
itance C can be calculated using curve-fitting methods. For
example, for an element with p =5 mm, d/p = 0.85 (d and p
are the side length of the ITO square patterns and the period of

the array, respectively) and Ry = 100 /0, the calculated ca-
pacitance C is 40.3 fF, so that the imaginary X can be written

as

1
X=——. 3
oC 3
The equivalent capacitance value can be calculated from any
frequency point on the impedance curve.
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Fig. 3. (a) The input impedance of each layer to the ground and (b) their
corresponding reflectivity.
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Fig. 4. The impedance law of ITO square pattern elements. (a) The variation of equivalent impedance with d/p, fixed Rs and p. (b) The
variation of equivalent impedance with Ry, fixed d/p and p. (c) The variation of equivalent impedance with p, fixed Rs and d/p.

The impedance of ITO square pattern elements with dif-
ferent periodicity p (mm), patch size ratio d/p and square re-
sistance Ry (unit: Q/J) have been simulated and extracted
using full-wave simulation CST software. To further study
the variation law of ITO square pattern elements equivalent

impedance and structure, and establish a mapping relation

database, we fixed two of the three parameters p, Rg and d/p
to study the effect of another parameter on impedance. Mean-
while, we calculated the equivalent resistance R and capaci-
tance C under different structure sizes, in the form of control
variables; the abscissa of each value is used to describe the

variation law of RC parameters with other parameters, shown
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in Fig. 4. The law of resistance R can be summarized as fol-
lows: (i) R changes linearly with a negative correlation to the
patch ratio d/p. (ii) R changes strictly proportionally to the
square resistance R;. e.g., d/p =0.9 and p = 10 mm, the ratio
is R = 1.3R. (iii) R does not change with the periodicity p.

The law of capacitance C can be summarized as follows:
(i) C increases exponentially with d/p, where d/p = 1 is the
asymptote. (ii) C remains the same as the square resistance
increases. (iii) C increases linearly with periodicity.

This means that the resistance and capacitance of the
patch can be controlled by the square resistance and period-
icity alone, respectively. Figure 3 shows the variation law of
the corresponding parameters within a part of the range. The
range shown in the figure, which is the same as the law in
Fig. 3, can be analogized. In turn, we conclude that any RC
circuit parameters can be realized by the ITO square pattern
elements by tuning the periodicity, the patch size and the sur-
face resistance. This is the foundation of the design of an ultra-
broadband absorber through circuit optimization.

The idea of the design is briefly to first adjust the struc-
ture size to achieve the required value of the capacitance, and
then adjust the square resistance of the patch to achieve the
required equivalent resistance. The square patch structure re-
alizes the optimized component parameters, the transmission
line can be replaced with a medium with the same thickness
and dielectric constant. Thus, the circuit model is designed as
a complete absorbing structure model.

2.3. Structural design and analysis

The final parameters of the circuit and structure are shown
in Table 1. The ITO structure arranged periodically in each
layer is equivalent to the RC element in the circuit, the dielec-
tric layer is equivalent to a transmission line, together with the
overall structure which is shown in Fig. 5.

Table 1. Parameters of circuit models and ITO square pattern elements.

Parameters Value Parameters Value
Ry 200 Rqi 70 Q/0
Ry 323Q Ro 285 Q/0
R3 136 Q Rg 130 /0
Ci 25.1 fF Ry 10Q/0
C 207 fF dp 3.1 mm
G 673.5 {F dy 4.8 mm
h 0.125 mm ds 9.9 mm
hy 2.8 mm D1, P2 5 mm
hy, hs 4.8 mm 3 10 mm

The reflectivity and absorptivity curves for circuit op-
timization and structural simulation comparisons are shown
in Fig. 6(a). The bandwidth of the optimized circuit Sj; <
—10 dB (absorption rate is over 90%) is 218.7 GHz meets the

requirements of the objective function and is basically consis-
tent with the S1; curve simulated by the designed ITO square
pattern elements-based absorber. The high similarity of the
curves proves the accuracy of the design.

dy dy

ho =TTh,
\ \ = h?

%/
Ry

Fig. 5. The geometry of the OT-UBA structure.
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Fig. 6. (a) Circuit simulation in ADS and full-wave simulation in CST.
(b) Simulated absorption under different square resistance Rs,.

The square resistance in the structure needs to be de-
signed with a pre-determined value for impedance matching,
which cannot be changed arbitrarily, and its light transmit-
tance cannot be optimized. In comparison, the square resis-
tance of the reflective layer can be adjusted to improve light
transmittance without reducing absorption. We simulated the
effect of Ry, on the absorption from 1 Q/OJ to 300 Q/0J, as
shown in Fig. 6(b). The high-frequency component is almost
unchanged, while for the low-frequency part, the reflectivity
gradually increases so that it results in a narrowing of the ab-
sorption bandwidth as the square resistance increases. How-
ever, the thickness decreases by 900 nm when the square re-
sistance increases from 1 /00 to 10 Q/C). When the square
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resistance exceeds 10 Q/0O, the thickness is only reduced by
tens of nanometers; the influence of light transmittance be-
comes very tiny. Therefore, it is more appropriate to use a
square resistance of 10 Q/J to comprehensively consider the
influence of the square resistance on the microwave absorptiv-
ity and light transmittance.

It is certainly important to study the absorption perfor-
mance of the designed absorber under oblique incidences.
Simulated absorptivity performance of the designed absorber
for both TE and TM polarizations under oblique incidence are
shown in Fig. 7. The figure shows the absorption is acceptable
up to 6 = 30° for TE polarization. For TM polarization, the
absorption effect is better as the incident angle increases. The
performance of oblique incidence is related to the period of
the unit. It is necessary to consider oblique incidence in both
design and engineering applications.

1.0

0.9

0.8

0.7

0.6 | ——TE 40°

Absorptivity

0.5F

0.4 - : -
1 5 10 15 20

Frequency (GHz)

>
h=t
Z
=
o
=
2
é 0.6} ——TM 40°
0.5F
0-4 1 5 10 15 20

Frequency (GHz)

Fig. 7. Simulated absorptivity under different oblique incidence angles
for (a) TE and (b) TM polarization.

The design method in this paper is guided by the objec-
tive function, a strict mapping relationship between structural
parameters and circuit parameters is established. For the ultra-
wideband frequency response obtained by any circuit opti-
mization, the circuit parameters can be realized by the cor-
responding structural parameters obtained from the mapping
relationship. In addition, this method can more clearly under-
stand the principle of wave absorption by means of the equiv-
alent circuit method, as when the actual demand changes, the
objective function can be redesigned, and the absorbing struc-

ture can be designed efficiently.

3. Fabrication and measurement

We plated ITO with different square resistances on a
0.125 mm PET film with corresponding square patterns and
then glued the PET and PMMA with optically clear adhesive
(OCA). The composition of the OCA is PET material, and the
influence of the thickness of 10 um on the wave absorption can
be ignored. The sample size is 300 mm x 300 mm and contains
900 periodic units, as shown in Fig. 8. frequency shift occurs
for the resonant frequencies and the absorptivity is less than
the simulation in some frequency bands through the compari-
son of simulation and measurement curve. The errors between
them are the tolerances introduced during fabrication, such as
the square resistance of the ITO, and their values are within
range (Rg; in 130-150 Q/0J, Ry, in 280-300 Q/0J, R in 70—
80 Q/0J) and the square resistance of each unit is not fixed
at the same value through measurement. Errors are caused
by uneven tiny air bubbles when pasting between sheet mate-
rials. In addition, the uncertainty of the permittivity and the
thickness of the dielectric material and the uncertainty in the
measurement process can also lead to error. Despite the above
errors, the absorption bandwidth obtained by the test can reach
2—17 GHz. Thus, we conclude that the simulations shown in
Fig. 9(a) are convincing and valid.

Fig. 8. Photo of the fabricated OT-UBA structure.

The light transmittance of the OT-UBA structure with dif-
ferent Ry, was measured by a haze meter. The results are pre-
sented in Fig. 9(b). When the square resistance of the reflec-
tive layer is 1 Q /00, the light transmittance of the whole struc-
ture is less than 50%. The transmittance drops sharply after
the 550 nm band, which is the same as the measured trans-
mittance of 1 Q/0J single-layer ITO, which proves that the
transmittance of the reflective layer has a great influence on
the transmittance of the overall structure. When the square
resistance of the reflective layer is 10 Q /[, the light transmit-
tance increase to 59.6%. Increasing the square resistance of
the reflective layer improves the overall light transmittance of
the structure without reducing absorption, which is consistent
with the previous conclusion.
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We have also measured the oblique incidence, which is
basically consistent with the law shown in the simulation. The
results show that a good absorbing effect in the range of 40°
can be reached. For a 40° TM-polarized wave, the absorb-
ing body showed better performance. Under the condition
that the absorption frequency of the low-frequency part re-
mains unchanged, the high-frequency part extends to more
than 18 GHz, and the absorptivity in the entire frequency band

is above 80%, as shown in Fig. 10.
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Fig. 9. (a) Simulated and measured absorptivity of the sample at nor-
mal incidence. (b) The optical light transmittance of the total OT-UBA
structure with different Rgg.

To better understand the performance of our designed OT-
UBA structure compared to existing transparent absorbers re-
ported in the literature, we list the bandwidth and light trans-
mittance performances in Table 2 for some of the existing
transparent absorbers, including the one presented in this pa-

per. Obviously, it is difficult to balance the absorption band-
width and light transmittance very well. The data shows that
the absorption bandwidth of our OT-UBA structure has an ab-
solute advantage with almost the same relative thickness. The
literature!'*2>23] pays more attention to the light transmittance
and does not obtain a wider absorption bandwidth. Compared
to bandwidth-conscious work,[!7-?*1 our work extends the ab-
sorption bandwidth to 157% at a transmittance level of 60%.
In this work, the absorption bandwidth and transmittance are
comprehensively considered, and the absorption bandwidth is
effectively expanded on the premise of maintaining the trans-
mittance, which is of great significance in practical applica-
tions and provides a reference idea for studying the ultra-
wideband wave absorber under the constraint of optical trans-

parency.
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Fig. 10. Measured absorptivity of the sample at the different incidences
for (a) TE and (b) TM polarization.

Table 2. Bandwidth, thickness and light transmittance comparison of absorbers.

Ref. Bandwidth (GHz, %) Thickness (unit: A;) Light transmittance (%) Lossy layers
[22] 4.3-11.1(88.3) 9.7 mm, 0.138 69.4 2
[23] 6-16.7 (94.3) 4.42 mm, 0.088 85.7 2
[19] 6.1-18.4 (101.6) 4.2 mm, 0.086 86 3
[17] 3.86-15(118.1) 6.1 mm, 0.083 53 1
[24] 4.3-18.7 (125.2) 6 mm, 0.086 65 1
This work 2-17 (157.9) 12.9 mm, 0.086 59.6 3

4. Conclusion

In this paper, an ultra-broadband design method based on
transparent materials is proposed. The total thickness of the
ultra-broadband absorber is 12.9 mm, which is only 0.086A,

at the lowest operating frequency of the absorber. A proto-
type was fabricated and measured, proving the accuracy of the
design. Compared with the existing literature, the OT-UBA

has a wider absorption bandwidth under the condition of 60%
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light transmission. In future work, we will try to improve the
overall light transmittance under the condition of meeting the
absorption bandwidth. In addition, in practical engineering
applications, even if parameters such as materials and circuit
structures are limited, the structure can be quickly and accu-
rately designed according to requirements, which has a signif-
icant application value.
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