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Abstract—We investigate the underlying mechanisms of
impedance mismatch under oblique incidence and propose a scan
compensation method to design an ultra-broadband absorber with
ultra-wide-angle and polarization stability. For realization, a dual-
section dielectric layer is introduced to improve the input
impedance, while magnetic material is primarily employed to
mitigate frequency shift under oblique incidence, achieving much
superior absorption performance of transverse electric and
transverse magnetic waves at large incident angles. Integrating
resistive surfaces, dielectric layers, and a grounded magnetic layer,
an ultra-broadband and ultra-wide-angle microwave absorber is
designed. Cube honeycomb structures are used to replace
unavailable low-permittivity dielectrics to enable experimental
validation. A prototype is fabricated, assembled and tested, and
the measured results show that it achieves at least 90% absorption
in 2.0-14.8 GHz under the normal incidence, with a fractional
bandwidth of 152.38%. When the incident angle reaches 60°, the
absorber maintains absorptivity at least 90% for both transverse
electric and transverse magnetic waves. Measured results indicate
that the designed absorber achieves ultra-broadband absorption
performance with ultra-wide-angle and polarization stability.

Index Terms—Absorber, effective medium theory, magnetic
material, resistive surface.

I. INTRODUCTION

N excellent absorber is characterized by ultra-broadband

and good absorption with ultra-wide-angle and
polarization stability. To achieve good absorption performance,
its input impedance must match the free-space impedance at
varying incident angles, so that the electromagnetic waves can
enter the absorber and be dissipated. However, as the incident
angle increases, the free-space impedance for transverse
electric (TE) and transverse magnetic (TM) polarizations not
only deviate from those at normal incidence, exhibiting
distinctly divergent trends in opposite directions. This induces,
compared to normal incidence, diminished absorptivity for TE
polarization and shifted absorption bandwidth toward high
frequencies for TM polarization. It is a great challenge to design
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an ultra-broadband
polarization stability.

Traditional absorbing materials, such as Salisbury screen [1],
Jaumann absorber [2] and Dallenbach structure [3] suffer from
narrow bandwidth, fixed polarization and huge volume, which
promote the study of novel absorbing structure with broadband
absorption characteristic [4-6]. In general, ways to expand the
bandwidth include loading lumped elements [7-11], resistive
films [12-17] and stacking multi-layer structures [18-21]. For
example, a low-profile wideband absorber based on metallic
strips embedded with resistors was proposed to achieve at least
90% absorption from 2.77 GHz to 12.17 GHz [10]. An ultra-
broadband multilayer absorber based on resistive film was
designed to realize 90% absorption from 1.14 GHz to 14.2 GHz
[12]. Unfortunately, the absorption of the aforementioned
broadband absorbers does not surpass incident angle of 30°,
which means that wide-angle characteristic needs further
improvement.

Recently, efforts from matching dielectric layer [22-27], 3D
structures [28-31], traditional multilayer structure (TMS) [32-
35] and magnetic materials (MM) [36-38] were proposed to
design ultra-broadband and ultra-wide-angle absorbers. For
example, Munk et al. demonstrated that the input impedance
can be compensated by placing a matching dielectric layer for
oblique incidence [22]. Several absorbers based on single
matching layer (SML) or dual-section matching layer (DML)
were proposed to achieve -10 dB reflection coefficient under
45°TE-polarized wave incidence and 50° TM-polarized wave
incidence [24,25,27]. To further improve the wide-angle
performance, a near-omnidirectional metamaterial absorber
was designed, which maintains 90% absorptivity under 82°
TM-polarized wave oblique incidence [30]. However, it allows
90% absorptivity for TE-polarized wave within the incident
angle less than 45°. It is worth noting that several studies have
presented that magnetic material-based absorbers can achieve
absorptivity above 90% at 60° under TM polarization, yet fail
to exceed 45° under TE polarization [36,37]. The mentioned

absorber with ultra-wide-angle and
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approaches solely employing a single method are generally
insufficient in improving the absorption performance for TE
and TM polarizations at large incident angles. To further
enhance wide-angle performance, a broadband absorber based
on modified magnetic material was proposed to achieve at least
-10 dB reflection coefficient under TE- and TM- polarized
waves oblique incidence within 0-60° [38]. These studies have
proposed absorbers exhibiting good absorption characteristics,
but operating bandwidth and wide-angle characteristics need to
be further improved, and the underlying mechanisms of
impedance mismatch under oblique incidence need further
exploration. So far, few absorbers have reported that can
achieve ultra-broadband absorption performance with ultra-
wide-angle and polarization stability.

In this paper, we investigate the underlying mechanisms of
impedance mismatch under wide-angle oblique incidence and
propose scan compensation method that employing magnetic
material and a dual-section dielectric matching layer to jointly
mitigate impedance mismatch for TE and TM polarizations at
large incident angles. An ultra-broadband metamaterial
absorber was designed by using the proposed method, and
presents sufficient advantages compared with existing
absorbers. The proposed design has the following features: (1)
it provides a scan compensation method to mitigate
polarization-sensitive limitations and unifies polarization
stability for TE and TM waves at large incident angles; (2) the
cube honeycomb is used to replace unavailable low-permittivity
dielectrics in designing absorber to obtain a good performance;
(3) it can achieve 90% absorptivity with the overlapping
fractional bandwidth of 136.4% under incident angles from 0°
at 60°.

II.  OPERATING PRINCIPLE

A. Free-Space Impedance Variation under Oblique Incidence
A single-layer lossy medium (e=¢'-je", u=u'-ju') with the
thickness of d is placed on a metallic plate to analyze the free-
space impedance variation under oblique incidence. When an
arbitrarily polarized plane wave is obliquely incident on the
medium surface, the incident electric field can be resolved into
two components [39]. One component is vertical to the
incidence plane, referring to TE polarization. The other
component is parallel to the plane of incidence, corresponding
to TM polarization. Consequently, the analysis of the oblique
incidence can be divided into TE and TM polarizations, as
depicted in Fig. 1 (a). The free-space impedance of TE
polarization and TM polarization can be expressed as

TE _ _20
ZO - cos By (1)
ZtM = Z,cos 6, )

where Zy=377 Q is the free-space impedance under the normal
incidence, and 6, is the incident angle.

Fig. 1 (c) shows that the free-space impedances of TE and
TM polarizations vary with the incident angle ). As the
incident angle 6 increases, cosf)y decreases, leading to a
significant increase of the free-space impedance for TE
polarization and as well as a slow decrease for TM polarization.
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Fig. 1. (a) A grounded medium layer under TE and TM polarizations and its
circuit model. (¢) The free-space impedance at various incident angle.

This apparent opposite trend resulting in obtaining a good
impedance matching for TE and TM polarizations at the same
time seems to be impossible. Hence, it is a great challenge for
an absorber to maintain good absorption performance under
normal and oblique incidence simultaneously.

B. Input Impedance Variation under Oblique Incidence

When a plane wave is incident at an oblique angle upon an
absorbing material, i.e., 6p>0, the refraction angle 6 is a
complex quantity, which can be calculated by Snell’s Law

cosf = 1—w=|c056|e”’ 3)
e

where |cos 6| and ¢ can be derived as [40]

_ 1 __cosé . ,
|cos@| = \/COS » (1 e S 6) (4a)
= tan~1 sind 4b
¢ an (2(cos 5——S'i‘;g£9'o)) (40)

where 0 is relative to the real and image part of # and ¢, which
can be calculated by o=u""/u'+e'/e".
The propagation constant y of the medium can be written as
; .2nf
y=a+jB == e (5)
in which a and § are the attenuation and phase constants. The

expression of & and £ can be obtained by

\/E r.r n_rr 1. n_r 1! mn_rr
a=Tan\/(/t€ — e+ (e +p"e)r - (We' —u'e") (6a)
,8 =\/E:'f\/\/(ﬂlgl_#ugu)2 + ([l’S”‘f‘[l”S’)Z + (urg/_ﬂngn) (6b)

The electric field E; in material can be expressed as

E, = E,ge laxx+i(Bxx+Byy)] (7)
in which

a, = (acos@ — Bsing)|cosb| (8a)

By = (asing + Bcosp)|cos O] (8b)

By = By siné, (8c)

Authorized licensed use limited to: CHINA UNIVERSITY OF MINING AND TECHNOLOGY. Downloaded on May 08,2026 at 01:56:38 UTC from IEEE Xplore. Restrictions apply.

© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



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.2026.3688981

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

A succinct formula of the true refraction angle can be
decomposed from the complex refraction angle 6 as [40,41]
—1P -
P = tan 1[ﬁ—i’] = tan 1[Re(cot@)] 9
Note that the result y is a real number, its core contribution is
used to analysis the trend in the electrical length under oblique
incidence in this paper. If the product |u||¢| is a sufficiently large
value, cosf becomes independent of the incident angle,
implying that the refraction angle in medium is insensitive to
the incident angle.
The characteristic impedance of TE and TM polarized waves
under oblique incidence can be written as [39]

TE _ u_1
Ze" = ZO\/; cos

zm =ZO\/gc059 (11)

Moreover, the input impedance of the medium of TE and TM
polarized waves under oblique incidence can be calculated by

Z;M(TE) = ZCTM(TE)tanh (ydcosB) (12)
where in which ¢=3x108 m/s is the speed of wave propagating
in free-space. Furthermore, the reflection coefficient of TE and
TM polarized waves under oblique incidence can be described

as

(10)

,TM(TE)
|1—'TM(TE)| — | in
ZTM(TE)

(13)

In general, as incident angle increases, the absorption
performance of a non-magnetic absorber exhibits a significant
decline under TE-polarized waves, while demonstrating a
gradual decline under TM-polarized waves. In both cases, the
operating bandwidth shifts toward higher frequencies. The
resonant frequency can be analyzed by the electric length of
pdcosw~n/2 [22], to maintain the resonant condition, the
frequency needs to be raised to compensate for the
reducing cosy as increasing incident angle. It leads to resonant
frequency shifting to higher frequencies and the absorption
bandwidth undergoes a corresponding offset. It is assumed that
the input impedance of an absorber under the normal incidence
is matched perfectly with the free-space impedance, i.e., Zo=Zn.
For TE polarization, the difference between the characteristic
impedance Z'* and free-space impedance Z;" increase sharply
as the incident angle increases. As a result, the input impedance
is mismatched to the free-space impedance variation, thus the
reflection coefficient increases significantly. For TM
polarization, the difference between the characteristic
impedance Z" and free-space impedance Z," increase flatly as
the incident angle increases. Hence, the reflection coefficient
shows a slow but tolerable deterioration. In summary, the root
cause of this phenomenon lies in the fact that the characteristic
impedance changes with a slower rate than the free-space
impedance, which consequently exacerbates the impedance
mismatch.

_ ZOTM(TE)

+ ZOTM(TE) |

C. Impedance Matching with Scan Compensation

To achieve good wave absorption characteristics under wide-
angle incidence, it is essential to overcome two main obstacles:
the deterioration of reflection coefficient and frequency shift.
Munk et al. proposed a method of scan compensation that
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Fig. 2. Impedance matching circles for oblique incidence at 6,=0°, 6,=60° for
TE and TM polarizations.
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Fig. 3. Complex permittivity and permeability of commercial magnetic
material.

places an impedance matching layer in front of an absorber to
maintain absorption performance under wide oblique incident
angle [22]. In addition, introducing the dual-section impedance-
matching layers is a powerful method to improve large angle
stability, because it can provide better impedance matching to
compensate for impedance mismatch at large angle, thereby
maintaining good absorption [23, 25]. The optimal permittivity
of the top dielectric layer can be approximately given as [22]

& =1+ cosb, (14)
where 6 is the incident angle between the direction of
propagation in air and the normal to absorber. A great deal of
studies demonstrated that it is a feasible method to improve the
oblique angle stability, especially for the absorption
degradation problem at oblique incidence, but the problem of
frequency shift needs to be further improved. When incident
waves change from normal to oblique incidence, the value of
cosy will change from 1.0 to a value smaller than one.
Consequently, f must increase to maintain fdcosy ~ /2.
Compared to non-magnetic absorbers (NMA), magnetic
absorbers (MA) possess higher permeability and permittivity,
demonstrating that the value of cosy exhibits a smaller decrease
as incident angle increases according Equation (3) and (4).
Consequently, the frequency only needs to be shifted slightly
towards high frequencies under large angle incidence, the
resonance condition can be maintained. In conclusion, it is
favorable to design an absorber with ultra-wide-angle
characteristic by utilizing magnetic material and impedance
matching layer.
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D. Impedance Matching under Oblique Incidence

An absorber with good absorption under varying incident
angles means that its input impedance needs to well match the
free-space one. The impedance matching situation of absorbers
is hard to obtain due to it is a transcendental equation with six
parameters. To gain insight and comprehend the impedance
matching condition more intuitively, we derive the impedance
circles of various incident angles. An arbitrary absorber is
equivalent to a single layer medium according to the effective
medium theory. Its input impedance of TE and TM polarized
waves under oblique incidence can be expressed as
ZiT;lM(TE) _ R;M(TE) +in7;lM(TE) (15)

Substituting (15) into (13), the reflection coefficients of TE
and TM polarized waves under oblique incidence can be further

calculated by

TM(TE) , ., TM(TE) ,TM(TE)
Rin +iXin ~Zy

TM(TE) , ., TM(TE) , ,TM(TE)
Rin +]Xin +Zy

(16)

By simultaneously squaring and simplifying both sides of
(16), a standard circle equation can be obtained by

TM(TE)|?
(RET9) + (R0 + (200 2oz L g 17)

Then the center and radii of the impedance circles are

=

respectively. That is, the impedance circles for TE and TM
polarizations depend on the desired reflection coefficients
|[™(TE)| and incident angle 6o. Fig. 2 presents impedance circles
of normal incidence and oblique angle of 60° for TE and TM
polarizations with |S;;|=-10 dB. As the incident angle increases,
the range of impedance circle for TE polarization increases
significantly, while for TM polarization shows reduction. The
trends are consistent with the trends of the input impedance
condition of TE and TM polarized waves under oblique
incidence. If an absorber with desired reflection coefficient is
to be obtain under oblique incidence, its input impedance must
lie in the corresponding circle.

|rTMaE)| =

rTM(TE)lz . | rTM(TE)lz .

0=( ZgM(TE) | 0), FTMCTE) = ZTM(TE)

| [ TM(TE) |2 1 | [ TM(TE) |2 1

III. RESULTS AND DISCUSSIONS

A. Physical Model and Equivalent Circuit Model

According to the scan compensation theory, an ultra-
broadband absorber with ultra-wide-angle and polarization
stability is designed by introducing dual-section matching
layers and magnetic material. Wherein, the dual-section
impedance matching layers is utilized to compensate the input
impedance and magnetic material is employed to moderate the
frequency shifts under oblique incidence for TE and TM
polarization. To obtain 90% absorption under oblique incident
angle of 60°, the permittivity of the top impedance matching
layer can be calculated by equation (14) as ¢,1=1.5. The other
dielectric layers employed are polytetrafluoroethylene with
relative permittivity of &.,=¢,3=2.45, and the permittivity (&4)

and permeability (u4) of magnetic material are displayed in Fig.

3. Its imaginary parts of the permittivity and permeability are
not zero, indicating that the magnetic material is lossy and can
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Fig. 4. An ultra-wide-angle absorber design. (a) The absorber structure and
(b) its equivalent circuit model.

absorb electromagnetic waves. There is a large real part of the
selected magnetic material and it should be insensitive to
change in incident angle. As shown in Fig. 4, the physical model
of the predicted absorber consists of a dual-section matching
layer, magnetic material, resistive surface and conducting plate.
Its equivalent circuit model can be established by using the
transmission line theory. The magnetic material and dielectric
layer can be represented as a transmission line of the same
thickness, and the metallic plate can be considered as a short
circuit. The array of square resistive surface can be considered
as a series connection of a capacitance (C) and a resistance (R)
[42,43]. The equivalent resistance is related to square resistance
(Rs,;) and width (w;) of resistive film and the period (p) of unit
cell. The equivalent capacitances can be calculated by €. times
the corresponding Cp values. Wherein, Cp represents the
equivalent capacitance of the resistive surface array in free
space. The effective permittivity e, depends on the dielectric
environment surrounding the resistive surface. When a
resistance is embedded in two substrates with different
thickness (di, d2) and different permittivity (¢1, €2), €. can be
calculated by & = (eiditexds)/(di+d>) [44]. Fortunately, the
values of R and C of TE and TM polarized waves under oblique
incidence are equal to the ones under normal incidence, since
the slight variations can be neglected [23]. This provides a
possible way to understand absorption mechanism by
establishing an equivalent circuit model under oblique
incidence.

In the absorber design, impedance matching is complicated
due to the fact that there exists a large number of structural
parameters. In order to simplify the design difficulty, a method
combining the equivalent circuit model and genetic algorithm
is used to quickly obtain the desired reflection coefficient [16].
Because it constructs the closed-form relationships between
lumped elements and absorber parameters. In this paper, the
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optimization variables are A, h2, h3, ha, ws, wa, Ry 3, and Ry 4. To
quantify the deviation of the current iteration from the target, a
fitness function is introduced as:

Fitness = X2, W, x X7 (18)

where i denotes the i-th optimization goal, W; represents its
associated weight. N; and f; correspond to the total number of
frequency points and the specific frequency value for j-th point
under the i-th goal, respectively. And eif) quantifies the
discrepancy between the optimization response R;(f;) and the
desired threshold G;(f;). The relationship is expressed as:
Riy-Gilf) i Ri)>Gilfy
ciffy ‘{0 if R{F)<Gi(f) (19)
where no contribution is made to the fitness function when
Ri(1)<Gi(f), as the difference e;(f;) is equal to zero. Finally, the
target reflection coefficient is satisfied after 202iteration, taking
2min andl5s, which run on a personal computer of a
configuration with AMD Ryzen 7 7500G CPU @ 3.8 GHz and
16 GB RAM.
The transmission matrix of the basic absorber (model I) of
TE and TM polarized waves under oblique incidence can be

N;i Iz(f)l

written as
ATM(TE) pTM(TE) cos 8y ]ZTM(TE)Sm O4|11 c 0
I T i
CTM(TE) DTM(TE)] }ﬂ cos & L
7 I ZTM(TE) 4111 + jwC,uR,
cos 83 jZTM(TE)sm G311
. sind3 jwes (20)
o) cos &3 14jwC3Rs
3

To insight the contribution of the magnetic material, the
transmission matrix of the basic absorber without magnetic
material (model II) of TE and TM polarized waves under
oblique incidence can be calculated by Equation (20).
Furthermore, the transmission matrix of the basic absorber
with a single-section matching layer (model II) of TE and TM
polarized waves under oblique incidence can be written as

ATM(TE)  pTM(TE)Y [cos &, jZTM(TE)smcSZ
_[ ! i 1)

. sindy
J W
Finally, the transmission matrix of the basic absorber with a
dual-section matching layer (model IV) of TE and TM
polarized waves under oblique incidence can be written as

TM(TE) TM(TE)
Ay By,
CcTM(TE) DTzlu (TE)

cos 6.
11 2

CITM(TE) D ITM(TE)

ATHEE) pTMTE)) i) prue) [cos 8 jZM T sin 6,
111
. siné (22)
[TM(TE) DTM(TE)] [TM(TE) DTIIVI(TE)] ]WT;) cos &,

where Z"™ is the characteristic 1mpedance of TE and TM
polarized waves under oblique incidence, which can be
calculated by
TE _ Hri 1 . _
Z;® =1, /sricosei’l_1’2’3’4 (23)
M=z, /”“cosel,L =1,2,3,4 (24)
o; = —OJErjl"Llr,ihiCOS ei,l = 1, 2, 3, 4 (25)

where u,; and ¢,; are relative permeability and permittivity of
the i-th layer medium of thickness 4;. The refraction angle 6; in
the i-th layer medium (i=1, 2, 3, 4,) can be derived by equation
(3). R, Ci (i=3,4) are equivalent resistance and capacitance of

the resistive films. Furthermore, the input impedance of model

I, IL, IIT and IV can be represented as
ATM(TE) Zu+ BTM(TE)

TM(TE
Zml( ) = w.l—l I, 1V (26)
where Z; =0 because of the short circuit.

After optimization, the structural parameters of the ideal
absorber can be obtained as follows: 2:=1.09 mm, /#;=5 mm,
ho=h1=6 mm, ws=8.95 mm, w;=9.04 mm, R,4=315.6 Q/sq,
R,3=201.6 Q/sq. The absorber model is then constructed in full-
wave simulator to calculate its reflection characteristics.

B. Simulation Results

In order to verify circuit calculation results, the proposed
absorber model is built in the commercial electromagnetic
simulation software and calculated using the frequency domain
solver. For the oblique incidence case, the incidence angle of
the electromagnetic wave is set in the Floquet port, and TE and
TM modes are configured as the excitations. The boundary
condition in the normal direction is set as “open (add space)”,
while the directions perpendicular to the normal are set as “unit
cell” boundary conditions. To ensure simulation accuracy, the
cells per wavelength is set to 15, and when incident angle is 0°
(60°), the number of meshing cells are 92853 and 91666, the
simulation time are 5 min 54 s and 5 min, and the iteration count
to 17 and 14, respectively.

To illustrate the individual contribution of different layers,
Fig.5 shows full-wave simulation and circuit calculation results
of reflection coefficient and input impedance of model I, II, IIT
and IV. By comparing the results of model I and II in Fig. 5(a)
and (b), the reflection coefficient of model I at 6" =60°shows
almost no shift for starting frequency compared to normal
incidence and more wider operating bandwidth. Therefore,
magnetic material contributes to expanding absorption
performance and mitigating frequency shift. Besides, a grating
lobe is observed on the full-wave simulation results of 6)"=60°
in Fig.(b), as marked in a red circle at 12.2 GHz. In Fig. (c), the
bandwidth of model III is extended to 2.13-14.4 GHz at 6,=0°.
Its reflection coefficient at &,"=60° is less than -10 dB within
2.46-18 GHz, while fails to meet the condition of less than -10
dB at 6;"=60°. As shown in Fig. 5(d), the reflection coefficient
of model 1V is less than -10 dB within 2.01-15.4 GHz at 6,=0°.
Its reflection coefficient can maintain below -10 dB from 2.68
tol18 GHz at 6,°=60°and from 2.54 to 17.5 GHz at 6;"=60°.
The overlapping bandwidth (OBW) for normal incidence, TE-
and TM-polarized oblique incidence from 0° to 60° is 2.69-15.4
GHz. Fig. 5(e)-(h) illustrate the situation of input impedance of
model I, I, Il and IV at 6,=0°, 6;"=60° and 6,"=60°,
respectively. The input impedance of the designed absorber
with dual-section matching layer and magnetic material lies in
the impedance circle with |S11|<-10 dB of 6=0°, 8;"=60° and
05"'=60°, indicating that its input impedances match with the
free-space ones. In conclusion, the proposed scan compensation
method is feasible to design ultra-broadband absorbers with
ultra-wide-angle and polarization-stability.

Moreover, the grating lobes of periodic structure can be
calculated by for=nco/(p(sinfy+1)) [30], where p=12 mm is the
period of unit cell, ¢y is the speed of electromagnetic wave in
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Fig. 5. Simulation results of reflection coefficient and input impedance under
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incident angle of 6,=0°, 6;°=60° and 6,"=60°. (e)-(h) Input impedance of
model I, 11, IIT and IV at incident angle of 8,=0°, 6" =60° and 6;"=60°.
vacuum, n=1 or 2 is the order of grating lobe, and fg; is the
frequency of grating lobe. According to the mentioned equation,
the first-order grating lobe under normal incidence should occur
at about 25 GHz. When incident angle is 60°, the first-order
grating lobe should occur at about 13.4 GHz, and the second-
order grating lobe should occur at about 26.8 GHz. The full-
wave simulation results of reflection coefficient at 6,=0°,
0i"=60° and 6;""=60° show no grating lobe in operating band
and are consistent with circuit calculation results, indicating
that the proposed absorber can avoid the generation of grating
lobe.

To insight physical mechanism of improving performance
at large incident angle of 60°. As shown in Fig. 6, the
distribution of magnitude of E-field(|E|) and H-field(|H]|) in xoz
plane at 10 GHz, under condition of normal incidence and
oblique incidence of 60° TE- and TM- polarized waves. In Fig.
6(a) and (b), the distribution of |E| and |H| shows that there is
no standing wave generated under normal incidence. As shown
in Fig. 6(c)-(f), the distribution of |E| and |H| transition

of |E| and |H| at 6;°=60°.

smoothly in absorber, particularly through the dual-section
matching layer, providing that it has good impedance matching
characteristics and that the matching layer can improve
impedance matching at 6;°= 6;"=60°. In Fig. 6(e) and (f) the
distribution of |H| in magnetic material occurs deflection
phenomenon at 6;°= 6;""=60°, meaning that the incident angle
decreases. It contributes to maintaining absorbing resonant
condition and minimizing frequency shift, thereby mitigating
the mismatch under large-angle incidence. Therefore, the dual-
section layer and magnetic substrate jointly mitigate TE and
TM mismatch.

Introducing a matching layer on the basic absorber can
effectively improve the absorption characteristics under oblique
incidence. However, it is hard to obtain the desired dielectric
slab with low permittivity of ¢.,=1.5 in practice. Fortunately, it
can be obtained by the homogenization method based on the
effective medium theory. In theory, it can obtain accurate
equivalent permittivity only when the periodic cell size is
sufficiently small compared to the operating frequency
wavelength, i.e., D<1/21 [45]. The cube honeycomb structures
are used to replace the uniform dielectric slab in experimental
stage, as shown in Fig. 7(a). Fig. 7(b) and Fig. 7 (c) show a top
and side views of the unit cell of cube honeycomb structure. Its
effective permittivity can be represented by a tensor form, the
effective radial permittivity & and axial permittivity &. can be
calculated by [46,47]

(2-9)€0+g¢a
£t = fa et 2-0)ea @7)

& =&+ (-9 (28)
where ¢, is the relative permittivity of the dielectric material for
constructing the cube honeycomb, & is the relative permittivity
of the fill materials and its fill factor g is given by g=1-((D-
2r)/D).

Therefore, the effective permittivity can be controlled by
changing the constructing dielectric material. The permittivity
of dielectric layer is £=2.65, then D=6 mm, 7=0.65 mm, &=1.5
and £~1.63. This means that the effective permittivity increases
from 1.5 to 1.63 with incident angle ranging from 0° to 90°.

Figs. 7(e) and (f) show the absorptivity at various incidence
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Fig. 7. The equivalent absorber and its absorption. (a) The diagram of cube
honeycomb structures, (b) The top and (c) side view of unit cell of cube
honeycomb structure, (d) The simulation absorptivity under oblique incidence
for (e) TE polarization and (f) TM polarization.

angles for TE and TM polarizations. For TE polarization, the
proposed absorber can achieve more than 90% absorptivity
within 2.01-15.4 GHz under the normal incidence. As the
incidence angle increases for TE polarization, the absorptivity
decreases and a slight shift toward high frequencies is noted,
but still maintains about 90% absorption in 2.69-15.4 GHz at
6o= 60°. In the operating bandwidth, its absorption is more than
90%. For TM polarization, the starting frequency at oblique
incidence is slightly shifted towards high frequencies compared
to the normal incidence, and still maintains more than 90%
absorption within 2.54-15.4 GHz at 6= 60°. However, when
the incidence angle increases to 75°, the absorptivity for TM
polarization remains at approximately 80%, while that for TE
polarization drops to 70%. The overlapping fraction bandwidth
of the normal incidence and oblique incidence at 8= 60° for TE
and TM polarizations is 140.52%. In summary, the designed
absorber possesses good impedance characteristics and ultra-
broadband absorption performance with ultra-wide-angle and
polarization stability.

C. Experimental Validation

In order to validate the proposed method, a sample with
dimension of 300 mmx300 mm and 18.14 mm thickness is
fabricated and measured. It consists of resistive surfaces,
dielectric slab, magnetic material and cube honeycomb
Resistive surfaces fabricated using screen-printing techniques
are adhered to polyimide films with a thickness of 0.025 mm
(dielectric constant of 3.0-j0.003). The cube honeycomb
structures consist of several small dielectric slabs with relative
permittivity of 2.6 manufacturing high-precision laser cutting
technology. Magnetic material is a commercial product, which
offers stable performance. Compared to non-magnetic absorber,
magnetic materials are more expensive and heavier, but can
mitigate impedance mismatch and achieve large-angle stability.
These mature processes and materials to enable absorption
performance testing.

The arch method is performed in a microwave anechoic
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Fig. 8. Test configuration and measured results. (a) Test configuration in a
microwave anechoic chamber, (b)Front view of the proposed absorber,
Measured absorptivity under oblique incidence for (¢) TE polarization and (d)
TM polarization.

chamber to measure the reflection coefficients of the sample, as
shown in Figs. 8(a) and (b). Two pairs of broadband horn
antennas are adopted to connect to the vector network analyzer
(Keysight ES063A) as the transmitter and receiver. The two
antennas operate in the frequency range of 2-18 GHz (LB-
20180-SF). In measurements, the distance (L.) between the
antennas and the sample needs to satisfy the far-field condition,
i.e., Lss>2D; /2, where D, is the diameter of the proposed
sample. A metallic plate of the same dimension as the fabricated
sample is used as a reference to perform the calibration of the
reflection parameters of the absorber sample. Fig. 8(c) and (d)
show the measured absorptivity of the absorber under oblique
incidence of TE and TM polarizations within 2-18 GHz. It can
achieve more than 90% absorption from 2 GHz to 14.8 GHz
under the normal incidence. At incidence angle of 60°, it can
maintain more than 90% absorption within 2.94-18 GHz for TE
polarization and within 2.45-17.66 GHz for TM polarization.
The OFWB shifts only 18.7% compared with the largest
bandwidth of normal incidence, TE- and TM-polarized oblique
incidence from 0° to 60°. There is a discrepancy in operating
bandwidth between the measured results and simulation results
under normal and oblique incidence. It may be caused by the
machining tolerance coming from the effective cube
honeycomb and magnetic material in the prototype. Overall, the
proposed absorber can realize good absorption with ultra-wide-
angle and polarization stability within ultra-broadband
frequencies.

D. Comparison and Discussion

In order to illustrate the relation between absorption
performance and thickness, an indicator of the causality ratio is
defined by R~hi/hmin to evaluate the proposed absorber. In
magnetic absorber, 4, is effective thickness calculated by
h=2u;h;, where y; h; are the maximum value of the real part of
permeability and thickness of the i-th layer material [49].
According to the Rozanov limit [48], the relationship between
minimum thickness and bandwidth for absorber under can be
expressed as
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TABLE 1
COMPARISON OF THE PROPOSED ABSORBER AND OTHER REPORTED ABSORBERS

BW(GHz) (=90% absorptivity) /FBW(%) OBW(GHz) Overall L

Ref. Arpw . t/hr R, Realization
0,=0° ggE&ggM TE ™ /OFBW (%) thickness
[24]  2.79-20.62/152.3 50° 3.47-22/145.5 3.64-21.72/142.6  3.64-20.62/140 123% 1253 mm 0.116 1.42 SML
[25] 2.7-14/135.3 45° 2.35-14/142.5 3.25-14/124.6 3.25-14/124.6 10.7% 18 mm 0.162 2.80 DML
[26] 2.5-18/157.9 30° 2-18/160 2-18/160 2.5-18/157.9 2.1% 12.7 mm 0.32 1.42 SML
[27] 2.98-18/143.2 50° 3.39-18/136.6 4.99-18/113.2 4.99-18/113.2 30% 8 mm 0.08 1.28 SML
[28] 0.63-6.55/164.9 45° 0.69-6.75/162.9 0.75-6.22/156.9 0.75-6.22/156.9 8% 60.2 mm 0.15 1.65 3D
[30] 1.5-4.5/103.3 45° 2.13-5/80.5 1.55-5/105.3 2.13-4.5/71.5 33.8% 22 mm 0.11 1.56 3D
[31] 2.11-3.89/59.3 50° 2.29-4.17/58.2 2.2-3.78/52.8 2.29-3.78/49.1 10.2% 13 mm 0.091 1.58 3D
[32] 2-23/168 45° 2.39-18/153.1 3.3-18/138 3.3-18/138 30% 154mm  0.102 147 Multilayer
[33] 1.08-5.9/137.1 45° 1.34-6.45/131.2 1.7-6.59/118 1.7-5.9/110.5 26.6% 294mm 0.106 1.21 Multilayer
[38] 2.4-7.3/101 60° 3.43-8.38/83.8 2-10/133.3 3.43-7.3/72.1 61.2% 12.4 mm 0.10 2.04 Modified MM
This 2-14.8/152.4 60° 2.94-18/143.8 2.45-17.6/151.1 2.94-14.8/133.7 18.7% 18.14mm 0.121 1.48 DML & MM
k
‘WOTr
b i mie@laa] |G rvlaz] 29)
min — 2m? - 172 IV. CONCLUSION

where p(1) and (1) are a function of wavelength of reflection
coefficient in linear and dB version. But the starting frequency
and stopping frequency of the operating bandwidth with 90%
absorptivity are used as upper and lower integration limits to
better visualize the thickness performance. The causality ratio
of the proposed absorber is 1.48, which is

Table I performs a comparison between our proposed design
and other reported absorbers for incident angle, bandwidth
(BW), fractional bandwidth (FBW), overlapping bandwidth
OBW, OFBW, NPy, overall thickness, causality ratio, and
realization. The FBW can be calculated by 2x(fua-
Join) (faxtfmin), WhET€ fonar, fuin are the highest and lowest
frequencies, respectively. The OFBW can be derived from the
intersection of operating bandwidth of normal incidence and
oblique incidence of TE and TM polarizations. Each of the
aforementioned absorbers has its own unique advantages and
disadvantages, making them suitable for various application
scenarios. Comparison results indicate that it is difficult to
achieve 90% absorptivity using a single method under wide-
angle oblique incidence of TE- and TM-polarized waves. The
proposed absorber combining DML and MM exhibits superior
performance compared to other reported absorbers in term of
BW, OFBW, Agw, causality ratio, and angle stability.
Compared to non-magnetic absorber, magnetic materials are
more expensive and heavier, but can mitigate impedance
mismatch and achieve large-angle stability. According to the
Rozanov limit, its overall thickness is close to the theoretical
minimum thickness, and its relative thickness is comparable to
that of existing absorbers. The proposed absorber offers
significant advantages such as broadband bandwidth, large-
angle stability, good absorptivity. It provides a potential
solution for an absorber with broadband, large-angle stability
and polarization stability in real-word application.

In this paper, we have proposed a novel scan angle
compensation method by introducing dual-section matching
dielectric layers and magnetic materials. The dual-layer
matching dielectric layers are primarily employed to improve
the input impedance for TE-polarized and TM-polarized
oblique incidence, thereby enhancing the absorption
performance. Meanwhile, magnetic materials are utilized to
mitigate oblique incidence-induced electrical length variations,
thereby effectively suppressing the resultant frequency shift
phenomenon. An absorber has been designed and measured to
validate the effectiveness of the proposed method. The
simulated and measured results demonstrate that our presented
absorber can realize 90% absorption for both TE and TM
polarizations within the incidence range of 0°-60°. The input
impedance of the absorber is well matched to the free-space
impedance across the incidence angles ranging from 0° to 60°.
It indicates that the proposed scan angle compensation method
is feasible for designing absorbers providing good absorption
with excellent angle and polarization stability in ultra-
broadband frequencies.
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