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Abstract – In this study, the dispersion characteris-
tics, impedance features, and absorption conditions of
water-based electromagnetic (EM) absorbers are inves-
tigated. A methodology for the rapid construction of a
three-layer water-based absorber structure is proposed.
Concurrently, a weakly conditionally stable Hybrid
Implicit-Explicit Finite Difference Time Domain (HIE-
FDTD) method is introduced to enhance the computa-
tional efficiency of thin layer structures. Furthermore, the
EM computation integrates thermal effect calculations.
A hybrid approach, combining the HIE-FDTD and Finite
Volume Method (FVM), is employed to analyze temper-
ature variations induced by EM wave incidence on the
absorber.

Index Terms – Electrothermal coupling computation,
FVM, HIE-FDTD, Water-based absorber.

I. INTRODUCTION
Water-based absorbers are a unique type of absorp-

tive structure that utilizes the inherent properties of water
to attenuate EM waves. Because of their distinctive
nature, these absorbers showcase significant potential
in applications such as stealth technology and EM sus-
ceptibility (EMS) shielding. Their primary advantages
include tunability [1], multi-band and broadband absorp-
tion capabilities [2, 3], and flexibility [4]. However, this
structure also faces some challenges. For instance, the
physical properties of water are easily affected by tem-
perature changes, which can lead to performance incon-
sistencies. Ensuring stable performance under various
environmental conditions, such as temperature fluctua-
tions, humidity changes, and atmospheric pressure vari-
ations, remains the primary concern.

The Finite-Difference Time-Domain (FDTD)
method [5, 6] is a widely adopted numerical technique
used to solve EM problems, such as electromagnetic-
thermal coupling and dispersive media calculations
[7, 8]. The Hybrid Implicit-Explicit Finite Difference
Time Domain (HIE-FDTD) approach augments the con-
ventional FDTD methodology by using both implicit and

explicit schemes [9–11]. Its hybrid nature introduces a
conditionally weak stability, permitting a more extensive
time step size compared to the traditional explicit FDTD
method, thereby accelerating computational speed
in simulations. This method exhibits computational
advantages particularly when analyzing thin layered
structures.

With the growing attention to electrothermal cou-
pling issues, the traditional practice of conducting EM
simulations and thermal simulations independently is
being re-evaluated . As the complexity of the problems
being addressed increases, and the demand for solution
accuracy intensifies, joint electrothermal solutions are
emerging as a trend. Thermal effects, leading to mate-
rial alterations, subsequently influence the EM response,
which in turn affects the temperature distribution , form-
ing a multi-physics computational loop. It is applied in
multiple fields, such as electromagnetic-thermal analy-
sis of absorbing structures [12], thermal-electric losses
in circuits [13], material phase change at microwave fre-
quencies [14], and electromagnetic-thermal calculations
in dispersive media [15].

This paper initially investigates the fundamental
principles of water-based absorbers and presents a broad-
band absorption structure based on absorption criteria,
computed using the HIE-FDTD method. Subsequently,
the temperature distribution and its impact on EM wave
absorption performances are elucidated through elec-
trothermal coupling calculations.

II. THEORETICAL ANALYSIS
A. HIE method and heat transfer calculation

In this section, we introduce the HIE-FDTD method
and the associated update formulas for the calcula-
tion of EM fields. Many articles have already provided
detailed derivation steps and proofs [10, 11]. This paper
presents a simplified derivation process to demonstrate
the characteristics of the method. This method is dis-
tinguished by its manipulation of the update time steps
for magnetic and electric fields, which leads to implicit
updates for specific field components, while preserving
explicit updates for one component. Herein, we adopt the
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notation P = (i, j,k),P(i)− 1 means (i− 1, j,k). Then,
the update equations for the HIE can be derived:
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where ∆x, ∆y, and ∆z denote the spatial discretization
steps along the x, y, and z directions, respectively. εz is
permittivity in the z direction, µz and µy are permeability
in the x and y directions. This method places the time
steps for both Ex and Hx at the n+ 1

2 position, while the
remaining components are positioned at the n time step.
It results in a lack of uniformity in the time step values
for the Ez and Hy components but this discrepancy can be
addressed by taking the average with an implicit solving
step, which requires simultaneous resolution at the n+1
time step. By substituting Eq. (2) into (1), a tridiagonal
matrix is derived, which can be solved using the TDMA
method as equation (3) and (4). {En
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x ,Hn
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The advantages of this method include the relax-
ation of stability constraints. It is highly efficient when
using finely detailed spatial grid divisions in specific
directions, such as in the calculation of thin-layer struc-
tures. Additionally, this method requires fewer tridiago-
nal matrix solutions, leading to an improvement in over-
all efficiency.

c∆t ≤ 1√(
1

∆y2 +
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∆z2

) . (5)

As depicted in equation (5), c is the speed of EM
wave propagation in free space and, compared to the
conventional FDTD method, the stability condition of
HIE-FDTD eliminates the need to consider the spatial
step in the x-direction, allowing for a larger time step
selection. Furthermore, when solving EM computational
problems, we also consider the thermal effects gener-
ated in the material when EM waves incident on the tar-
get. Then, the simulation problem of a single EM phe-
nomenon becomes a multi-physics solving problem. The
thermal conduction equation is given as follow [15]:

αρcH
∂T
∂ t

= αk
∂ 2T
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∂ 2T
∂ z2 +αS, (6)

where, cH represents specific heat capacity, ρ stands for
density, k denotes thermal conductivity, S signifies an
additional heat source, and α represents an accelera-
tion factor. The acceleration factor increases the thermal
property parameters, speeding up the heat conduction
process and causing more temperature changes in shorter
time steps. This method aims to correlate significantly
different electromagnetic simulation times with thermal
simulation times, enabling simultaneous computational
programming. In the absence of acceleration factors, the
Finite Volume Method (FVM) form of equation (6) is:
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Equation (7) presents the expression for the FVM
method post-discretization. As observed from equation
(7), the differential form of the FVM method bears a
strong resemblance to the FDTD method, suggesting
the feasibility of employing a unified grid partitioning
scheme for analysis. An important aspect of integrating
EM and thermal processes is to treat the resulting EM
losses as new heat sources [16]. The EM field energy
can be obtained through Poynting theorem as follows:

1
2

∂

∂ t
(E ·D+H ·B)+∇ · (E×H) =−E ·J

−
(

1
2

E · ∂D
∂ t

− 1
2

D · ∂E
∂ t

)
−
(

1
2

H · ∂B
∂ t

− 1
2

B · ∂H
∂ t

)
,

(8a)



YAN, WANG, CAO: ANALYSIS AND SIMULATIONS OF ELECTROTHERMAL CHARACTERISTICS 608

E ·Jp = E · ε0∆ε
∂E
∂ t

−E · τ0
∂Jp

∂ t
(8b)

1
2

∂

∂ t

(
ε0εSE2 −2τ0E ·Jp +

τ2
0

ε0∆ε
J2

p +H ·B
)
,

(8c)

+∇ · (E×H) =−E ·J− τ0

ε0∆ε
J2

p

S = Ploss = E ·J+ τ0

ε0∆ε
J2

p.

From equation (8), it is noted that the energy loss
in the EM field is given by E · J. In addition, based on
the characteristics of Debye dielectric, its energy loss can
be derived [16]. The sum of these two losses constitutes
the heat source term in equation (8c), thereby conducting
EM thermal multi-physics computations.

B. Absorption rate computation of water-based
absorber

For reflective EM absorbers, the absorption function
can be studied by investigating whether the impedance
generated by the combination of multi-layer materials
or structures meets the absorption criteria. The same
research approach can also be applied to the study of
water-based absorbers. Figure 1 is shown the schematic
diagram of the absorber structure, l1, l2, and l3 are the
thickness of three media layers. Here, l1 and l3 are con-
ventional dielectric materials, and l2 is the water layer.
Z1, Z2, and Z3 are the corresponding impedance val-
ues. According to the transmission line theory, the input
impedance Zin of each layer can be calculated using the
following formulas:

Zin1 = Z1 tanh [(α1 + jβ1)ℓ1]

Zin2 = Z2
Zin1 +Z2 tanh [(α2 + jβ2)ℓ2]

Z2 +Zin1 tanh [(α2 + jβ2)ℓ2]

Zin3 = Z3
Zin2 +Z2 tanh [(α3 + jβ3)ℓ3]

Z2 +Zin2 tanh [(α3 + jβ3)ℓ3]
.

(9)

Water is a typical dispersive medium that con-
forms to the Debye model. When water is used in
absorbers(Z2 = Zwater), the initial step is to study its
impedance characteristics. Based on the equation (9), it
can be observed that the key equation governing the char-
acteristics of water is significant. Therefore, it is singled
out as Ztmp for further study.

Ztmp = Zwater tanh [(αw + jβw)ℓ2]

= Zwater
tanh(αwℓ2)+ jtan(βwℓ2)

1+ jtan(βwℓ2) tanh(αwℓ2)

(10)

Zwater
(tanh(αwℓ2)→ 1)+ j tan(βwℓ2)

1+ j tan(βwℓ2)(tanh(αwℓ2)→ 1)
≈ Zwater .

(11)
The αw is the attenuation factor, βw is the prop-

agation factor, l2 is the thickness and Zwater is the
impedance of water. It can be observed that when
the water layer is sufficiently thick, the impedance of

Fig. 1. Schematic diagram of the absorber structure.

water for high-frequency EM waves remains constant,
as described in equation (11) and Fig. 2 (a). This occurs
because losses in water impede the propagation of high-

(a)

(b)

Fig. 2. Curves of transmission characteristics of water
layer varied as a function of frequency: (a) variations in
attenuation factors and (b) changes in impedances.
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frequency EM waves, a phenomenon known as the skin
effect.

Secondly, due to the dispersive nature of water,
its impedance characteristics are different from those
of ordinary dielectrics. The resonance characteristics of
ordinary dielectrics can be easily adjusted by varying the
thickness to change the resonance points. However, it is
unrealistic to arbitrarily change the thickness of water in
an absorber. As illustrated in Fig. 2 (b), despite the thick-
ness corresponding to a quarter wavelength at 30 GHz, it
does not reach its maximum value at this frequency. Con-
sidering a three layers absorber structure, the impedance
expression for this structure is given as follows:

ZA = ZF4B
2ZcZl1 +

(
Z2

c +Z2
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Zc
(
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Zl1 = tanh [(α1 + jβ1)ℓ1]

Zlw = tanh [(αw + jβw)ℓw] ,

where, lw stands for the thickness of the water layer in the
middle layer. As shown in Fig. 1, a water-based absorber
is a sandwich structure with a water layer placed between
two layers having equal thickness of F4B materials.
Extensive research has been conducted on the resonance
characteristics of conventional materials, primarily con-
trolling the resonant maxima and minima by adjusting
the thickness to λ/2 and λ/4.
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(14)
It can be easily observed that the value of α1 is

significantly smaller than the real or imaginary parts of
Zc, approaching zero. Therefore, this equation can be
approximated as:
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Equation (15) illustrates that when l1 = λ/2, the
impedance of the sandwich structure absorber is only
related to the impedance of water. When l1 = λ/4, the
impedance is determined by the impedance of F4B and
water. In both cases, the impedance of the absorber at the
corresponding frequency point is directly controlled by
the thickness of the water layer. Therefore, subsequent
research only needs to consider the thickness variation
of the water layer.

In the case of absorbers with metal backplanes,
achieving a perfect absorption condition with a reflection
coefficient of zero is often challenging in practical appli-
cations. Therefore, in the simulations and measurement
of absorbers, it is usually specified the absorption rate
should exceed −10 dB, corresponding to a reflection
coefficient less than 0.316.

Γ =

∣∣∣∣Zin −Z0

Zin +Z0

∣∣∣∣= ∣∣∣∣R+ jX −Z0

R+ jX +Z0

∣∣∣∣≤ 0.316

Z0 = 120π

(R−460.643)2 +X2 ≤ 264.6952.

(16)

Equation (16) demonstrates that the absorption con-
dition fundamentally entails the real and imaginary parts
of impedance satisfying the equation of a circle. When
R and X fall within the impedance circle, Zin will meet
the specified absorption requirements. Furthermore, the
conditions of R and X can be extended to other frequen-
cies. As long as the values of R and X at a specific
frequency point satisfy this condition, absorption can
be achieved at that frequency point. Figure 3 illustrates
a schematic diagram of the absorption condition circle
based on equation (16). For the sake of research conve-
nience, the absorption circle in Fig. 3 is projected onto
the R and X axes, and the frequency range is expanded
to cover a broader spectrum.

Fig. 3. Schematic diagram of the absorption condition
circle.

Based on the above discussion, the following steps
can be taken to design an absorber with a frequency up
to 42 GHz. Firstly, the value of l1 given in equaion (15)
can be rapidly determined. Furthermore, the properties
of water dictate that the thickness lw of the water layer
in the sandwich structure should not exceed 1.5 mm,
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effectively constraining the range of lw values. Subse-
quently, it becomes very convenient to assess absorp-
tion by calculating the impedance values at a single point
and substituting it into the absorption condition circles.
As shown in Fig. 4, the impedance real part R(max,l1)
exceeds the range of absorption condition at 42 GHz, so
the absorber will not absorb at this frequency. It is found
that the absorption condition is only met between 11
and 15 GHz, indicating that water-based absorber only
exhibits absorption within this range. Note that between
frequencies 27 to 31 GHz, it appears to meet the absorp-
tion conditions because the blue and red areas are used
as direct projections of the circles. However, in positions
near the boundaries of these two regions, the absorp-
tion conditions are not actually satisfied. Figure 4 (b)
depicts the relevant absorption rate, which is quite con-
sistent with the conclusions, with only a narrow absorp-
tion band.

Using this approach, it is easy to design an absorber
that meets the absorption bandwidth of 42 GHz in a
20◦C environment. Additionally, it can be reasonably
inferred that the impedance of the three-layer water-
based absorber is continuous. Therefore, as shown in

(a)

(b)

Fig. 4. Absorption characteristic of a water-based
absorber varied with frequency: (a) impedance values of
absorber and (b) absorption rate with narrow bandwidth.

Fig. 5, by adjusting the thickness of the water layer,
it is possible to make the impedance conditions around
42 GHz also satisfy the absorption criteria, thus achiev-
ing broadband absorption effectiveness. Calculations
performed using HIE, FDTD, and other methods show
a high degree of consistency between the absorption rate
and analytical values.

(a)

(b)

Fig. 5. Wideband water-based absorber: (a) impedance
values of absorber and (b) wideband absorption rate.

On a computer equipped with an AMD Ryzen
3900X CPU and 32 GB of RAM, a complete FDTD
method example takes 144.2 seconds, while HIE-FDTD
only consumes 77.3 seconds. This demonstrates that the
introduction of the HIE method can significantly accel-
erate computational speed, thereby saving computational
resources.

III. ELECTROTHERMAL COUPLING
RESULTS AND DISCUSSION

In the discussions above, it is assumed that an
ambient temperature is 20◦C. In reality, the process
that generates absorptive effects inevitably involves
energy conversion, espectically the conversion between
EM energy and thermal energy. Temperature variations
caused by thermal energy play a crucial role in certain
materials that exhibit temperature-dependent properties.
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Therefore, research on the EM-thermal coupling of
absorbers holds practical significance.

A. The impact of temperature on water
The properties of water are temperature-dependent

and the effect of temperature on water is as follows [4]:

ε(ω) = ε∞(T )+
εs(T )− ε∞(T )

1+ iωτ(T )
,

εs(T ) = a1 −b1T + c1T 2 −d1T 3,

(17)

ε∞(T ) = εs(T )−a2exp(−b2T ),

τ(T ) = c2exp(T2/(T +T1)),

where, a1 = 87.9, b1 = 0.404K−1, c1 = 9.59×10−4K−2,
d1 = 1.33×10−6K−3, a2 = 80.7, b2 = 4.42×10−3K−1,
and a2 = 80.7, b2 = 4.42 × 10−3K−1.T is temperature
in ◦C.According to equation (17), as the temperature
varies, the changes in water are primarily reflected in
the permittivity. Building upon this, the variations in
water impedance characteristics with temperature are
provided.

As observed from Fig. 6, an increase in water tem-
perature leads to a decrease in the real and imaginary
parts of water impedance within the range up to 80 GHz.

Fig. 6. Impedance variation of water with temperature.

B. The impact of temperature on absorber
The fundamental approach in designing typical

absorbers is to utilize resonance points where energy
is directly deposited into resistive components or struc-
tures, leading to the dissipation of EM energy and the
generation of heat. This process of energy conversion is
equally applicable to water-based absorber.

As temperature increases, material properties also
change, as discussed in Section 3.1. This alteration can
affect the absorption performance, and the changes in
absorption performance, in turn, influence temperature
variations. This electrical-thermal coupling process is
rather complex.

Based on equations (3) and (7), let us combine of
the HIE-FDTD and FVM methods to provide the tem-
perature variation and absorption performance changes
of water-based absorbers under higher radiation power
(10 kV).

The computation process is as follows: first, use the
HIE method to obtain the electric field and polariza-
tion current distribution, then calculate the heat source.
Based on this heat source, the temperature distribution
can be calculated, and then the electrical properties of
the absorber material can be updated using the new tem-
perature distribution.

As seen from Fig. 7 (a), it is evident that in an ambi-
ent temperature of 20◦C, the water layer is the region
with the fastest temperature rise during the EM wave
radiation process. This is consistent with the energy
conversion principle in absorbers, indicating that the
EM energy in water-based absorbers is primarily dissi-
pated within the water layer. To facilitate the observa-
tion of temperature changes with time, two points in the
Fig. 7 (a) serve as temperature observation points at dif-
ferent positions, and an additional observation point is
set in the middle of the water layer.

(a) (b)

(c)

Fig. 7. Absorption rate and temperature variations of
broadband water-based absorber: (a) temperature dis-
tribution with position, (b) temperature variations with
time, and (c) variations in absorption rate with tempera-
ture.

Figure 7 (b) illustrates that continuous radiation of
EM waves causes the temperature of the water layer in
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the absorber structure to be higher than that of the F4B
layer of the medium, and the temperature rises faster.
When the water temperature rises to 29 ◦C, the overall
temperature of the absorber reaches a steady state, indi-
cating that the structure reaches thermal equilibrium at
ambient temperature environment.

Figure 7 (c) depicts the variation in absorption
rate of the EM-thermal processes. It can be observed
that compared to an ambient temperature of 20◦C, the
absorption rate deteriorates with an increase of temper-
ature. Particularly, when it approaches steady state, the
absorption rate in the frequency range of 25 to 40 GHz
no longer meets the requirement of greater than 0.9.

In addition, the conclusions can be obtained from
the perspective of impedance from equation (15) and
Figs. 5 (a) and 6. As the temperature rises, the impedance
of water decreases, causing an increase in the maximum
value in equation (15). Figure 5 (a) shows that the max-
imum value of the imaginary part is already close to the
edge of the absorption condition. With further increase,
it can be foreseen that the absorption condition will no
longer be met.

IV. CONCLUSION
In this study, we introduced the HIE-FDTD method

for EM simulations, which offers advantages in terms of
computational efficiency. We also considered the impact
of temperature on water and absorbers, shedding light
on the EM-thermal coupling process. Through our anal-
ysis, absorber performance is affected by temperature,
with higher temperatures leading to decreased absorp-
tion rates. This complex interplay between EM proper-
ties and temperature variations underscores the need for
careful consideration in absorber design. Our research
also demonstrated the feasibility of obtaining water-
based absorbers that meet absorption criteria at specific
frequencies, with practical implications for applications
requiring broadband absorption. By adjusting the thick-
ness of water layer, we can achieve effective broad-
band absorption. The HIE method has improved com-
putational efficiency, making it a useful tool for future
research and design efforts.
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