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Abstract: This paper presents an efficient approach to implement electromagnetic-thermal (EM-T)
co-simulation of a planar monopole antenna based on hybrid implicit-explicit finite-difference time-
domain method (HIE-FDTD-M). First, the EM simulation is carried out by solving Maxwell’s curl
equation. Once the EM field reaches steady state, the EM power loss is computed according to the
electric conductivity of the material. Finally, the thermal field is simulated by taking the EM power
loss as the heat source in the heat transfer equation (HTE). For comparison, HIE-FDTD-M and FDTD-
M are adopted respectively in the computation of the EM field. The simulated EM parameters of the
planar monopole antenna, including S11 and radiation pattern, are consistent with those obtained by
using CST software. The thermal field distribution on the surface of the antenna computed by the
proposed method in this paper is approximately similar to that obtained using COMSOL software.
However, the EM-T co-simulation of the antenna using HIE-FDTD-M takes only 1/11 of the time
required using FDTD-M.

Keywords: EM-thermal co-simulation; HIE-FDTD method; planar monopole antenna

1. Introduction

In microwave applications, electromagnetic-thermal (EM-T) co-design has been a
significant problem. On the one hand, EM-T co-simulation can avoid mechanical damage
of microwave devices caused by electromagnetic (EM) heat. On the other hand, EM-T
co-simulation can positively apply EM heat to some scenarios that require environmentally
friendly heating. The current research on EM-T coupling in EM field is mainly focused
on antenna, metamaterial, and microwave heating. For metamaterials, their EM and
thermal performance in a high-power microwave (HPM) environment have gained much
attention. Seviour et al. explored the EM-T performance of a metamaterial which was
composed of Split Ring Resonators (SRRs) printed on FR-4 in [1]. The research pointed
out that when the EM wave with frequency of 10 GHz and power of 1 W irradiated the
SRRs for 15 s, part of the SRRs burned down. A detailed EM-T coupling analysis of
the cross-slot frequency selective surface (FSS) was performed by Lu et al. in [2]. They
found that the temperature rise of the wide-slot FSS was significantly lower than that
of the narrow-slot FSS under the same experimental conditions, and the temperature
distributions of the FSS changed with the incidence angle of the EM waves. In addition,
the investigation of EM-T effects of metamaterial absorber (MA) has also been paid more
attention recently. The finite-difference time-domain method (FDTD-M) was utilized to
analyze the thermal effect and absorption performance of a radio-wave absorber by Suga
et al. in [3]. It was found that the frequency and amplitude of the absorption peak of the
absorber varied with temperature. In et al. researched the influences of Joule heat on the
absorbing efficiency of MA in [4]. Lv et al. proposed that the frequency of incident EM
wave and the sheet resistance of graphene were both factors affecting the EM-T effects of
graphene-based MA [5]. In addition, thermally tunable and thermally stable water-based
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absorbers have become a hot research topic in recent years [6-9]. For microwave heating,
it has a wide range of applications in the fields of biomedical therapy, preparation of
chemical materials, industrial sintering, etc. For example, microwave ablation technique
can heat the tumor cells to coagulate and necrotize by using antenna probes without
affecting the surrounding healthy tissue [10-12], and microwave thermotherapy is effective
in improving microenvironment, increasing microcirculation, promoting the absorption of
necrotic material, and accelerating recovery [13].

As a transition device between the guiding wave system and free space, the antenna
is widely used in wireless communication, satellite navigation, radar system, electronic
countermeasures, and many other EM fields [14,15]. A huge number of articles on antenna
design have been published since the antenna was proposed. Most studies focus on im-
proving the EM performance of the antenna, such as broadening the bandwidth, increasing
the gain, reshaping the radiation pattern [16,17], etc. However, with the expansion of
antenna applications, EM-T co-design of the antenna needs to be considered under some
circumstances. For an active phased array antenna (APAA), the heat generated by its
transmit/receive module (TRM) and power source can cause structural distortion of the
array plane and then affect the electrical performance of the antenna [18,19]. In addition,
the high-power devices in microwave wireless power transmission system also produce a
significant amount of thermal power, which will also affect the EM performance of the an-
tenna [20]. For space-borne antennas, they have to undergo long-term solar irradiation and
low temperature heat sink effect in space, so the thermodynamic and mechanical properties
of their materials will be significantly decreased, which will eventually affect their electrical
properties [21-24]. The existing study on EM-T co-simulation of antenna is mainly devoted
to analyzing the effects of external temperature variation on the structure deformation and
radiation characteristics of antenna. In fact, the EM power loss of the antenna itself can also
cause significant temperature rise, which will lead to antenna performance degradation.
However, the research on the EM-T coupling field analysis of antenna is relatively little [25].

The FDTD-M is often employed in the simulations of EM and thermal fields [26-28].
However, the FDTD-M has the disadvantage of low computational efficiency when simu-
lating EM problems with fine structures. Some unconditionally stable [29,30] and weakly
conditionally stable FDTD methods [31,32] are proposed to solve this issue. Among them,
the hybrid implicit-explicit FDTD-M (HIE-FDTD-M) is extremely appropriate for simulat-
ing EM problems which have very small grid size in one dimension. A previous study
demonstrated that the calculation efficiency of HIE-FDTD-M is higher than that of FDTD-
M, and the calculation accuracy exceeds that of alternating-direction implicit FDTD-M
for one-dimensional mini-lattice problem [33]. Although the HIE-FDTD-M has a wide
range of applications in solving one-dimensional fine structure EM problems, such as
graphene-based EM devices [34], microstrip circuits, antennas [35,36], etc., no study has
been carried out to apply the HIE-FDTD-M to antenna EM-T co-simulation. In addition,
most studies on HIE-FDTD-M in linear, non-dispersive space do not consider dielectric
losses. However, when the HIE-FDTD-M is extended to EM-T co-simulation, there must be
lossy medium in the simulation target. At this time, the iteration coefficients in the calculat-
ing equations of EM components and the final expressions of the implicit EM components
in the HIE-FDTD-M are different from those in lossless media. Unno et al. investigated
the HIE-FDTD-M containing lumped elements and conductive media in [36], but they did
not consider absorption boundary condition. Therefore, this study is only applicable to the
calculation of closed region problems and not to the computation of open area problems,
such as antennas.

In this paper, we extend the HIE-FDTD-M to the EM-T coupling field analysis of
a planar monopole antenna. Using HIE-FDTD-M instead of FDTD-M to calculate EM
fields can shorten the EM-T co-simulation time of the antenna by 11 times, which well
proves the high efficiency of the proposed method. In addition, the simulation results
of the antenna obtained by the presented method are consistent with those obtained by
commercial software CST and COMSOL, which verifies the correctness of the proposed
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method. The simulation results demonstrate the feasibility of HIE-FDTD-M in computing
one-dimensional fine structure EM-T problems, especially those with thin layer structures.

2. Methods and Formulations

The calculation process of the EM-T co-simulation is shown in Figure 1. Firstly, the
EM field is simulated until it reaches steady state. Then the EM power loss is calculated
according to the electric fields and the material properties. Finally, the EM power loss
serves as the heat source in HTE, and the thermal field is simulated.

EM field simulation

\

If EM field reaches
steady state?

Calculate EM Power Loss

\

—> Thermal field simulation

If required time
is reached?

Figure 1. The flowchart of EM-T co-simulation.

2.1. HIE-FDTD Method for Solving EM Field

The EM field is simulated by solving Maxwell’s curl equations

oD
JoB
VxE=-S2-], (1-2)

In linear, isotropic, and nondispersive media, the discretization formulas of Maxwell’s
curl equations based on HIE-FDTD-M in y direction [33] are
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where CA = £-08¢ CB = ;280 CP = F--0n%, CQ = AL e—permittivity (F/m),
o—conductivity (S/m), y—permeability (H/m), cm—equivalent magnetic loss (€2/m);
n represents the time sampling point, and At represents the time duration between two
adjacent time sampling points; Ax, Ay, and Az represent the three-dimensional size of the
Yee cell, and m, p, and g indicate the position of the Yee cell. In addition, the convolutional
perfectly matched layer (CPML) approach is employed in Equation (2) to truncate the
calculation area. The calculation formulas of x and ¥ which are related to CPML in
Equation (2) are given in Appendix A.

The H*! and H*! in right sides of Equations (2-1) and (2-3) are unknown quantities.
Substituting Equation (2-6) into Equation (2-1), the final calculation formula of E*! is
simplify to
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Substituting Equation (2-4) into Equation (2-3), the final calculation formula of Ertlis
simplified to
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In HIE-FDTD-M, the components of the EM field need to be updated sequentially.
Firstly, compute E};*! according to Equation (2-2). Then update E{*! and E!*! based on

Equations (3) and (4) by solving tridiagonal matrices. Finally, update H*1, H;“ and
H!*1 according to the electric field values at the new moment.
For Equation (2), the time step size (TSS) needs to satisfy the following expressions [33]

At < ! 5)

e/ (1/8%) + (1/82)?

Equation (5) indicates that the TSS of HIE-FDTD-M is independent of the mesh size in
y direction. Therefore, when the Ay of the EM problem is much smaller than Ax and Az,
the TSS of HIE-FDTD-M can be set much bigger than that of FDTD-M.

2.2. EM Power Loss and Thermal Field Calculation

When some media are exposed to the EM environment, EM energy in the media can be
converted into heat energy due to the displacement of electrons, electric polarization, and
magnetic polarization, etc. The dissipated EM energy can be obtained by calculating EM
power loss. Because of the different ways in which EM energy is dissipated, the expressions
of EM power loss are different. In [27], a microwave heating process of phantom food
gel was simulated by using the FDTD model. The calculation formula of EM power
loss and the conversion relation between the EM field and the thermal field were given
in this paper. In [28], the FDTD method is extended to the EM-T coupling analysis of
frequency-dependent and temperature-dependent media. The complex Debye permittivity
was analyzed, and the transient EM power loss was derived.
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In this paper, we only consider the EM power loss caused by dielectric conductivity.
When the excitation signal of the EM field is sinusoidal, the EM power loss can be calculated
by the following expression:

1
P= Ea|15|2 (6)

where E is the electric field value at the thermal field node.

Since the EM field is a vector, and the thermal field is a scalar, the EM field node
and the thermal field node cannot coincide exactly. In this paper, the thermal field node
is located at the geometric center of the grid. The spatial distributions of the thermal
field node and EM field components are shown in Figure 2. As shown in Figure 2, the
components of the EM field are distributed on the edges of Yee cell. The electric field at the
center of the Yee cell can be calculated by linear interpolation of the electric fields at the
edges, as expressed in Equation (7).

Ex(i,j, k) +Ex(i,j+ 1,k) + Ex(i,j,k+ 1)+ Ex(i,j + 1,k + 1)

Ex = 4 (7'1)
Ey(i,j,k) + Ey(i+1,j,k) + Ey(i,j,k+1) + E,(i+1,j,k+1)

E, = 1 (7-2)
E.(i,j,k)+ Ez(i+1,j,k)+E;(i,j+ 1,k)+E;(i+1,j+1,k)

E, = 4 (7'3)

where E,, Ey, and E;, can be obtained by looking for the maximum values of the correspond-
ing electric field components after the EM field reaches the steady state.

Figure 2. Spatial distribution of thermal field node and EM field components.

The thermal field is calculated based on HTE

a—f =V (kVT)+P )

pcma

where p—medium density (kg/ m3); Cp—specific heat of the medium (J/(kg-K));
T—medium temperature (K); k;—thermal conductivity (W/(m-K)); P—heat flux density
(W/m?). When 0, Ci, and k; do not change with position, temperature, and time, HTE can
be simplified as

oT (T T ar?\ P o
ot 1 \oa2 92 ' 922 0Cm
where Dy = k¢/(pCp).
The discretization formula of Equation (9) is
Tn(m + 1,P,£]) — ZT"(m,p,q) + Tn(m — 1,p,q) +
Axﬁ
T (mp + L) = 21" (mpa) + T (mp = 140) | 4 Ay P(m,p,q) (10)

Ayﬁ
T"(mpq +1) — 2T"(m,p,q) + T"(m,pq — 1)
AzZ2
h
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where Axy, Ayy, and Az, are the distances between two thermal field nodes. Aty is the TSS
of thermal field simulation. In addition, the heat source P in Equation (10) is equal to the
EM power loss.

The time stability condition of Equation (10) is

-1
1 (1 1 1
My< |- +3 T3 (11)
2Dy (Axg Ay? Azﬁ)

In addition to Equation (9), the convective boundary conditions are used at the surface
of the antenna, which can be written as

oT h
% = k_t(TeXt - Tsurf) (12)
where h—convection heat transfer parameter (W/ (m?-K)); p—unit vector normal to the
surface of the antenna; T, c—surface temperature of the antenna (K); Text-—ambient tem-
perature (K).

3. Model and Results

The structure and dimensions of the planar monopole antenna are given in Figure 3.
As shown in Figure 3a, the antenna consists of three parts, which are monopole patch,
dielectric substrate, and ground. The monopole patch and ground are made of metal,
and the dielectric substrate is made of lossy FR4. The thickness of the dielectric substrate
is 0.2 mm. The EM and thermal parameters of the substrate are ¢, = 4.5, y» =1, o = 0.004,
om =0, 0=1900, k; = 0.3, and Cp = 1369.

monopole patch

substrate
£
3
3

ground
v
j )
" 60mm
Discrete Port
(a) (b) (c)

Figure 3. Structure and dimensions of the planar monopole antenna: (a) side view; (b) top view;
(c) bottom view.

In the EM-thermal co-simulation of the antenna, we need not only to analyze the
thermal effect of the antenna but also to pay attention to its EM characteristics. Therefore,
we first simulate the EM performance of the antenna, including the simulations of S
parameter and radiation patterns. The S1; of the planar monopole antenna is simulated by
adopting HIE-FDTD-M, FDTD-M and CST software, respectively, and the corresponding
results are given in Figure 4. As shown in Figure 4, the working frequency of the planar
monopole antenna is 2.38 GHz. The Sq; calculated using HIE-FDTD-M is consistent with
those calculated using the FDTD-M and CST software.
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20 ll
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-35 T T T T 1

20 22 24 26 28 30

Frequency(GHz)

Figure 4. Sy of the planar monopole antenna.

Figure 5 illustrates the radiation patterns of the planar monopole antenna. As shown
in Figure 5, the directivity pattern curves calculated by the three approaches present good
consistency.

0 = HIE-FDTD 0 = HIE-FDTD
- - FDTD 51 - - FDTD
-« CST 04 =« CST

60 -104 300

240

-30 4270

(a) (b)

Figure 5. Directivity patterns of the planar monopole antenna: (a) directivity pattern in xoy plane;
(b) directivity pattern in xoz plane.

After ensuring that the antenna can work normally, the thermal field of the antenna is
simulated. For comparison, the HIE-FDTD-M and the traditional FDTD-M are utilized to
calculate the EM field respectively until the EM field reaches the steady state. Then the EM
power loss is calculated according to the steady-state electric field and material conductivity.
Finally, the EM power loss is used as the heat source in HTE to calculate the thermal field.
Assume that the initial temperature of the antenna and its ambient environment is 20 °C,
and the convection heat transfer parameter /1 = 5. The antenna is driven by a voltage source.
The signal of the voltage source is a sine wave with frequency of 2.38 GHz. The magnitude
of the signal is 10 V/m. The thermal field distributions on the surface of the dielectric
substrate after 300 s are shown in Figure 6. The thermal field distributions in Figure 6a,b
are completely consistent, and the maximum temperature in both figures is 64.2 °C. In
addition, the same antenna model is simulated by using multi-physical simulation software
COMSOL Multiphysics and the result are shown in Figure 7. The maximum temperature
in Figure 7 is 61.8 °C. We can find that the thermal field distribution calculated by the
EM-thermal coupling method proposed in this paper matches well with that by using
COMSOL software, and the maximum temperature difference is only 2.4 °C.
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Figure 6. The thermal field distributions on the surface of the dielectric substrate: (a) by using
traditional FDTD-M; (b) by using HIE-FDTD-M.
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Figure 7. The thermal field distribution on the surface of the dielectric substrate by using COMSOL.
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4. Discussion

According to the time stability condition, the TSSs of the HIE-FDTD-M and FDTD-M
are, respectively, 3.77 ps and 0.27 ps. The EM field reaches the steady state after 18 ns.
Therefore, the time step numbers needed for EM field simulation with HIE-FDTD-M and
conventional FDTD-M are, respectively, 5000 and 68,120. The times consumed for the EM
field simulation by these two approaches are, respectively, 15.5 min and 172.1 min. On the
basis of Equations (5) and (10), At is much smaller than At;,. Generally, At;, is on the order
of seconds while At is on the order of picoseconds. In this example, the TSS of thermal field
simulation is 0.388 s. When the simulation time of the thermal field is 300 s, the required
time is only 5s, which can be almost ignored compared with the EM field simulation time.
The total required time for EM-T co-simulation of HIE-FDTD-M is only 1/11 of that of the
FDTD-M. The above data are completed on a PC with Intel Core i7-12700F of 2.1 GHz and
RAM of 32 GB.

The simulation results show that the HIE-FDTD-M is very suitable for EM-thermal
coupling simulation of antennas with fine structures in one direction, especially those with
thin layer structures.

5. Conclusions

The HIE-FDTD-M is applied to EM-thermal co-simulation of planar monopole antenna
in this article. When the simulation model has one-dimensional mini-lattice, the adoption
of HIE-FDTD-M can avoid the influence of the small grid size on the TSS. At this time,
the simulation speed of HIE-FDTD-M is much faster than that of FDTD-M. In EM-T co-
simulation, the simulation time of the EM field is much longer than that of the thermal
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field, so the HIE-FDTD-M also shows high efficiency in the EM-T co-simulation of one-
dimensional fine problems. In the numerical example of the planar monopole antenna,
the time consumed in EM-T co-simulation using HIE-FDTD-M is only 1/11 of that using
FDTD-M. Simulation results show that the HIE-FDTD-M is very suitable for the EM-T
co-simulation of EM problems with one-dimensional fine structure, especially those with
thin layer structures.
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