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Abstract

With the growing simultaneous demands for miniaturization and high performance, ther-
mal issues such as hotspots severely degrade the high-speed signal transmission per-
formance of low temperature co-fired ceramic (LTCC) substrate in system-in-package
(SiP) modules. This paper proposes a high-speed transmission line design for LTCC
substrates, using a G-S (Ground-Signal) structure to ensure reliable signal transmission
quality. Based on this structure, finite element simulations are performed to investigate the
electromagnetic signal transmission characteristics under both uniform and non-uniform
thermal fields, confirming that signal transmission efficiency exhibits strong temperature
dependence. The results indicate that when the temperature exceeds 50 °C, non-uniform
temperature distributions exert a significantly stronger influence on electromagnetic perfor-
mance, leading to aggravated signal reflections and reduced transmission efficiency. At
300 °C, the transmission efficiency under non-uniform temperature drops to 35.0%, which
is a 61.8% decrease compared with the optimal scheme obtained under ideal electric field
conditions. Under electromagnetic-thermal coupling, a comparative study of different
schemes shows that the optimal design derived from a single electric field is not suitable for
electromagnetic-thermal coupled working conditions. The optimized Scheme 2 increases
transmission efficiency to about 75.3%, with smoother S-parameter curves and smaller
fluctuations. These findings provide valuable references for subsequent reliability-oriented
design and experimental verification.

Keywords: electromagnetic-thermal coupling; low temperature co-fired ceramic;
non-uniform thermal field; system-in-package; transmission efficiency
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signals [10-12]. However, related research is still insufficient, requiring an in-depth study
of electromagnetic signal transmission performance under thermal environments.

Signal transmission performance is crucial to the overall functional reliability of the
system [13-15]. Ge et al. [16] applied a novel wire-bonding interconnection compensation
structure to highly integrated microwave hybrid integrated circuits. By using a multi-
layer packaging system to strengthen heat dissipation, they increased the bandwidth and
improved signal transmission performance. Lu et al. [17] proposed an electro-thermal
co-simulation method based on the finite element method for analyzing high-power
RF/microwave circuits. By accounting for thermal effects simultaneously, this method
reduces the sensitivity of electronic equipment to temperature variations and provides an
accurate and efficient method to analyze the electrical characteristics of such devices. Yang
et al. [18] verified a 2.5D microsystem packaging simulation model, taking a specific 2.5D
structure as the research object. By combining the multiphysics co-optimization design
of TSV interposer structures with the Hammerstein experimental design method and ge-
netic algorithms, they achieved an 80% improvement in the electrical signal transmission
efficiency of the TSV interposer. However, most existing studies focus on the effects of
electric fields or uniform thermal fields on transmission performance, whilst research on
the influence of non-uniform thermal fields on signal transmission is still relatively limited.
Compared with existing studies, the core innovations of this work are twofold. First, at
the modeling level, we break through the traditional idealized uniform temperature field
assumption and establish a multiphysics electromagnetic-thermal coupling model that
accounts for local hotspots, which can more realistically reflect the actual working condi-
tions of the device. Second, at the methodological level, by comparing electromagnetic
responses under uniform and non-uniform temperature fields, we quantitatively reveal the
mechanism by which temperature gradients and local hotspots affect the electromagnetic
performance of LTCC substrates in SiP modules.

This work presents a numerical study based on finite element analysis in COMSOL 6.2
Multiphysics, focusing on the electromagnetic-thermal coupling behavior of the proposed
structure. A G-S type high-speed transmission line for LTCC substrates in SiP is designed
and numerically characterized. To evaluate the thermal reliability of the transmission line,
both uniform and non-uniform temperature field conditions are set up, and the influence
of thermal effects on the transmission performance of the LTCC-based transmission line in
the SiP system is systematically studied [19-21]. Under an ideal electric field, signal trans-
mission efficiency is enhanced by optimizing key structural parameters such as the width,
spacing, and thickness of the transmission line. Then, under electromagnetic-thermal cou-
pling conditions, the effects of uniform and non-uniform thermal fields on signal scattering
characteristics are compared and analyzed. Finally, based on the comparisons among
different design schemes, it is concluded that the preferred design obtained from a single
physical field is no longer applicable under multi-field coupling conditions [22-24]. This
work is expected to provide a theoretical foundation for subsequent reliability evaluation
and experimental research.

2. Simulation Experiment
2.1. Finite Element Model

On the LTCC substrate, a high-speed transmission line combining microstrip and
stripline structures is designed to form a G-S (Ground-Signal) configuration. This layout
represents a typical signal transmission configuration widely used in SiP structures based
on LTCC substrates. With an operating frequency range of 1-30 GHz, it features low
loss and high integration, satisfying the requirements of high-power RF systems and
microwave components for aerospace applications. The specific parameters of this design
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are presented in Figure 1a,b. The detailed structural dimensions are listed in Table 1, where
the transmission line length (L), width (W), spacing (S), height (H), through-ceramic via
(TCV), and pad radius (R) are represented by L, w0, X0, 41, 70 and r1, respectively.

Substrate A Transmission line

Substrate B /

e
Polyimide

() (®)

Figure 1. Simulation structural model: (a) Structure of LTCC; (b) Detailed parameters.

Table 1. Parameter values of LTCC substrate in SiP.

Components L x W x H/(um) Components R x S/(um) H/(um) L x W/(um)
Substrate A 900 x 900 x 100 TCV r0 x X0 60/17/33/20 /

Substrate B 800 x 800 x 60 Transmission line / x X0 dl 300/200/225/100 x w0
Polyimide 900 x 900 x 22 Pads rl x X0 1 /

2.2. Boundary Condition

This paper adopts an electromagnetic-thermal coupled finite element method to carry
out multiphysics simulation analysis. The electromagnetic simulation uses the frequency-
domain electric field wave equation to describe the electromagnetic field distribution,
which is expressed as:

V x YV x E) — 10 (er — a%))E =0 (1)

Ko = w+/Ho€o )

In these equations, E is the electric field intensity vector, yr and ¢ are the relative
magnetic permeability and relative permittivity of the material, respectively, ¢ is the
electrical conductivity, w is the angular frequency, g is the vacuum permittivity, and kg is
the free-space wave number.

The thermal simulation employs transient energy conservation equations that include
convection terms and thermoelastic damping, which are expressed as:

pCou- VT +V -q = Q + Qted 3)

q=—kVT (4)

In these equations, p, Cp and k denote the density, specific heat at constant pressure,
and thermal conductivity of the material, respectively; T is the temperature field; VT is the
temperature gradient; Q is the volumetric heat source from electromagnetic losses; Qieq is
the thermoelastic damping heat source; q is the heat flux density vector; and u is the fluid
velocity vector, which is set to 0 in the solid domain.

The model is solved using the “Electromagnetic Waves” interface. Scattering boundary
conditions (SBC) are applied to simulate an open-space environment. All metals exhibit
losses during signal transmission; therefore, transition boundary conditions are adopted in
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this model. The two transmission lines correspond to the signal line and the ground line,
respectively. Excitation and load termination are applied via coaxial lumped port 1 and
lumped port 2, both set to a reference impedance of 50 () to match the transmission line
system. Wave excitation is enabled for lumped port 1 with an input voltage of 1 V, whereas
lumped port 2, acting as the load termination, has wave excitation disabled to realize port
matching and signal termination only, as shown in Figure 2. Relevant material parameters
are detailed in Table 2.

Q \
Pad 1 : \ SBC

Non-uniform ——> | I
temperature ——— > |" Pad 2

T ds, :
Uniform =2~ | . !
temperature ——> *f\é ) TN

yEx “\ Lumped por; \1\
(o)
. \ G‘“““é‘;‘“e ) e
Air \ > o %“g\
\‘\ ' ﬁmnped port 2
Figure 2. Boundary conditions for LTCC substrate in SiP.
Table 2. Material parameters for LTCC substrate in SiP.
Parameter DuPont 951 Polyimide Copper
Relative permittivity 7.5 3.5 1
Relative permeability 1 1 1
Electrical conductivity/ (Sm™1) 0 0 5.998 x 107
Young’s modulus/(GPa) 120 3 110
Poisson’s ratio 0.24 0.25 0.35
Thermal conductivity /(W-(m~! x K~1)) 3.3 0.2 400
Heat Capacity/ (]o(kg_1 x K1) 800 1000 385
Thermal expansion coefficient/ (K1) 5.8 x 107° 30 x 107° 17 x 107°
Density/(g-cm_3) 3.1 1.5 8.96

The two pads at the bottom of the structure are fixed to constrain translational and
rotational degrees of freedom. For the uniform temperature condition, a uniform temper-
ature load Ty is applied to the entire solid computational domain. For the non-uniform
temperature condition, to characterize the local hotspot effect, a spatially distributed tem-
perature field is defined through the solid heat transfer interface. In this case, the bottom
pads remain fixed, and a local high temperature T is applied only to the pad regions. All
other exposed boundaries exchange heat with the ambient environment via convective
heat flux, with a convective heat transfer coefficient of 5 W/(m?-K) and the ambient tem-
perature set to room temperature. The complete boundary conditions for both uniform and
non-uniform temperature fields are shown in Figure 2.

LTCC-based SiP devices are widely used in extreme environments such as aerospace,
automotive electronics, and high-power RF systems. According to relevant reliability
standards such as JEDEC JESD402-1B, the temperature load Ty is set to range from —50 °C
to 300 °C with a step of 50 °C. This temperature range fully covers the typical harsh service
conditions of such devices. It also has strong engineering practicality and can provide a
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useful reference for the thermo-structural reliability design of related LTCC substrates in
SiP components.

3. Analysis and Discussion
3.1. Parameter Enhancement for Electromagnetic Transmission Model

To improve the signal transmission performance of LTCC substrates in SiP under an
ideal electric field, key structural parameters including the transmission line width (w0),
line spacing (X0), height (d1), TCV radius (#0), and pad radius (1) are comprehensively
adjusted and optimized. Parametric scanning and comparative analysis are performed, and
the corresponding electromagnetic response characteristics are summarized in Figure 3.
The detailed analysis results are given below:
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Figure 3. The scattering characteristics were simulated under different design parameter conditions:
(a) S11 vary with w0; (b) Sy1 vary with w0; (c) Sy vary with X0; (d) Sp; vary with XO0; (e) S;1 vary with
d1; (f) Sy vary with d1; (g) Sy vary with r0; (h) Sp; vary with r0.

As shown in Figure 3a,b, the return loss (S11) increases monotonically with the increase
in transmission line width (w0), indicating aggravated signal reflection and impedance
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mismatch. In contrast, the insertion loss (S1) transmission efficiency is improved as the
transmission line width (w0) decreases. Specifically, when w0 is set to 21 um, the energy
transmission ratio at the center frequency reaches 96.8%, which is 10.1% higher than that of
the reference scheme with a line width of 27 um (86.7%).

The spacing between adjacent transmission lines also plays a critical role in determin-
ing the scattering parameters, as shown in Figure 3c,d. Specifically, when the transmission
line spacing (X0) is 32 um, the energy transmission ratio at the center frequency reaches
96.8%. Compared with the case of 26 um spacing, the transmission efficiency increases
by 12.5%. In practical packaging design, reasonably arranged line spacing is essential:
excessively narrow spacing easily introduces crosstalk interference, while overly large
spacing reduces layout compactness and degrades high-speed transmission capability.

According to the simulated curves in Figure 3e-h, changes in transmission line height
have a negligible effect on electromagnetic scattering characteristics, and the electromag-
netic characteristic curves remain stable within the studied range. The recommended
optimal height range is determined to be 10 pm to 12 pm. In addition, both TCV radius
and pad radius show low sensitivity to high-speed signal transmission performance.

Based on the above analysis, Scheme 1 is chosen as the baseline design with the
following parameters: transmission line width (w0) of 23 um, spacing (X0) of 32 um,
height (d1) of 12 pm, TCV radius (r0) of 11 um, and pad radius (r1) of 12 um. With this
configuration, the energy transmission ratio at the center frequency reaches 96.8%, and the
return loss is significantly lower than —20 dB, as shown in Figure 4a,b.

(a) —20 (b) 0.00
—24 -0.05
—28 -0.14
-1 = 0.10
= 36 E: -0.15
' —40 020
—44
-0.25
—48 —=—S,,(dB) —e—S,,(dB)
0 3 6 9 12151821242730 03059 1215 18 21 24 27 30
Frequency(GHz) Frequency(GHz)

Figure 4. Scattering characteristics simulated of Scheme 1: (a) S11; (b) Sp1.

3.2. Electro-Thermal Coupling Mechanism

Under complex operating conditions, microsystems are subjected to the coupled effects
of multiple physical fields. For example, resistive heating caused by current flow generates
thermal energy, which in turn changes the temperature distribution of material. This heat
diffusion process, governed by the heat conduction equation, is given by Equation (5):

—V-kVT)=Q 5)

In this equation, k is the thermal conductivity, T is the temperature, and Q is the
volumetric heat source. The temperature field also exerts a reciprocal effect on the electric
field distribution, mainly through the Seebeck effect. In numerical simulations, the Joule
heating term Q (the source term in Equation (5)) is derived from the electric field and
current density, as defined in Equation (6):

Q=JE=cIVVI? (6)
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Here, J is the current density vector, E is the electric field strength, o is the electrical
conductivity, and V'V is the electric potential gradient. Since o is temperature-dependent
(o(T)), the electrostatic field equation is reformulated as Equation (7):

—V:(cVV)=0 (7)

Additionally, temperature changes induce thermal expansion in the material, which is
characterized by thermal strain ¢, defined by Equation (8):

e=a(T — Tref) 8)

In this expression, « is the thermal expansion coefficient, Ty is the reference tempera-
ture, and ¢ is the thermal strain.

When a transmission line transmits radio-frequency signals, temperature exerts a
comprehensive influence on the S-parameters through a multiphysics coupling mechanism
involving electrical, thermal and structural factors.

First, the radio-frequency signal current generates an internal heat source through
the Joule heating effect. This heat input forms a non-uniform temperature field inside the
device, as governed by the heat conduction equation. Temperature changes modify the elec-
trical conductivity of the conductor, directly increasing ohmic losses and disturbing the elec-
tric field distribution under the constraint of current conservation. Consequently, this leads
to a significant degradation in the insertion loss and return loss of the transmission line.

Meanwhile, temperature causes geometric deformation of the device through the ther-
mal expansion equation. This deformation changes the characteristic impedance and phase
constant of the transmission line, leading to phase shifts in the S-parameters and resonance
frequency draft of resonant components. In addition, the non-uniform temperature field
introduces additional thermoelectric potential perturbations through the Seebeck effect.
When superimposed on temperature-dependent changes in dielectric constant and loss
tangent, this effect further aggravates transmission losses and impedance mismatch.

Ultimately, the coupled interaction of these electrical, thermal, and structural multi-
field effects collectively determines the temperature sensitivity of the S-parameters.

To study the influence of electromagnetic-thermal coupling on LTCC substrate in SiP,
comparative numerical simulations are designed under different temperature conditions.
In one group of simulations, a uniform temperature field is applied to the system through
thermal expansion nodes, while in the other group, the system is subjected to a non-uniform
temperature distribution with local hotspots. This approach allows a focused comparison
of the effects of these two temperature conditions on the electromagnetic transmission
performance of the system.

3.3. The Effect of Thermal Field on Scattering Characteristics

Temperature regulates the electromagnetic properties of materials by changing key
constitutive parameters, driven by microscopic thermal motion. A temperature rise in-
creases the amplitude of lattice vibration and the probability of carrier scattering. This
directly changes the electrical conductivity and loss characteristics of the material. In
metallic conductors, resistivity increases almost linearly with temperature, leading to a
rapid increase in conductor losses. In dielectric materials, thermal excitation increases the
concentration of weakly bound carriers. This causes both dielectric conductivity and loss
tangent to increase simultaneously.

Thermal disturbances also alter the microscopic dynamics of polarization and mag-
netization. Under electric field excitation, the intensities of electron, ion, and orientation
polarization change nonlinearly with temperature. This leads to complex temperature-
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dependent behavior of relative permittivity. In magnetic materials, thermal energy disrupts
the ordered arrangement of magnetic domains. This results in an overall decrease in the
relative permeability of ferromagnetic materials with increasing temperature, with a sharp
drop near the Curie temperature. These combined changes in constitutive parameters
modify the electromagnetic wave impedance and propagation constants in the medium.
Ultimately, they cause a shift in the device’s resonant frequency, increased insertion loss,
and degraded impedance matching.

In industrial equipment applications, systematic studies have been carried out to
explore the effects of extreme temperatures on device performance. The temperature
range in this study spans from —50 °C to 300 °C, designed to investigate the response
characteristics of the transmission line model under different thermal conditions. As
shown in Figure 5a,c, under uniform temperature conditions, the scattering characteristics
at the center frequency show minimal change when the temperature is increased from
—50 °C to 300 °C in steps of 50 °C. However, when the temperature exceeds 200 °C, signal
reflection increases and transmission efficiency decreases from 96.8% to 93.5%. In contrast,
as shown in Figure 5b,d, under non-uniform temperature conditions—especially when the
temperature exceeds 100 °C—the scattering characteristics at the center frequency change
significantly. At 300 °C, the transmission efficiency drops to 35.0%, representing a 61.8%
reduction compared with the baseline design obtained from single electric field analysis.

-60 —a— [(=-50°C —e—T0= 0°C =56 —s— 70=-50°C —e— T0= 0°C
—66 —a— 70= 50°C —v— T0=100°C —64 —a— T0= 50°C —v— T0=100°C
-72 —o— 10=200°C —<— 70=300°C -72 —— 70=200°C —<— 70=300°C
0 3 6 9 12151821242730 0 3 6 9 12151821 242730
_Frequency(GHz) Frequency(GHz)
uniform temperature non-uniform temperature
(d) 0.0fes
~2067
—1 2| TTVTVTYTTYYYey RITTITrrrYY
m-1.8 -1.13
S 2 4f—=—T10--50°C—e—10= 0°C
’ @' _3 ol——10= 50°C —— 10=100°C
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0. 54|28 10=200°C —— 10-300°C _g gl et
05036 0 1215 18 21 24 2730 "0 3 6 9 12151821242730
Frequency(GHz) Frequency(GHz)
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Figure 5. Scattering characteristics under different temperature conditions: (a) Value of S1; under
uniform temperature; (b) Value of S1; under non-uniform temperature; (c) Value of Sp; under uniform
temperature; (d) Value of Sp; under non-uniform temperature.

As shown in Figure 6a-h, at the same operating frequency, the relative variations
caused by uniform and non-uniform temperature conditions are negligible when the
temperature is below 50 °C. However, when the temperature exceeds 50 °C, non-uniform
temperature conditions result in significantly larger scattering variations, more serious
signal reflections, and lower transmission efficiency than uniform temperature conditions.
This further demonstrates that non-uniform temperatures impair the reliability and stability
of signal transmission within the system.
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Figure 6. Scattering characteristics vary with temperature under uniform and non-uniform tempera-

ture conditions: (a,b) F =5 GHz; (c,d) F = 10 GHz; (e f) F = 15 GHz; (g,h) F = 25 GHz.

3.4. Improved Electromagnetic-Thermal Coupling Model

3.4.1. Scheme Design

To verify whether Scheme 1, a design obtained from electric field optimization, can
be effectively applied under electromagnetic-thermal coupling conditions, a comparative
analysis of different design parameters for the LTCC substrate transmission line is carried
out under non-uniform temperature conditions with the temperature set to 300 °C. The
detailed parameter settings are listed in Table 3.

Table 3. Design schemes for different parameters in LTCC substrate in SiP.

Parameter Scheme 1 Scheme 2 Scheme 3
Transmission line width (w0) 23 um 25 um 27 pm
Transmission line spacing (X0) 32 um 34 um 36 pm
Transmission line height (d1) 12 um 12 um 12 um
TCV radius (r0) 11 um 11 um 11 um
Pad radius (r1) 12 um 12 um 12 um

https:/ /doi.org/10.3390/ electronics15081668


https://doi.org/10.3390/electronics15081668

Electronics 2026, 15, 1668

10 of 12

3.4.2. The Effect of Different Schemes on Scattering Characteristics

As shown in Figure 7, a comparative analysis of the Sy; parameters for Schemes 1-3
shows that under 300 °C operating conditions, Scheme 2 exhibits significantly better
transmission performance than the other schemes. Specifically, Scheme 2 maintains a trans-
mission efficiency of about 75.3% at a center frequency of 15 GHz, nearly 2.1 times that of
Scheme 1, which only achieves 35.0%. In addition, comparison with Scheme 3 indicates that
structural parameters such as line width and spacing need to be fully optimized and veri-
fied under specific operating conditions. Overall, these results demonstrate that Scheme 1,
selected only based on electric field performance, is not suitable for electromagnetic-thermal
coupling working conditions.

-0.5
_l'O_WM?mM
=15 g
2ot KT
_ -1.80
22 2.5}
= _aqnl —s— w0=23um X0=32um
A 3.0
—e— w0=25pm X0=34pm
—3.5¢ —+— w0=27pm X0=36pm
—4.0¢ 456
45} enn el i
-5.0 e — — —
0 3 6 9 12 15 18 21 24 27 30
Frequency(GHz)

Figure 7. Comparison of Sy; parameter results for different design schemes at 300 °C.

4. Conclusions

This paper presents a simulation study of high-speed electromagnetic signals on LTCC
substrates in SiP, focusing on the influence of uniform and non-uniform temperature fields
(including those with local hotspots) on the S-parameters of transmission lines. The results
show that temperature variations significantly affect signal transmission efficiency, and non-
uniform temperature fields exert a significantly stronger influence on the electromagnetic
performance of the device than uniform temperature fields. Under 300 °C operating
conditions, Scheme 1 achieves a transmission efficiency of only 35.0% at the center frequency
of 15 GHz, a 61.8% decrease compared with the optimal solution obtained from single
electric field analysis. A comparative analysis of Schemes 1-3 indicates that structural
parameters derived only from electric field simulation are not suitable for multiphysics
coupling conditions. After structural optimization, the transmission efficiency of Scheme 2
is increased to about 75.3%, which is approximately 2.1 times that of Scheme 1. In addition,
the amplitude of device performance fluctuations under high-temperature conditions is
significantly larger than those under low-temperature conditions at —50 °C. These findings
provide important reference data for subsequent high-temperature reliability design and
experimental research.
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