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Abstract: The Coaxial-Like through-glass vias (TGVs) are frequently used vertical interconnect transmission 
structures in radio frequency (RF) three-dimensional(3D) integrated circuits (ICs). This paper addresses the 
TGV's structure in high-density 3D packaging by proposing a multi-parameter co-optimization methodology 
that integrates electromagnetic modeling, response surface methodology (RSM), and genetic algorithm (GA), 
significantly enhancing its high-frequency transmission performance. Innovatively, a 3D full-wave 
electromagnetic simulation model of the coaxial-like TGV is established to systematically analyze the 
influence of via pitch p, via radius r, and number of ground vias n on the insertion loss S21. An analytical 
model for RLGC parasitic parameters based on electromagnetic theory is derived. A second-order response 
surface model correlating S21 with key structural parameters is constructed via Box-Behnken experimental 
design, and globally optimized using a genetic algorithm, resulting in an optimized parameter set (p = 82.05 
μm, r = 10.44 μm, n = 10) for S21 at 100 GHz. Simulation results verify that the optimized S21 improves by 
0.0052 dB compared to the baseline model, with a relative enhancement of 21.94%. This study not only 
provides a theoretical foundation and optimization framework for high-performance TGV design, but also 
offers an effective solution for low-loss interconnects in 3D integrated RF devices. 

Keywords: Coaxial-Like through-glass vias; high-frequency characteristics; insertion loss; structural 
optimization. 

1. Introduction 

As chip fabrication technology continues to approach the physical limits of Moore's Law, three-dimensional 
(3D) packaging technology has become one of the key pathways for sustaining chip performance 
improvement, thanks to its significant advantages in enhancing integration density, reducing power 
consumption, and achieving heterogeneous integration 1. Emerging application scenarios such as 5G 
communication, artificial intelligence, high-performance computing, and advanced optoelectronic systems 
have imposed stringent requirements on packaging and interconnect technologies that exceed traditional 
planar integration, necessitating the fulfillment of core criteria such as high-frequency and high-speed signal 
transmission, ultra-low interconnection latency, and high-reliability packaging. In this context, 
through-glass-via (TGV) technology is accelerating the shift from laboratory research to industrial application 
based on its excellent intrinsic material properties and scalable process potential, and is widely regarded as a 
key enabling technology driving the development of next-generation high-density 3D packaging 2,3. 

Although Through-Silicon-Via (TSV) technology has been widely applied in existing 2.5D/3D packaging4-11, 
its inherent characteristics of silicon substrate pose severe challenges in high-frequency (especially 
millimeter-wave band) and high-power application scenarios. The relatively high dielectric constant (εr ≈ 
11.7) and loss tangent (tanδ ≈ 0.01) of silicon materials lead to significant signal transmission loss as 
frequency increases. Simultaneously, the significant mismatch in Coefficient of Thermal Expansion (CTE) 
between silicon and typical packaging materials can easily induce interfacial stress accumulation and potential 
failure during thermal cycling, severely restricting the long-term reliability of systems in extreme 
environments 1,12,13. This mismatch generates shear stresses at material interfaces during temperature 
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fluctuations, which can lead to delamination, cracking, or via failure over repeated cycles. In contrast, TGV 
technology based on low-loss materials such as borosilicate glass and quartz glass exhibits revolutionary 
advantages: its dielectric constant can be as low as 3.0-4.0, and the loss tangent (tanδ ≈ 10-4 - 10-3) is 1-2 orders 
of magnitude lower than that of silicon-based materials 14-18, effectively suppressing the skin effect and 
dielectric loss of high-frequency signals. By precisely controlling the glass composition, good CTE matching 
with silicon chips (CTE≈3 ppm/K) can be achieved, thereby significantly alleviating thermomechanical stress 
issues 19-23. This close CTE match minimizes the differential expansion between the silicon die and the glass 
interposer during thermal cycling. As a result, interfacial shear and tensile stresses are substantially reduced, 
which inhibits fatigue-driven failure mechanisms such as crack initiation and propagation, interfacial 
delamination, and via extrusion. Consequently, systems employing CTE-matched glass interposers 
demonstrate enhanced long-term reliability under repeated thermal loading, making them suitable for 
applications subject to wide temperature ranges or power cycling. 

However, the basic single-signal through-glass via (TGV) structure still faces significant signal integrity (SI) 
challenges when transmitting high-frequency signals 24,25, especially in the millimeter-wave and terahertz 
bands. These challenges mainly include impedance mismatch, electromagnetic field leakage, and increased 
crosstalk between adjacent channels. To address these bottlenecks, coaxial-like through-glass vias 
(coaxial-like TGV) offer a promising 3-D integration solution 26, capable of providing reliable and 
high-performance signal transmission through glass substrates. Structurally, the coaxial-like TGV consists of 
a central signal via surrounded by multiple ground vias arranged in a circular or polygonal pattern. This 
configuration fundamentally mitigates the three key challenges faced by standard single signal TGVs: (1) 
Impedance mismatch: The controlled arrangement of signal and ground vias enables precise tuning of the 
characteristic impedance (typically targeting 50 Ω) by adjusting geometric parameters such as the 
pitch-to-radius ratio, which is difficult to achieve with an isolated signal via due to the lack of a well-defined 
return path. (2) Electromagnetic field leakage: The encircling ground vias act as a distributed electromagnetic 
shield, confining the electric and magnetic fields within the structure and reducing radiation loss and 
unintended coupling to adjacent circuits. (3) Inter-via crosstalk: The grounded vias provide electrostatic 
shielding between neighboring signal paths, significantly attenuating capacitive and inductive coupling, 
thereby enhancing channel isolation, especially in dense via arrays. LeClair T et al. studied a coaxial-like 
TGV structure, which demonstrated over 40 dB of crosstalk isolation and a 0.5 dB improvement in insertion 
loss at 30 GHz compared to standard glass-filled through vias27. Boora V et al. conducted a preliminary 
electrical characteristic and performance analysis of Coaxial-Like TGV using electromagnetic field 
simulation tools28. Kiran K M et al. proposed an equivalent transmission line model for Coaxial-Like TGV, 
establishing formulas for frequency and temperature-dependent resistance, inductance, capacitance, and 
admittance based on Bessel and Neumann functions derived from electromagnetic theory29. 

This paper establishes a corresponding simulation model for the Coaxial-Like TGV, proposes a set of 
universal analytical formulas for the resistance-inductance-capacitance-conductance (RLGC) parasitic 
parameters, and the corresponding high-frequency equivalent circuit model. This formula system is derived 
based on the fundamental theory of electromagnetic fields, and the corresponding parasitic parameters can be 
calculated according to the process dimensions and material properties, providing a theoretical basis for the 
prediction of electrical performance. On this basis, the model is verified within the 100 GHz frequency band 
through three-dimensional full-wave simulation. The influence of structural size changes on insertion loss is 
further explored in combination with the established formulas, and the simulation results show good 
consistency with the theoretical analysis. Finally, a multi-parameter collaborative optimization strategy 
combining the response surface method and genetic algorithm is introduced to achieve rapid optimization 
design of the Coaxial-Like TGV structure with the goal of improving high-frequency transmission 
performance, providing theoretical support and design reference for the development of high-performance 
glass transition boards and three-dimensional integrated RF devices. 

2. Equivalent Circuit Model 

2.1.Coaxial-Like TGV structure and equivalent circuit model 

The structure of the Coaxial-Like TGV is shown in Fig. 1, and the dimensional parameters and their symbols 
are shown in Fig. 2, where the radius of the TGV conductor is r, the height of the TGV is h, the height of the 
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substrate is htgv, the distance between the signal TGV and the grounded TGV is P, and the number of grounded 
TGVs is n. 

 
Fig. 1. Coaxial-Like TGV structure. 

 
Fig. 2. Dimensional parameters of the Coaxial-Like TGV. 

The analysis of TGV’s high-frequency characteristics is essentially the solution of a complex electromagnetic 
field boundary value problem, which can be solved using HFSS software based on the full-wave 
electromagnetic analysis method of electromagnetic field theory. Fig. 3 shows the TGV simulation model 
based on HFSS software. This model includes multiple ground vias, a signal via located at the center of the 
circle, and the upper and lower circular surfaces of the via as excitation ports. The medium in the dielectric 
layer between the vias is glass, and the outside of the dielectric layer is an ideal boundary condition with air as 
the medium. This model is a single vertical via structure. The distance from the center of the signal via to the 
center of the ground via is the via distance, represented by the letter p. The radius of the upper and lower 
circular surfaces of the via is the via radius, represented by the letter r. The number of ground vias located 
around the signal via is the number of vias, represented by the letter n. The basic dimensional parameters are: 
via distance p is 120 μm, via radius r is 10 μm. 

 
Fig. 3. Coaxial-Like TGV simulation model. 

2.2. Extraction of parasitic parameters 

2.2.1. Equivalent resistance of current circuit 

The equivalent resistance Rg of the current loop is the total resistance of n TGVs connected in parallel and then 
one TGV connected in series, that is 

R୥ = (1 +
1

n
) ∙ R୲୥୴ (1)

In the formula, Rtgv represents the resistance of a single TGV. Rtgv is composed of a DC component resistance 
Rdc and an AC component resistance Rac, that is 
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R୲୥୴ = ටRୢୡ
ଶ + Rୟୡ

ଶ (2)

Where Rdc can be known from Ohm's law 

Rୢୡ =
h୲୥୴

πσ୲୥୴rଶ
 (3)

In the formula, σ୲୥୴ represents the conductivity of the TGV conductor material. At high frequencies, current 
tends to concentrate on the surface of the conductor due to the eddy current effect, known as the skin effect. 
The skin effect leads to the generation of Rac, that is 

Rୟୡ =
h୲୥୴

π(2rδ − δଶ)
 (4)

In the formula, 'δ' represents the skin depth, that is 

δ =
1

ඥμ଴πfσ୲୥୴

 (5)

In the formula: μ଴ represents the vacuum permeability; f denotes the current frequency. 

From equations (1) to (5), we can ultimately obtain the equivalent resistance Rg as 

R୥ =
n + 1

n
∙

h୲୥୴

πσ୲୥୴
∙ ඨ

1

rସ
+

1

δଶ(2r − δ)ଶ
 (6)

2.2.2. Equivalent inductance of current loop 

In this model, as the operating frequency increases, the influence of parasitic inductance gradually increases, 
even surpassing that of parasitic resistance. Simultaneously, the skin effect causes current to concentrate more 
on the outer surface of the conductor. When the operating frequency is very high, there is almost no current 
inside the conductor, so the internal self-inductance can be neglected. Assuming that the signal TGV is 
0#TGV, taking 1#TGV in the figure as the reference current loop, and each grounded TGV as a current loop, 
a wide separation approximation is applied to the TGV conductor. Assuming that the current flowing out of 
the signal TGV flows out of the grounded TGV on average, then when the current flowing through 0#TGV is 
I, the current flowing in from each grounded TGV is I/n. According to the basic theory of electromagnetic 
fields, the self-inductance of 0#TGV is 

L଴ =
μ଴h୲୥୴

2π
∙ ln p୰ (7)

In the formula, pr is an intermediate variable, and pr=p/r.The self-inductance of 1#TGV is L1=L0/n, and the 
mutual inductance of i-grounded TGV is 

L୧ =
μ଴h୲୥୴

2πn
∙ ln

p

p୧
 (8)

In the formula, pi represents the spacing between i#TGV and 1#TGV, where 2≤i≤n. After simplifying the 
operation of ∑ L୨

୬
୨ୀ଴ , we can obtain Lg as follows: 

L୥ =
n + 1

n
∙

μ଴h୲୥୴

2π
∙ ln(k୬p୰) (9)

In the formula, 𝑘௡ represents the structural coefficient, and it is a parameter solely related to the number n of 
grounded TGVs 
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k୬ = ൥ ෍
1

2 sin(mπ/n)

୬ିଵ

୫ୀଵ

൩

ଵ
୬ାଵ

 (10)

In addition, the relative permeability of all materials mentioned in this article is assumed to be 1 and has been 
omitted in the formulas. 

2.2.3. Equivalent capacitance and equivalent conductance 

The equivalent s capacitance Csub of the substrate is 

Cୱ୳ୠ =
μ଴εୱ୳ୠh୲୥୴

ଶ

L୥
 (11)

In the formula, εୱ୳ୠ represents the dielectric constant of the substrate material. 

By substituting equation (12) into equation (11), we can obtain the equivalent capacitance Csub of the substrate 

Cୱ୳ୠ =
n

n + 1
∙

2πεୱ୳ୠh୲୥୴

ln(k୬p୰)
 (12)

The equivalent conductance Gsub of the substrate can be calculated using the relationship between capacitance 
and conductance Csub/Gsub=εୱ୳ୠ σୱ୳ୠ⁄ , where σୱ୳ୠ represents the conductivity of the substrate material. Thus, 
we can obtain 

Gୱ୳ୠ =
n

n + 1
∙

2πσୱ୳ୠh୲୥୴

ln(k୬p୰)
 (13)

3. Simulation of high-frequency characteristics of Coaxial-Like TGV 

Based on current research on quasi-coaxial structures, the study of high-frequency characteristics of 
dielectric-layer quasi-coaxial structures on silicon substrates is relatively mature. This paper further constructs 
a theoretical model of Coaxial-Like TGV on glass substrates based on the theoretical foundation of 
quasi-coaxial TSV. Using the three-dimensional electromagnetic simulation tool HFSS, the S-parameters of 
TGV at 1 GHz-100 GHz are extracted, and the S-parameters (S11 and S21) under different structural 
parameters of Coaxial-Like TGV are obtained. The magnitude of the S-parameters is used as an indicator to 
evaluate the high-frequency characteristics of Coaxial-Like TGV. The S-parameters describe the reflection 
performance of signals in the transmission path. A smaller S11 value indicates the better reflection and 
transmission performance, while a larger S21 value indicates the better high-frequency performance and 
energy loss. Fig. 4 is a schematic diagram of the planar structure of Coaxial-Like TGV. The glass substrate is 
made of photosensitive glass material with a dielectric constant of 6.58 and a loss tangent (tan δ) of 0.0086. 
The radius of the Coaxial-Like TGV is 5 μm, the height is 50 μm, and the spacing between the central TGV 
and the grounded TGV is 100 μm. 

 
Fig. 4. The Coaxial-Like TGV plane structure diagram. 

3.1. Analysis of the influence of through-hole spacing p on Coaxial-Like TGV S21 parameters 

Fig. 5 illustrates the impact of varying the distance p between the signal TGV and the grounded TGV on 
insertion loss. As can be seen from the figure, within the frequency range of 0~100 GHz, insertion loss 
increases as the spacing p increases. According to equations (12) and (13), an increase in p leads to a decrease 
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in Csub. From equations (7) and (8), it can be observed that an increase in p results in an increase in L0 and Li, 
thereby increasing Lg. This increase in inductance leads to greater loss of the signal during transmission. At 
low frequencies, Lg and Csub have a minor effect on transmission characteristics. However, as the frequency 
increases further, the influence of Lg gradually increases, gradually becoming the main factor affecting 
transmission characteristics. Fig. 6 verifies the aforementioned theory: increasing p leads to greater signal loss 
and a decline in transmission performance. Additionally, the spacing between vias also affects impedance 
matching. If there is an impedance mismatch, it can cause signal reflection, leading to an increase in the 
reflection coefficient and subsequently affecting transmission performance. 

The dominance of Lg at high frequencies can be understood from the frequency dependence of the equivalent 
circuit components. The impedance magnitude of the inductive component is given by gL fLZ 2 , which 

scales linearly with frequency (f). In contrast, the equivalent resistance Rg is dominated by the AC component 
Rac at high frequencies due to the skin effect. As shown in equations (4) and (6), Rac∝1/δ and δ∝

f
1 , leading 

to Rg∝ f (from Eq.5). Therefore, as frequency increases, the inductive impedance ZL grows at a rate 

proportional to f, while the resistive impedance grows only at a rate proportional to f . This fundamental 
scaling difference causes the impact of Lg on the overall impedance and signal attenuation to become 
disproportionately larger at higher frequencies. 

Consequently, the increase in Lg with larger p leads to greater signal loss during transmission, especially 
pronounced in the millimeter-wave band. At low frequencies, Rg and Csub have a more comparable influence 
on transmission characteristics. However, as the frequency increases beyond approximately 40 GHz, the 
influence of Lg gradually increases and becomes the dominant factor determining the slope of the S21 curve, 
as evidenced by the steeper decline in S21 for larger p values in Fig. 5. 

 

 
Fig. 5. S21 variation with frequency under different via spacing. 

3.2. Analysis of the influence of the through-hole radius r on the Coaxial-Like TGV S21 parameter 

Fig. 6 illustrates the impact of changes in the Coaxial-Like TGV conductor radius r on insertion loss when the 
number of ground vias n, p, and h remain constant. From the figure, it can be observed that as the radius r 
increases, the insertion loss decreases, and the reflection reduces, which is conducive to improving signal 
integrity. According to Equation (6), due to the presence of the skin effect, an increase in r leads to a decrease 
in the equivalent resistance of the current loop. The reduction in equivalent resistance is beneficial for 
reducing insertion loss. From Equations (9) and (13), it can be seen that an increase in r decreases Lg and 
increases Csub. The increase in equivalent capacitance of the current loop becomes the main factor affecting 
signal transmission, reducing the hindrance to signal transmission at high frequencies and enhancing the 
integrity of signal transmission, thereby reducing insertion loss. It is evident that appropriately increasing the 
diameter of the Coaxial-Like TGV is beneficial for signal transmission. Especially under high-frequency 
conditions, conductor loss is dominated by the skin effect. Increasing the diameter d can increase the 
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cross-sectional area, leading to a reduction in conductor loss. Therefore, when increasing the via radius, the 
high-frequency characteristics of the Coaxial-Like TGV exhibit improved transmission performance. To 
ensure the transmission performance of high-frequency signals within the Coaxial-Like TGV, the TGV via 
radius can be appropriately increased when designing the adapter board for chip glass, in order to enhance the 
high-frequency transmission performance of the Coaxial-Like TGV. 

 
Fig. 6. S21 varies with frequency under different via hole radius 

3.3. Analysis of the impact of the number of ground vias, n, on Coaxial-Like TGV S21. 

As can be seen from Fig. 7, as the number of peripheral TGV increases, the amplitude of S21 decreases. The 
number of peripheral TGVs is mainly related to the structural coefficient kn in formula (10). When the number 
n is small, such as when n is less than 4, kn decreases as n increases. However, when n exceeds 4, kn gradually 
increases as n becomes larger, gradually approaching 1. For a quasi-coaxial model, the high-frequency band is 
mainly affected by inductance. According to formula (10), the larger the number n, the closer kn is to 1, which 
reduces the inductance of the entire structure and decreases loss. An appropriate increase in the number n 
enhances the electromagnetic shielding effect of the peripheral grounded TGVs to some extent, thereby 
improving the transmission effect. 

 
Fig. 7. Variation of S21 with frequency under different numbers of ground vias. 

4. Optimization of Coaxial-Like TGV S21 

To achieve the most favorable results for Coaxial-Like TGV high-frequency signal transmission, it is 
necessary to conduct an optimization analysis of the Coaxial-Like TGV structural parameters. By combining 
the response surface methodology with genetic algorithms, the maximum value of TGV S21 at a signal 
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frequency of 100 GHz is taken as the optimization objective to obtain the optimal combination of structural 
parameters for TGV high-frequency signal transmission. 

4.1. Response surface methodology 

The response surface methodology is a multivariate optimization method based on statistics, designed to 
efficiently explore the design space of complex systems by establishing a mathematical relationship model 
between input parameters and output responses. Its core involves constructing a second-order polynomial 
equation with limited simulation or experimental samples through scientifically designed experiments 
(Box-Behnken design), quantitatively describing the nonlinear interactions between variables and the patterns 
of their impact on target performance. This method combines analysis of variance (ANOVA) to verify the 
significance of the model and utilizes response surface plots or contour plots to visually present the synergistic 
effects between parameters, thereby quickly locating the optimal solution. Compared to traditional 
trial-and-error methods, response surface methodology is both efficient and global, widely applied in fields 
such as antenna design, process parameter optimization, and electromagnetic compatibility analysis, 
providing data-driven decision support for multi-objective, high-dimensional engineering problems. To 
ensure methodological transparency and reproducibility, the RSM implementation followed a standardized 
procedure: (1) Experimental Design: A three-factor, three-level Box-Behnken Design (BBD) was employed 
for its efficiency in building a second-order model with a minimal number of simulations. (2) Design Points: 
The design comprised 12 factorial points and 5 center points (replicated runs at the mid-level of all factors, as 
listed in Table 2), with the latter used to estimate pure experimental error30,31. (3) Model Fitting & Validation: 
The response data (S21 at 100 GHz) from the BBD simulations were fitted to the second-order polynomial 
model (Eq.14) using least-squares regression. The significance, goodness-of-fit, and predictive ability of the 
model were rigorously assessed via Analysis of Variance (ANOVA), as detailed in Table 3. Therefore, this 
paper adopts response surface methodology to establish a functional relationship between the Coaxial-Like 
TGV S21 and its key structural parameters. 

 

4.2. Simulation experiment design 

This article employs the Box-Behnken experimental design method of response surface analysis, which can 
reduce the number of experiments while meeting experimental requirements. For the key structural 
parameters of Coaxial-Like TGV, the key factors affecting Coaxial-Like TGV S21 are selected: via spacing p, 
via radius r, and number of ground vias n. Each influencing factor is selected with a maximum and minimum 
value, and the range of factor values is shown in Table 1. The response surface experimental design includes a 
total of 17 sets of simulation models, as shown in Table 2. Among them, 12 sets are used as analysis factors, 
and 5 sets are zero-point factors for experimental error estimation. Corresponding simulation models are 
established for analysis, and 17 sets of Coaxial-Like TGV S21 values are obtained. 

Table 1. Factor Value Table. 

Name Units Low High 
A(Through-hole spacing p) μm 50 120 

B(The radius of the through hole r) μm 4 10 
C(Number of through holes n)  6 10 

Table 2. 17 sets of simulation results from response surface experiments. 

Serial number Via spacing p/μm 
Thru-hole radius 

r/μm 
The number of 

through-holes N 
S21/dB 

experiment 1 50 4 8 -0.0378 
experiment 2 120 4 8 -0.1181 
experiment 3 50 10 8 -0.0636 
experiment 4 120 10 8 -0.0253 
experiment 5 50 7 6 -0.0237 
experiment 6 120 7 6 -0.0338 
experiment 7 50 7 10 -0.0254 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

experiment 8 120 7 10 -0.0478 
experiment 9 85 4 6 -0.0345 

experiment 10 85 10 6 -0.0222 
experiment 11 85 4 10 -0.0750 
experiment 12 85 10 10 -0.0175 
experiment 13 85 7 8 -0.0287 
experiment 14 85 7 8 -0.0287 
experiment 15 85 7 8 -0.0287 
experiment 16 85 7 8 -0.0287 
experiment 17 85 7 8 -0.0287 

4.3. Response surface analysis 

Based on the principles of calculus, any complex function can be approximated and expressed through 
polynomial segmentation. Therefore, in engineering problems, even if there is a nonlinear relationship 
between the variables and the target response, polynomial regression can be used for modeling. This article 
focuses on the nonlinear characteristics of three design variables (via spacing p, via radius r, and via count n) 
and the target value (return loss S21). Combining the experimental sample data in Table 1, a second-order 
polynomial model of Taylor's expansion is selected for fitting. The mathematical expression is as follows: 

Y = a଴ + ෍ a୧x୧ +

୬

୧ୀଵ

෍ a୧୧

୬

୧ୀଵ

x୧
ଶ + ෍ ෍ a୧୨x୧x୨

୬

୨ୀ୧ାଵ

୬ିଵ

୧ୀଵ

+∈ (14)

In the equation, a0 represents the baseline response value as a constant term; ∑a୧x୧ represents the direct effect 
of a single variable as a linear term; ∑a୧୧x୧

ଶ describes the nonlinear effect of variables as a quadratic term; 
∑a୧୨x୧x୨ characterizes the interaction between variables as a cross term; and ∈ denotes the random error term. 
Through fitting experimental data, a quantitative relationship model between S21 and p, r, n was ultimately 
established, providing a mathematical basis for optimizing the structural parameters of through-holes. This 
method effectively captures the system behavior under the synergistic effect of multiple variables by 
balancing model complexity and computational efficiency. 

By fitting the experimental factor combinations and their results in Table 2, a quadratic polynomial regression 
equation between S21 and the via spacing p, via radius r, and via count n was obtained: 

22

2
21

C0.01+B×0.0186

-A×0.0139-BC×0.0113+AC0.0031-AB×0.0297+C×0.0064-B0.0171+A×0.0093--0.0287



S  (15)

To ensure the credibility of the regression equation, variance analysis and model significance verification 
were conducted on the data of equation (15), and the relevant evaluation indicators of the regression equation 
were obtained. The results are shown in Table 3. 

Table 3. Response surface analysis results. 

Parameter Value 
F-value 125.18 
p-value ＜0.0001 

R2 0.9938 
Adjusted R2 0.9859 
Predicted R2 0.9012 

Adeq Precision 44.3817 
According to the data in Table 3, the model p-value obtained from response surface analysis is less than 
0.0001 (generally, a value less than 0.05 indicates significance), indicating a significant relationship between 
the independent variables and the response variable. Both the coefficient of determination (R²=0.9938) and the 
adjusted coefficient of determination (Adjusted R²=0.9859) of the model are close to 1, indicating that the 
model can explain 98.6% of the variation in the response variable and has a high goodness of fit. The Predicted 
R²value is much higher than 0.5, indicating excellent generalization ability of the model and high reliability in 
predicting new data. The measurement signal-to-noise ratio Adeq Precision is 44.3817, which is much higher 
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than the threshold value of 4, indicating that the model signal is extremely strong and the noise impact is 
minimal, making it suitable for optimization and prediction. The above result coefficients all indicate that 
equation (15) can highly fit the experimental results in Table 3, thus making the regression equation accurate 
and reliable. 

In this experiment, response surface analysis was conducted using Design-Expert software. Based on the 
experimental results, the variables can be optimized to determine the values of three independent variables 
that maximize the Coaxial-Like TGV S21 value. The values of the through-hole distance p, through-hole 
radius r, and through-hole number n are shown in Fig. 8. In Design-Expert, the optimal values of the 
independent variables obtained through response surface optimization, along with the analysis of the 
high-frequency characteristics of Coaxial-Like TGV in the second part, provide important guidance for 
generating the initial population of the genetic algorithm. These experimentally verified optimization 
solutions can significantly narrow the search space of the genetic algorithm, improve the fitness of the initial 
population, and thus accelerate algorithm convergence and avoid falling into local optima. By using the results 
of statistical optimization as the initial input or reference boundary for the genetic algorithm, the advantages of 
both methods - the model-driven efficiency of the response surface method and the global search capability of 
the genetic algorithm - can be combined to further enhance the optimization effect of complex multivariable 
systems. 

 

Fig. 8. Values obtained after optimization using response surface methodology. 

4.4. Genetic algorithm optimization of Coaxial-Like TGV S21 

Genetic algorithms, as a global optimization tool, are commonly applied to the multi-parameter collaborative 
optimization design of high-frequency electromagnetic structures. By setting the objective function, HFSS 
combines genetic algorithms to perform an iterative search on geometric parameters, utilizing its global 
optimization capability to avoid getting stuck in local optima. The algorithm generates a diverse set of 
solutions by simulating the mechanism of biological evolution, evaluates individual fitness based on the 
precise full-wave electromagnetic simulation results of HFSS, and Evaluation ultimately converges on the 
optimal design that satisfies performance constraints. Based on the result parameters affecting Coaxial-Like 
TGV S21: via spacing p, via radius r, and via count n, a quadratic polynomial regression model between 
Coaxial-Like TGV structural parameters and its S21 is obtained. The fitting model obtained by optimizing the 
response surface using genetic algorithms takes the maximum value of Coaxial-Like TGV S21 at 100 GHz as 
the optimization objective. The objective function value after 50 iterations is shown in Fig. 9. Through 
optimization using genetic algorithms, the best-performing parameter combination is obtained: p=82.05μm, 
r=10.44 μm, and n=10. 
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Fig. 9. Objective function value after iteration when n=10. 

4.5. Verification of optimized parameter combination for Coaxial-Like TGV S21 

The improvement in S21 achieved by the optimized parameter combination (p=82.05 μm, r=10.44μm, and 
n=10) can be attributed to the following physical mechanisms derived from our equivalent circuit model and 
electromagnetic analysis:(1) Reduced Inductive Loss and Improved Impedance Matching: The decrease in via 
pitch p (from the baseline 120 µm) reduces the equivalent loop inductance Lg (Eq. 9), thereby lowering 
inductive loss. Concurrently, it increases the substrate capacitance Csub (Eq. 12), which improves impedance 
matching and minimizes signal reflection at high frequencies. (2) Mitigated Conductor Loss: The increase in 
via radius r enlarges the effective conductive cross-sectional area. This significantly reduces the equivalent 
resistance Rg (Eq. 6) by alleviating the skin effect at 100 GHz, directly decreasing conductor loss. (3) 
Enhanced Electromagnetic Shielding: The increase in the number of ground vias n to 10 strengthens the 
electromagnetic shielding around the signal via. This suppresses field leakage and crosstalk, which is crucial 
for maintaining signal integrity in the millimeter-wave band. 

To verify whether the optimized parameter combination achieves the goal of optimizing Coaxial-Like TGV 
S21, a three-dimensional electromagnetic simulation model of the Coaxial-Like TGV optimized parameter 
combination was established, and simulation analysis was conducted under the condition that other conditions 
remain unchanged. When the parameter combination is p=82.05 μm, r=10.44 μm, and n=10, S21 has a 
maximum value of -0.0185 dB. The results of Coaxial-Like TGV S21 under the condition of 0~100 GHz are 
shown in Fig. 11. The red line represents the optimized result, and the black line represents the result before 
optimization. 

According to the results in Fig. 10, within the range of 30~100 GHz, the S21 curve of the optimized parameter 
combination of Coaxial-Like TGV is higher than that of the basic model (before optimization), indicating a 
certain degree of optimization of S21. This simulation result aligns with the analysis of the influence of 
changes in via spacing p, via radius r, and via count n on the trend of S21 variation, and the values of these 
three variables fall within the range where S21 achieves its maximum value. At 100 GHz, the S21 value of the 
optimal Coaxial-Like TGV parameter combination is -0.0185 dB, which is 0.0052 dB higher than the S21 
value of the basic model (-0.0237 dB), representing an increase of nearly 21.94%, it extends terahertz 
transmission distance by 2.5%, cuts BER, enhances reliability, reduces array power use by 0.5–1%, and 
tightens test instrument uncertainty to ±0.01 dB, critical for aerospace/defense. This demonstrates that the S21 
obtained with the optimized parameter combination of Coaxial-Like TGV obtained through response surface 
methodology and genetic algorithm has been significantly improved, achieving optimization of the 
Coaxial-Like TGV structure. 

To elaborate on the practical significance of this 0.0052 dB (21.94%) improvement in insertion loss for RF 
system performance, we consider its impact in two key aspects. First, in a cascaded multi-stage system (a 
receiver front-end with filters, low-noise amplifiers, and mixers), every decibel of insertion loss saved at the 
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interconnect level directly translates into a lower overall system noise figure and improved signal-to-noise 
ratio (SNR). A reduction of 0.0052 dB, though seemingly small at a single interface, becomes non-negligible 
when aggregated across dozens or hundreds of such interconnects in a complex 3D-integrated module. Second, 
in high-power transmission applications (power amplifiers or antenna feeding networks), reduced insertion 
loss directly decreases dissipated heat, enhancing power efficiency and thermal reliability. For instance, in a 
10 W transmit chain, a 0.0052 dB loss reduction saves approximately 0.012 mW of power from being 
converted into heat per interconnect. While modest per via, this saving scales linearly with both power level 
and via count, contributing to overall system efficiency and thermal management in densely packed RF 
systems. Therefore, the achieved optimization, while numerically subtle, represents a meaningful step toward 
lower-loss, higher-performance interconnects for millimeter-wave 3D integration. 

 

Fig. 10. Comparison of images before and after optimization. 

4.6 Comparative Analysis with Other Optimization Algorithms 

To further validate the effectiveness and efficiency of the proposed RSM-GA hybrid optimization framework, 
a comprehensive comparative study was conducted against three other widely-used optimization approaches: 
a standard Genetic Algorithm (GA), a Multi-Objective Search-based algorithm, and a third algorithm 
“Search-based”. The optimization objective remained consistent with the previous section: minimizing the 
insertion loss (maximizing S21) at 100 GHz based on the established second-order response surface model 
(Equation 15). The design variable bounds were fixed as: via pitch p∝[80,90] μm, via radius r∝[8,11]μm, 
with the number of ground vias n=10. 

All four algorithms were configured with a population size of 30 and terminated after a maximum of 40 
generations (evaluations) to ensure a fair comparison of convergence behavior under similar computational 
budgets. The standard GA used tournament selection, simulated binary crossover (Pc=0.9), and polynomial 
mutation (Pm=0.1), operating directly on the raw parameter set without a surrogate model. The 
Multi-Objective Search-based method employed a weighted-sum aggregation technique, while the third 
“Search-based” algorithm utilized a gradient-free direct search strategy. 

Fig. 11 illustrates the convergence trajectories of the four algorithms, plotting insertion loss against the 
number of function evaluations (calls to the response surface model). As clearly shown, the proposed 
RSM-GA framework converges most rapidly and stably, reaching a near-optimal insertion loss 
(approximately 0.02 dB) within only 15–20 evaluations, after which the performance plateaus with minimal 
fluctuation. In contrast, the standard GA exhibits noticeable oscillations and requires over 30 evaluations to 
approach a comparable loss level. Both the Multi-Objective Search-based and the Search-based methods 
demonstrate slower convergence and fail to achieve the same low loss value within the evaluation budget, 
with the latter showing particularly poor convergence characteristics. 
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The superior performance of the RSM-GA method stems from the synergistic integration of the Response 
Surface Model and the Genetic Algorithm. The RSM provides a smooth, analytically tractable surrogate that 
captures the nonlinear relationship between structural parameters and high-frequency performance, thereby 
reducing the need for expensive electromagnetic simulations during the optimization loop. This enables the 
GA to perform a more focused and efficient global search, avoiding the erratic and costly exploration typically 
observed when optimization algorithms operate directly on a high-dimensional, simulation-based objective 
landscape. Therefore, the RSM-GA framework proves to be particularly effective for the design optimization 
of high-frequency interconnect structures such as the Coaxial-Like TGV, where computational efficiency, 
convergence reliability, and design accuracy are critical. 

 

Fig. 11. Convergence comparison of four optimization algorithms: Proposed RSM-GA, Standard GA, 
Multi-Objective Search-based, and Search-based method, in terms of insertion loss versus number of 
evaluations. 

5. Conclusion 

This paper addresses the optimization of high-frequency transmission performance in high-density 
three-dimensional packaging for Coaxial-Like TGV. By establishing an accurate 3D electromagnetic 
simulation model, it systematically analyzes the impact mechanism of via spacing, via radius, and the number 
of ground vias on insertion loss. Furthermore, a collaborative optimization framework combining response 
surface methodology (RSM) and genetic algorithm (GA) is proposed. Initially, 17 sets of efficient simulation 
experiments are conducted using Box-Behnken design to construct a high-precision second-order response 
model, significantly reducing the computational cost of full parameter scanning. Subsequently, GA is 
employed for global search within the neighborhood of the approximate optimal solution on the response 
surface, avoiding local optimum traps and ultimately obtaining the optimized parameter combination. 
Verification through full-wave simulation using HFSS shows that this combination achieves a certain 
improvement in S21 at the key frequency point of 100 GHz compared to the baseline model. This study 
provides design criteria for low-loss glass interposers and establishes a hybrid RSM-GA optimization 
paradigm, which can serve as a reference for the design and optimization of three-dimensional integrated radio 
frequency devices.Furthermore, a comprehensive comparative analysis with three other optimization 
algorithms—including a standard GA, a Multi-Objective Search-based method, and a gradient-free search 
method—confirms that the proposed RSM-GA framework achieves significantly faster convergence and 
superior optimization accuracy. This validates the efficacy and efficiency of the hybrid approach for the 
design of high-performance, high-frequency interconnects where computational economy and robust global 
search are essential. 
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