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Abstract—The mode-decomposition-based equivalent via 

(MEV) model is proposed in this paper, which is a physics-based 

equivalent model for the high-speed channel modeling. The 

application ranges of the MEV model are analyzed by varying 

anti-pad radius, via radius, and distance between the parallel 

plates for a single via with multiple layers. Based on the S-

parameter comparison with full-wave simulations, the MEV 

model is useful for the insertion loss calculation up to 100 GHz. 

Meanwhile, the return loss from the MEV model shows a high 

level of correlation with full-wave simulation results up to 70GHz, 

even when the anti-pad radius is larger than the commonly used 

size. The parallel-plate height has a negligible impact on the 

accuracy of the MEV model. This paper demonstrates the large 

application range of the MEV model and verifies that MEV model 

is suitable for practical high-speed via analysis. 

Keywords—mode-decomposition, parallel plate mode, high-

order modes, equivalent via model, high-speed channel 

I. INTRODUCTION  

Transition via is commonly used in high-speed printed 
circuit boards (PCB), which can significantly impact the signal 
integrity of high-speed circuits [1]. It is very important to model 
and analyze the via performance at the pre-design stage for 
signal integrity of the high-speed channels. To overcome the 
long computation time, physics-based equivalent via model has 
been developed for many years, which can not only save time 
compared with full-wave numerical simulation methods, but 
also provide physics-based insight as via design guideline. 
However, the conventional physics-based via model is no 
longer accurate in high frequency, such as frequency over 20 
GHz, because the parallel-plate impedance is calculated based 
on only the fundamental parallel-plate mode [2]. To improve 
the accuracy of the conventional physics-based equivalent 
model, Williamson [3] and Zhang [4] proposed more complex 
equivalent circuits for via structures by considering higher-
order modes in the vicinity of the via domain. However, 
extracting the circuit elements for the two models is complex, 
and the circuit models are still not accurate beyond 40 GHz for 
typical PCB via dimensions [2]. 

A mode-decomposition-based equivalent via (MEV) 
model is proposed for high-speed channel modeling, which is 
also a physics-based equivalent model [7]. The MEV model is 
different from the conventional physics-based via model. The 
high-order parallel-plate modes are modeled as the parallel-

plate impedance ��  in the MEV model based on the newly 
proposed mode-decomposition method, as shown in Figure 1. 
Thus, the MEV model meets the high-accuracy and the high-
bandwidth requirements compared with the conventional 
equivalent via models. The MEV model is introduced in section 
II. In section III, S-parameters are compared to deduce 
application range of the MEV model. In addition, the relative 
error in the S-parameter from the MEV model and HFSS are 
analyzed. Finally, the conclusion of the paper is given in section 
IV. 

II. THE PROPOSED MEV MODEL 

Based on the conventional physics-based method, a 

segment cell of the via can be modeled using a � -type 
equivalent circuit including two capacitors and the parallel-
plate impedance based on domain decomposition method. Fig. 
1 shows the proposed MEV model for the fundamental cell of 
a via, which corresponds to via segment crossing a cavity 
enclosed by two reference plates. The equivalent model 

includes four capacitors and the parallel-plate impedances ��� 

and �′ . ���  and �′  are parallel-plate impedance due to the 

fundamental parallel-plate mode and higher-order parallel-plate 

modes in the parallel-plate domain, respectively. �� represents 

the coupling capacitance for the anti-pad domain meanwhile �	 
is the coupling capacitance between the via barrel and the top 
or bottom reference plate. Unlike the conventional physics-
based model, the proposed MEV model considers the impact of 
higher-order modes, which means the MEV model can work 
with high accuracy and high bandwidth. 

The coupling capacitance between the via barrel and the 
parallel plate has been analyzed for many years. Many methods 
have been developed for calculating the via-plate capacitance of 
a via structure [5]-[6]. In this paper, the anti-pad capacitance �� 
and the via barrel-plate capacitance �	 are calculated as shown 
below [6]. 
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where ra, r0 and rp are the anti-pad, via and pad radii, 

respectively. h is the parallel-plate height, which corresponds 

to the distance between the two parallel plates. t is the plate 

thickness. B� and B3 are the free space permittivity and relative 

permittivity of the dielectric, respectively. 6��  and 8�  are the 

zero-order Hankel function of the second kind and the zero-

order Bessel function. 

The parallel-plate impedance ���  represents the coupling 

between the via and the parallel-plate due to the fundamental 

parallel-plate mode, which can be calculated by the modal 

fields. When the parallel plate is infinitely large or the boundary 

condition of the plate consists of perfectly matched layers 

(PMLs), we can calculate the parallel-plate impedance ��� as  

��� = C�D� = EFG�� ��3�<∅�                          (5) 

where I�  and J�  are the voltage and current at the via-barrel 

boundary due to the fundamental mode. KL�  and 6∅�  represent 

the electric and magnetic fields at the via-barrel boundary due to 
the fundamental mode.  

KL�(7�) = ,��M�6��(,�7�)                       (6) 

 6∅�(r�) = OPB�B3,�M�6(�(,�7�)               (7) 

 

Here, ,� =  ,� - O,��  is a complex wavenumber, ,� = PQR�B�B3  and ,�� =  PQR�B�B3(SMTU 9 VW� )/2 , P  is the 

angular frequency, R� is the permeability of free space, SMTU is 

the loss tangent of the material, XY = Q2/PR�Z  is the skin 

depth of conductor with conductivity of Z , a0 is a constant 

coefficient that does not need to be determined, and 6(� is the 

first-order Hankel function of the second kind. When the 

parallel plate is finite or the boundary condition of the plate is 

a perfect electric or magnetic conductor (PEC or PMC) 

boundary, the parallel-plate impedance can be calculated based 

on the cavity method. 

Unlike the fundamental mode, the higher-order parallel-plate 

modes are excited at the anti-pad boundary.  For the higher-

order modes, only TM0n modes are considered. Because the via 

structure under consideration is a cylinder, which is symmetric, 

only TM0n modes (higher-order modes/axially isotropic modes) 

are excited [4]. Similar to the parallel-plate impedance 

calculation of the fundamental mode, the higher-order mode 

impedance can also be calculated by using the voltage and 

current at the anti-pad boundary. 

 

�� = C�D� = � ∑ $#<��($#3�) [#\]���3�^
�
� ∑ <]�($#3�) [#\]                       (8) 

 

where I�  and J�  are the voltage and current at the via-barrel 

boundary due to the fundamental mode. 7�   is the anti-pad 

radius,  ,� =  Q,�� - (T�/ℎ)�, n represents the mode number, 

N is the total number of higher-order modes considered for the 

via modeling. The derivation details of �� can be found in the 

reference [11]. 

III. APPLICATIONS AND ANALYSIS 

A sample case, single via with 4 layers, is used to investigate 
the proposed MEV model, as shown in Figure 2. To simplify  the 
analysis, the via model does not have any via pad. The relative 
permittivity B3  and the loss tangent of the dielectric material are 
3.68 and 0.02 at 1 GHz using the Djordjevic model. The 
conductivity of copper plate is 5.8 c 10f . To investigate the 
application range of the proposed MEV model, the anti-pad 
radius, the via radius and the parallel-plate heigh are swept, 
respectively. The insertion loss and return loss is compared 
between the proposed model and HFSS. 

A. Analysis on Varying Anti-pad Radius  

For the first part of application analysis, the anti-pad radius 7� is swept from 10 mils to 20 mils with a step of 5 mils. The via 
radius is fixed as 5 mils, the height of the parallel-plate is fixed 
as 10 mils and the thickness of the plate is fixed as 1.3 mils. The 
comparison of the insertion loss and the return loss of the 
different via models with various anti-pad radii  are plotted in 

 
 
Fig. 2. Cross-section view of single via with 4 layers  

                                                                              
Fig. 1. Mode-decomposition-based equivalent model for the fundamental cell of the via. 

 
 
Fig. 2. Cross-section view of single via with 4 layers 
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Figure 3, to compare the proposed analytical MEV model and 
HFSS simulation results.  

The solid curves are the results from HFSS meanwhile the  
dotted lines represents the results from the MEV model. High 
level of correlation in insertion loss can be observed for all 
different via models. However, when the anti-pad radius 
increase, the observable difference of the return loss can be 
observed at high frequency range between the results from the 
MEV model and HFSS because via self-inductance is assumed 
to be negligible in the equivalent model for high frequencies. 
When anti-pad radius becomes larger, at high frequency, via 
self-inductance is no longer negligible. 

To evaluate the difference in S-parameters between the  
MEV model and HFSS in detail, the relative errors of the 
insertion loss and the return loss are plotted in Figure 4. The 
relative error is defined as shown below. 

Z = ghijkllhEhimnohhijkllh g c 100%                     (9) 

 

where q<rii is the insertion loss or the return loss from HFSS, qsFC  is the insertion loss or the return loss from the MEV 

model. From the Figure 4 (a), the relative errors of the insertion 

loss S21 are all less than 5%. However, the relative errors of the 

return loss S11 could only be less than 10% for the frequency 

bandwidth of below 70 GHz. The relative error of S11 increase 

above 70 GHz with the increase of anti-pad radius. We also 

observe that the relative error of S11 could be large than 10% 

at very low frequency points, which can be ignored because the 

magnitude of S11 at these frequency points is very small, less 

than -40dB. 

B. Analysis on Varying Via Radius  

For the second part of application analysis, the via radius 7� 
is swept from 2 mils to 8 mils with a step of 2 mils. The anti-pad 
radius is fixed as 15 mils, the parallel-plate height and the 
thickness of the plate are unchanged, and it remains the same as 
the case of anti-pad sweeping. The relative errors of the S-
parameters for all via radius are plotted in the Figure 5. Similar 
to the cases of anti-pad radius sweeping, the relative errors of 
S21 remains less than 10% up to 100 GHz for all via radius cases. 
However, the relative errors of S11 is higher than 10% above 70 
GHz for the cases that the via radius is small than 6 mils, which 
means that the MEV model can only work up to 70 GHz for 
small via radius cases. From Figure 4 (b), we can observe that 
the relative errors of S11 increase above 70 GHz with the 
decrease of anti-pad radius, similar to the  cases of anti-pad 
radius sweeping.  

From the analysis results, it becomes clear that the accuracy 
of the MEV model on S11 calculation is correlated with the ratio 
of the anti-pad radius to the via radius. The ratio of the anti-pad 
radius to the via radius is defined as 7�t = 7�/7� . Only when 7�t  
is smaller than 2.5, the MEV model can work up to 100 GHz for 
S11 calculation. For all other cases, the MEV model can 
calculate the S11 accurately up to 70 GHz. 

C. Analysis on Varying Parallel-plate Height  

For the last part of application analysis, the parallel-plate 
height ℎ is swept from 7 mils to 15 mils, which covers most of 

 
(a) 

 
(b) 

Fig. 3. S-parameters comparison from the proposed MEV model and 

HFSS: (a) The insertion loss comparison, (b) The return loss comparison.  

 
(a) 

 
(b) 

Fig. 4. Relative errors of S-parameters for the cases of varying anti-pad 

radius: (a) relative errors for S21, (b) relative errors for S11.  
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practical application ranges for high-speed channels in printed 
circuit boards and packages. The anti-pad radius is 15 mils, the 
via radius and the thickness of the plate remains unchanged as 
the case of anti-pad s  weeping. Similar to Figure 5, the relative 
errors of the S-parameters are plotted in the Figure 6. The 
relative errors are less than 15% for all cases up to 100 GHz. We 
can observe that the relative errors of S-parameters are similar 
for different parallel-plate heights, which means the parallel 
plate height has a negligible impact on the accuracy of the MEV 
model. 

IV. CONCLUSION 

In this paper, different practical high-speed vias are 
analyzed using the MEV model, based on the newly proposed 
domain decomposition and mode decomposition methods. The 
application ranges of the MEV model are investigated by 
sweeping the anti-pad radius, the via radius and the parallel-
plate height. The MEV model can calculate the S21 of a 
practical via design up to 100 GHz. The S11 from the MEV 
model shows high level of accuracy compared to HFSS results 
up to 70 GHz, even for the via with a large via radius to anti-
pad radius ratio. From the analysis, the ratio of the anti-pad 

radius to the via radius is defined as 7�t and correlated with the 

accuracy of the MEV model. When 7�t  is smaller than 2.5, the 
MEV model can work up to 100 GHz for S11 calculation. In 
addition, the parallel-plate height has a little impact on the 
accuracy of the MEV model based on the analysis. Within anti-
pad diameter sizes of 20 mils and 40 mils and via diameter sizes 
of 4 mils and 16 mils, the MEV via model shows less than 10 % 
error compared to HFSS simulation result, up to 70 GHz. This 

paper also verifies the possibility of using the MEV model for 
high-speed via optimization for practical high-speed via sizes. 
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(a) 

 
(b) 

Fig. 5. Relative errors of S-parameters for the cases of varying via radius: (a) 

relative errors for S21, (b) relative errors for S11. 

 
(a) 

 
(b) 

Fig. 6. Relative errors of S-parameters for the cases of varying parallel-
plate height: (a) relative errors for S21, (b) relative errors for S11.  
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