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Full-Wave Characterization of a Through

Hole Via in Multi-Layered Packaging
Show-Gwo Hsu and Ruey-Beei Wu

Abstract-A full-wave analysis is presented for the propaga-

tion characteristics of a through hole via connecting two semi-
infinitely long transmission lines in multi-layered packaging en-

vironment. The current dktribution on the via and a section of

transmission line is solved under the thin wire approximation by

the moment method and the scattering parameters are extracted
by the matrix pencil method. The Green’s function in multilayer
packaging environment is derived by applying the image theory
and evaluated by the help of the Poisson summation formula.
Numerical results are included to investigate the frequency-

dependent propagation characteristics for via structures with

various geometrical parameters, e.g., the via height, wire diam-
eter, aud distance between two ground planes. The excitation of

the radial waves due to the current dktribution on the via is also

discussed in detail.

1. INTRODUCTION

T O COPE with the ever increasing circuit demand of

higher density and faster operating speed. the multi-layer

modules have become the indispensable trend of the present

high-performance packaging systems [1]. In the multi-layer

modules, there are striplines and/or microstrip lines for the

signal transmission as well as the vias for the connections be-

tween signal lines at different layers [2]. Unlike the microstrip

lines or striplines, the vias do not have parallel ground plane(s)

to support well-guided electromagnetic waves. As a result, the

signals propagating through the vias or the transition between

vias and signal lines will very likely to suffer from the signal

reflection and energy loss, either radiating into the free space

or exciting the radial waves between two metallization planes.

At lower frequencies, the discontinuity that occurs as a

result of the via would physically introduce excess energy

storage in the electric and magnetic fields, which can be

modeled by lumped capacitance and inductance, respectively.

The equivalent circuits for some basic via structures have been

presented by several investigators on the basis of quasistatic

analysis. Wu et al. applied the idea of partial equivalent
element circuit (PEEC), originally developed by Ruehli [3],

to find the capacitances of vias in mesh plane environment [4]

and the inductances of vias in three-dimensional packaging

structures [5]. Wang et al. developed simplified formulation

for several specific via structures, e.g., a via connecting two

semi-infinitely long transmission lines above a ground plane

[6] or penetrating through a hole in a ground plane [7]. Others
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investigated the effects on the equivalent capacitance due to

the presence of the substrate [8] and the finite thickness of the

ground plate [9].

As the operating frequencies become ever higher, strong

interaction between the stored electrical and magnetic energy

near discontinuity results in significant electromagnetic wave

radiation. The full-wave techniques should be resorted to

properly predict the characteristics of vias. Becker et al.

employed the finite-difference time-dom~tin (FD-TD) method

to investigate a through hole via in a metallic box environment

[10]. Sorrentino et al. applied the mode-matching method to

deal with a grounding via structure that is enclosed by a metal-

lic box to forma metallic waveguide [11]. Hsu et al. combined

the matrix pencil approach with the moment method to extract

both the frequency-dependent propagation characteristics and

radiation effects of a via penetrating through a ground plane

[12]. Also, Zheng et al. constructed a Norton equivalent

circuit to investigate the electromagnetic coupling through a

via with one end in the free space and the other connecting

to a transmission line [13].

The adjacent two conducting plates in the multilayer pack-

aging environment form a radial waveguide. The current on

the vertical via will excite electromagnet ic waves propagating

inside the radial waveguide, so called the radial waves. Since

the radial dimension of the conducting plates is much larger

than the via height, the occurrence of the radial waves is

noticeable even in low frequencies and have attracted re-

searchers’ attentions in the recent years. Fang et al. mentioned

that the characteristic impedance of the radial wave rather than

the via inductance should be considered in the simulation of

the power noise between two conducting plates shorted by a

vertical via [14]. Jong et al. discussed the effects of the radial

waves due to the transient source at a vertical via which may

be positioned at corner, edge, or interim of the conducting

plates [15].

II. STATEMENT OF THE PROBLEM

The via in multilayered structures may pass through sev-

eral conducting plates to connect two semi-infinitely long

transmission lines. The whole via can be divided into two

basic constitutive parts, one for the via vertically passing

through two consecutive conducting plates and the other for

the via penetrating a hole in a conducting plate to connect

a semi-infinitely long transmission line in another layer. The

structure for the first part has the cylindrical symmetry and

can be reduced to a two-dimensional problem. Gu et al. have

considered this problem and derived an analytical expression
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Fig. 1. (a) A typical through hole via structure in multi-layered packaging

and (b) its equivalent circuit,

for the equivalent network model of the via [16]. Hence, this

paper will focus on the analysis of the second part, which

is a three-dimensional problem due to the presence of the

transmission line.

Consider a via penetrating a hole in a ground plane to

connect two semi-infinitely long transmission lines in different

layers between two parallel plates, as shown in Fig. l(a). To

simplify the analysis, the transmission lines are assumed to be

of circular cross-section and of radii al and az. They have the

heights of h,l and hz as measured from the center plate, both

lying between two parallel plates of separations DI and Dz,,

respectively. The via and hole are also assumed to be circular

and have the radii of a and b, respectively.

Also shown in the figure is a TEM wave of unit magnitude

incident from the left of upper transmission line. It is desirable

to find the amplitude of the reflected wave in the upper

transmission line, i.e., S11, and that of the transmitted wave

in the lower transmission line, i.e., S’l z. In addition, the

region between each two adjacent parallel plates forms a radial

waveguide structure for the vertical via. The excited radial

waves due to the via will interact with the TEM waves along

the transmission lines and exhibit more complicated mode

transition mechanism. Fig. 1(b) shows the equivalent circuit

of the via. It includes not only the inductance and capacitance

to model the excessively stored magnetic and electric energy,

but also the resistance to account for the transition mechanism

to radial waves.

To facilitate the network formulization, assume that TEM

waves of amplitudes Al and AZ are incident from the upper

and lower transmission lines, respectively. It is of interest to

calculate the amplitudes 131 and B2 of the reflected TEM

waves on the two transmission lines due to the presence of the

via and the modal amplitudes of the resultant radial waves. A

matrix-penciled moment method has been developed to deal

with the same structure in the absence of upper and lower

parallel plates [12]. The analysis follows a similar procedure

and will be briefly described here. Note that the method is not

limited to transmission lines of circular cross-section, It can

apply to transmission lines of general type as well, but usually

requiring greater computational effort.

The through hole via problem can be simplified by employ-

ing the equivalence principle to divide the original structure

into two subregions shown in Fig. 2(a). The via hole is covered

by a perfect conductor and surround~d on both sides by

opposite equivalent magnetic currents ill and –ill satisfying

ii?= -iLx Et=– Vo
4

pln(b/a)
(1)

where n = ~ is the unit vector normal to the ground plane,

Et is the tangential electric field on the aperture, ~ is the unit

vector along the azimuthal direction of the hole, p is the radial

distance from the via axis, and V. is the voltage across the via

hole. Note that the magnetic current can also be modeled as

a delta gap generator of voltage drop V. between the end of

via and the center ground plane, if the radius of the via hole

is very small [13].

In each subregion, the propagation characteristics can be

attributed to the incident TEM wave of amplitude Ai and the

voltage V.. Hence, the problem can be further decomposed

into two parts. One is an antenna problem shown in Fig. 2(b),

where a wire antenna is bent into a transmission line. The

other is a short circuit problem shown in Fig. 2(c), where the

transmission line is shorted to the ground plane by the via.

By the superposition principle, the amplitude 13i of the

reflected wave and the cunrent Ii(0) at the via end can be

written as

where the index z = 1 and 2 represent the quantities in the

upper and lower spaces, respectively. Note that the current at

the end II(0) = –12(0), as evident from Fig. 2(a). Given the

amplitudes Al and A2 of the incident waves, II (0) and 12(0)

in (2) may be eliminated to yield the voltage drop

Vo = –(lsc, I “Al +&,2 “ A2)/y:nt (3)

where Y~nt = Y.nt, 1 + Y.nt, z is the total input admittance of

the associated antenna problems. By substituting (3) into (2),

the amplitudes of the reflected TEM waves can be expressed
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either the short circuit problem or the wire antenna problem.

Let the semi-infinitely long transmission line be truncated

to a certain length L. By the image theory, the two ground

planes can be replaced by both including the infinite images

of the via and transmission line and imposing a delta gap

voltage of 2V0 on each via hole, as shown in Fig. 3. As far

as the discontinuity is concerned, its scattering parameters

can be extracted successfully by the matrix pencil approach

without requiring a matched load at the truncated end of the

transmission line [12]. An ideal current source of 10 is simply

imposed there for the sake of convenience. Under the thin wire

approximation, the unknown current distribution on the curved

wire satisfies the integral equation [17]

/(39 )k2 G(s, S’)~(S’) ds’ ==jWE: . fi(s). (6)

Here, s is the arc-length measured from the truncated end of

the transmission line; ~ is the unit vector tangential to the wire

ats; and k is the free space wavenumber. Taking all the infinite

images into account, the Green’s function in the multi-layer

environment can be written as

m ~-~W
G(s, S’) = ~ ~;

1=–CC

R1 = J(P – p’)2 + (z – z’+ 21D)2. (7)

The series in (7) is slowly convergent since the te~s are

proportional to 1/1 for large 1. To facilitate the numerical

calculation, Poisson summation formula

Ground Plane
~ f(l)= ~ F(mr) (8)

1=–CX3 1=–m

can be applied to evaluate the series, where F(w) is the Fourier

‘“F-Y

transform of ~(t). The function F’(w) is readily available,

based on the identity [18]

Fig. 2. (a) The equivalent structure,(b) associatedwire antennaproblem, where Ho
and (c) short-circuhproblem.

‘2) and KO are the Hankel function and modified

Bessel functions, respectively, of the second kind. Then, in

common case that k < m/D, the Green’s function can be

in terms of the incident wave amplitudes by rewritten as

R]=E ah:] ‘4) ‘(s’s’)=’~D– fjKo(@,)2.k+
where the scattering parameters satisfy

cos (hrAz/D) – & H~2)(kAp) (lo)

s~~= r,., ~
where Ap = Ip— p’1and Az = [z —.z’I. :Note that the series in

– I,C, i . Tant, i/Y:nt (z = 1, 2) (10) converges very fast since K. is exponentially decaying

S12 = S21 = –1.c,2 - Tant, l/Y:nt. (5) with the rate e‘lz~P/D for large 1.
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Fig. 3. The infinite imaged structure and the piecewise triangular basis fnnctions for the current distribution on the via and a section of transnussion line.

IV. SOLUTION PROCEDURE functions by

2N

Given the Green’s function, the integral equation (6) can be 1(s) = ~ Cnfn(s) (11)

solved by applying the moment method [17]. As shown in n,+

Fig. 3, the wire is subdivided into segments and the unknown where en denotes the current at the nth sampling point F..

current is expressed in terms of the piecewise triangular basis Note that en = CZN-. due to the structural symmetry. Sub-
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stituting (11) into (6) and applying the Galerkin’s procedure

yields a matrix of equation for unknown coefficients Cn’s. By

assuming the impressed voltage V. and the current source

co = czjv = 10, the matrix equation can become solved to

obtain the current distribution on the via and the section of

transmission line.

The desired scattering parameters can be extracted from the

current distribution under suitable excitations. The analysis

procedure can be briefly described as follows.

First, the short-circuit problem shown in Fig. 2(c) is con-

sidered by assuming a zero voltage drop VO = O and a

unit ideal current source at the truncated end (10 = 1). The

current distribution can be solved from (6) and the incident

and reflected components, Al and &, of the TEM waves in

the transmission line can be extracted by the matrix pencil

method [19]. For the sake of normalization by power, the

two components are multiplied by ~~ and – ~~,

respectively, to give the desired modal amplitudes Al and

Ell. Here

‘O’=+’n(%in(%)) “2)
is the characteristic impedance of the transmission line and

q = @ is the intrinsic impedance in the upper subregion.

Let 1,., 1(z) denote the current distribution at the upper via

in the short circuit problem due to an incident wave of

unit amplitude. The current distribution obtained under the

present excitation will be 15C,~(z) . Al. Given the extracted

amplitude Al, the short circuit current distribution lSC,1(z)

can be found. Meanwhile, the parameters in (2) can be given

by 175C,~ = B1/Al and 1s., ~ = l$C, 1(0).

Secondly, the wire antenna problem shown in Fig. 2(b)

requires solving by assuming a unit voltage drop (V. = 1).

Having no suitable model for the matched boundary condition

at the truncated end, an ideal open circuit is instead enforced

there, i.e., 10 = O. Following a similar procedure, the via

current 11(z) can be obtained and the amplitudes Al and

131 be extracted. Let I.nt, 1(z) denote the current distribution

on the upper via in the wire antenna problem with unit

impressed voltage, but in the absence of incident wave. By

the superposition principle, the via current 11(z) satisfies

Note that V. = 1 under the present excitation and Isc, 1(.z)

is readily available from the previous solution of the short-

circuit problem. Given the extracted amplitude Al, Iant, 1(z)
can be found from (13) accordingly. The desired parameters

in (2) are now given by Y~~t, 1 = Iant, 1(0) and T~~t, 1 =
Ill – rsc, 1. Al where 17~C,1 has already been obtained in the

previous problem.

Similar procedure can be performed for the structure in the

lower subregion to obtain the corresponding parameters I’~~, 2,

ls=, z, Y.~t, z and Tant, z as well as the current distributions

15., z(z) and I.nt, z(z). By combining all these parameters in

the two subregions, the scattering parameters for the original

structure can be obtained from (5). The current on the upper via

11(z), and similarly for 12(z) on the lower via, can be found

from (13) under incident TEM waves of arbitr~ amplitudes

Al and A2, since the voltage drop across the via hole V. is

readily available from (3).

V. EXCITATION OF RADIAL WAVES

When the operating frequency is lower than l/(2D@),

i.e., I@ < n, only the fundamental TM mode can propagate

in the radial waveguide formed by two adjacent parallel plates

with separation D. The TM: mode is excited solely from the

z-directed current on the via, which is assumed to be free

of azimuthal dependence. Without loss of generality, consider

the upper radial waveguide formed by the upper plate and the

center ground plane in Fig. 2(a). The vector potential and the

electromagnetic field of the TM: can be written as [20]

where the factor PI = ~- is chosen such that the

mode carries a unit power, i.e.

The vector potential in the upper subregion can be found

from the current distribution on the via and the transmission

line. Its z-component is given by

where 11(z’) is the current on the via and its image inside one

period shown in Fig. 3. In the far zone (p -+ co), only the

last term in (10) of the Green’s function need be considered

and consequently

‘hl jTIHp (l(y))lim Az(~ = –—
4D1

(16)
p-)cx

where

is the average current on the via. Comparing (16) with the
vector potential of TM: mode in (14), the modal amplitude

of the TM: radial wave is

Similarly, the TM: modal amplitude in the lower subregion

C2 can be found. From the energy point of view, total incident

power of the incident TEM waves of cunrent amplitude Al and

A2 is jA112 + IA2 12.The total reflected power carried by the

TEM waves is IB112 + 11%12. Meanwhile, the powers coupled

into the radial waves are ICl 12 and IC2 \2 in the upper and

lower subregions, respectively.



1078 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 5, MAY 1995

VI. NUMERICAL RESULTS

Only numerical examples for a symmetrical structure with

distance between two parallel plates DI = Q = D, via height

hl = hz = h and the transmission line radius al = az are

considered here for the sake of simplicity, even though the

present analysis can handle the asymmetrical structure without

any difficulty. The parameters r.C, ~, l,C, ~, Tant, ~, Yant, ~ and

the via currents lSC,~(z), Ian,, ~(z) (i = 1, 2) are the same in

the both subregions. The subscript i is thus omitted for the

sake of convenience.

Consider a TEM mode of unit amplitude incident from the

line 1 (Al = 1) while line 2 is terminated with a match

load (A2 = O ). In this case, the transmission and reflection

coefficients are given by

T = S21 = –Tant . 13c/2Yant

r=sll=r,. +~. (18)

Also, from (3) and (13), the current distribution on the upper

and lower vias can be found to be

I~c(0)
11(2) =1..(Z) – ~ - Iant(z)

1,.(0) an
I~(z) = – —

2Yant
. Iant(z). (19)

Only a truncated section of the semi-infinitely long trans-

mission line is actually included in the present analysis. It is

verified that satisfactory results can be obtained if the section

length L is chosen to be at least 1.5A, just as the previous case

without upper and lower conducting plates [12]. Numerical

results in the following examples are obtained by choosing

L = 1.5A.

Consider a through hole via structure with al = a = 60 pm,

b = 180@m, h = 1.8 mm, and D = 3.6 mm. Fig. 4

compares the results obtained by the present analysis and

the FD-TD method, which are denoted by the solid and

dashed curves, respectively. In FD-TD simulation, the circular

wire and hole are replaced by square ones with size 2a

and 2b, respectively. The solution region is truncated into a

rectangular box and is discretized using 80 x 160 p x 120

uniform orthogonal mesh, that is, 4.8 mm in width by 9.6

mm in length by 7.2 mm in height. The first-order Mur’s

absorbing boundary condition [21 ] is employed to approximate

the outgoing waves at the truncated boundary. The incident

wave is assumed to be a Gaussian pulse having a precomputed

field distribtttion corresponding to the quasi-TEM mode along

the transmission line. The discrepancy between these two sets

of curves is reasonable since the structures considered in these

two analyses are slightly different and probably even more,

the absorbing boundary condition works not well for both the

radial waves and TEM waves.

Fig. 5(a) and (b) shows the magnitude and phase of the

reflection and transmission coefficients for the via structures

with h/a = 30, al/a = 1, and D/h as the parameter. The solid

curves standing for the limiting case D ~ co are obtained in

the previous analysis [12]. The effects due to the presence of

two outer plates can be depicted from the comparisons between

the dashed and solid curves. The reflection coefficient is

0.6

1

— Full Wave
--- FD–TD

1

0.0 0.2 0.6 0.8
;:h

Fig. 4. Comparison between the resnlts by present approach and FD-TD

simulation, which are denoted by solid and dashed cnrves, respectively. The
via structure has parameters al = a = 60 flm, b = 180&m, h = 1.8 mm,

aud D = 3.6 mm.

significantly reduced but the transmission coefficient remains

almost the same. In other words, significant amount of energy

is coupled to the radial waves. At low frequencies, the power

loss is found to be a linear function of the frequency in the

present case rather than a quadratic dependence if the two outer

plates are absent. Using a frequency dependent resistance R to

account for the power loss and referring to the circuit model

shown in Fig. 1(b), the reflection coefficient at the quasistatic

limit can be approximately given by

‘+i+’w(%-cezo)’20)
As the ratio D/h decreases, L. will increase and 20 will

decrease while C. is relatively invariant. Consequently, the

phase of 17shown in Fig. 5(b) varies from –90° to a positive

value, i.e., the via behaves more inductively.

Fig. 5(c) shows the modal amplitudes Cl and C2 of the

excited radial waves in the upper and lower subregions, respec-

tively. Both Cl and C2 are almost the same at low frequencies

as expected due to a nearly constant current distribution along

the via. However, at substantially higher frequencies, the

induced voltage V. and consequently the modal amplitude

C2 tends to be saturated. The modal amplitude Cl shows

reasonable increment which can be attributed to the associated

grounded via structure in the upper subregion. Be worth
mentioning, the total power carried by radial waves is found to

be greater than the power loss 1– II’ 12– IT12. The reason of this

phenomenon is not quite sure right now. Probably, part of the

radial waves are picked up by the transmission lines since the

radial waves and the TEM waves are not orthogonal. Roughly

speaking, the power carried by radial waves may become as

high as 0.1 (10 db) even if the via height is as small as one

fiftieth of a wavelength (kh = O.125) for D/h = 1.5. Such

occurrence clearly depicts that the vias between two parallel

plates would cause severe coupling among themselves.

Fig. 6 presents the reflection coefficient versus the via

height h while choosing different separations D and operating

frequencies as the parameters. When the via height h is much
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Fig. 5. Comparisons between this study and the previous research [12],
which are denoted by dashed curves and solid curves, respectively. (a)

Amplitude, (b) phase of the reflection and transmission coefficients, and (c)
modat amplitude of the radial waves, The via strictures have parameters

alja = 1 and hfal = 30.

smaller than the separation D, the reflection slightly increases

versus the via height. In the case of close parallel plates,

say D = 3 mm, the via may exhibit resonance at a certain

height where the reflection is a minimum. After that, the

reflection significantly increases as the via height increases

further. This occurrence can be explained by the equivalent

circuit in Fig. 1(b). The via is dominantly capacitive if the via

height is smaller that the resonant height. Since C. remains

almost a constant as via height h changes, the variation of

the reflection coefficient is small. If the via height is larger

than the resonant height, the via is dominantly inductive. The

increase of reflection coefficient is significant due to a large

dependence of L. on the via height h.
Fig. 7 shows the ratio of the separation to the resonant

height versus frequency for the via structure with al = a and

h/a as the parameter. The curves are drawn by curve fitting

the numerical results obtained at several different frequencies.

It can be found that the optimal D/h ratio decreases as the

frequency increases. These curves are helpful for designing a

multi-layered packaging system with minimum reflection.

Although this paper mainly deals with a through hole

via in multi-layered packaging, the analysis procedure yields

important information regarding the two constitutive problems

as a by-product. For example, the associated short circuit

problem shown in Fig. 2(c) is usually encountered in shorted

strip line. The normalized equivalent impedance ~~C of the

grounded via is given by

Z.c = (I+ r.c)/(l – r,.). (21)

Fig. 8 shows the real and imaginary parts of ~,C versus the

frequency for the via structures with al = a, h/al = 30, and

D/h as a parameter. Based on the qu,asistatic analysis, the

grounded via is basically inductive at low frequencies and can

be modeled by a lumped inductance L. at low frequencies,

Using the closed-form formula for the cases of D/h = 3 and

2 [22], the results denoted by symboled dashed straight curves

(~sc = jwL.Yo) are also shown for comparison sake. The

agreement with the imaginary part of the full wave results is

good at low frequencies. However, the cptasistatic assumption

fails to predict the nonnegligible real part of ~,. which is

contributed to the radial wave excited by the grounded via.

Summing up, the equivalent impedance can be described by

(22)

where the coefficient T is empirically found to be about 1/5

and slightly increases versus the frequency.

Assuming the same via dimensions, Fig. 9 shows the input

admittance Y.nt of the associated wire antenna shown in

Fig. 2(b). At low frequencies, the im~aginary part of Ya~t

is positive in most of the cases, which depicts that the

wire antenna is basically capacitive. In the case of very

close parallel plates, say D/h = 1.5, the wire antenna is

inductive at low frequencies and gradually becomes capacitive

as frequency increases. The resonance frequency at which Ya~t

is purely real is found to be nearly the same as that in Fig. 5(b).

The real part of Ya~t does not tend to zero at the quasistatic

limit due to the presence of the infinite transmission line and

the radial waveguide. The value is observed to be slightly

smaller than the characteristic admittance of the transmission

line Y. = 1/20 given in (12). The difference between the

real part of Y..t and the characteristic admittance YO can be
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defined as the energy transition Ytv., which is proportional to

the average power coupled to the radial waves.

VII. CONCLUSION

In this paper, a full wave approach was proposed for inves-

tigating the frequency dependent propagation characteristics of

a through hole via in the multi-layered packaging environment.

The problem was first decomposed into a short-circuit problem

and a wire antenna problem, for each of which only the

structure in a subregion required consideration. The current

distribution on the via and a truncated section of transmission

line was solved by the moment mothed and the scattering

parameters were extracted by the matrix pencil method. The

Green’s function having an infinite series sum was evaluated

by the help of the Poisson summation formula. The modal

amplitude of the radial wave was obtained from the current

distribution on the vertical through hole via.

The present analysis was compared with the previous study

that deals with the same through hole via but without the

upper and lower conducting plates. The results were found to

I
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Fig. 9. Input admittance Ya~t of the wire antenna problem in Fig. 2(b)
versus frequency for the via structures with a ~/a = 1, h/a 1 = 30, and
Dfh as a parameter.

be consistent as the parallel plates depart from each other.

The simulation based on the FD-TD method also showed

reasonable agreement with the results by the present analysis.

Finally, numerical results were presented to investigate the

propagation characteristics and the radial waves excitation ver-

sus frequency for the via structures with various geometrical

parameters. Roughly speaking, the power carried by radial

waves may become as high as 0.1 (10 db) even if the via

height is only 0.02J. By adjusting a suitable ratio of via height

and separation of two plates, the via can achieve resonance

and exhibit minimum reflection. Also presented were the

equivalent impedances of both the associated grounded via

and via antenna problems which include nonnegligible real

parts to signify the presence of the excited radial waves.

A quasistatic equivalent circuit model was given to explain

the electrical performance associated with the via in multi-

layered environment. The presented results justified that the

equivalent circuit serves as a proper model for the via at low

frequencies.
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