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Abstract—A rigorous full-wave analysis of microstrip via hole
grounds is presented using a three-dimensional mode-matching
technique in connection with a suitable segmentation of the
structure into homogeneous parallelepipedal cells. The adop-
tion of the novel impressed source technique reduces substan-
tially the numerical effort compared to the transverse reso-
nance technique and, in addition to the finite metallization
thickness, accounts for possible package interaction. Theoret-
ical results are compared with several experimental data from
various sources, including our experiments, showing excellent
agreement. Package effects have been observed experimentally
and shown to be fully predicted by the theory.

I. INTRODUCTION

HE USE of shunt posts in microstrip transmission

lines is a common practice in microwave and milli-
meter-wave hybrid and monolithic circuits. Via hole
throughs are used in multilayer printed circuit boards to
connect by vertical pathways microstrips at different lay-
ers [1]. They are also used in single layer circuits to ob-
tain wide-band short circuits (via hole grounds). Bandpass
filters are another promising application of this technol-
ogy [2].

The accurate characterization of the microstrip via hole
discontinuity is an important issue in the successful de-
sign of the circuit. Approximate models of this type of
discontinuity has been proposed based on quasi-static for-
mulae [3], or using and equivalent planar waveguide
model, i.e. a rectangular waveguide structure with mag-
netic sidewalls [2]. Though simple and numerically effi-
cient, however, such models have intrinsically limited va-
lidity. For instance, they cannot take into proper account
possible crosstalk and package effects associated with the
presence of several discontinuities or due to the interac-
tion with the package. Rigorous analyses of via hole
throughs have recently been published using a purely nu-
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merical method such as the FDTD [4]. This method is
versatile but highly computer intensive.

In Section II of this paper we present a method for the
full-wave analysis of the microstrip-via hole ground dis-
continuity. The method is based on the 3-D version of the
mode-matching technique introduced in [5], [6]. Using
suitable segmentation procedures of the 3-D structure
along with the impressed source technique, a rigorous yet
numerically efficient approach has been developed. In
Section III, theoretical results are compared with a num-
ber of measured data from various sources as well as with
results from a commercial microwave simulator. An ex-
cellent agreement between the present theory and exper-
iments is observed in all cases, also when the commercial
simulator fails because of the occurrence of package
effects.

II. METHOD OF ANALYSIS

Let us briefly recall the basic mode-matching (MM)
method for the analysis of a complicated microwave
structure, such as a filter, a multiplexer, etc. Actually, the
MM method applies directly to simple discontinuity prob-
lems, such as steps, irises or bifurcations. In the case of
a complicated structure, this is first subdivided into a
number of discontinuities connected by transmission line
sections. The electromagnetic (EM) field at the plane of
each junction is then expanded in terms of the normal
modes of one of the waveguides connected to that junc-
tion. Applying the microwave network formalism, i.e. as-
sociating voltages and currents to the electric and mag-
netic fields of each mode respectively, one obtains a
multiport network model of the junction, where each port
corresponds to one mode. In this manner, an equivalent
network results for each discontinuity. The analysis of the
microwave structure is so reduced to that of the overall
equivalent network.

This approach is numerically very efficient for simple
discontinuities and in cases when the waveguide modes
are known, i.e. when the waveguide cross-sectional ge-
ometry allows an analytical solution for the Helmholtz
equation. If the waveguide cross-section is a non-separa-
ble one, a numerical technique must be applied to com-
pute the modes. For inhomogeneous guiding structures
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(e.g. finlines) the numerical effort is also quite high be-
cause of the presence of complex modes.

To alleviate numerical problems in the MM analysis of
complicated -waveguide structures such as multiport
branch guide dividers, an efficient 3-D MM technique has
been developed in [5], [6]. Instead of looking at the struc-
ture as a number of discontinuities connected by trans-
mission line sections, the structure is subdivided into ad-
jacent volume elements (or cells) connected one to the
other by apertures on the common walls. By expanding
the EM fields at the apertures in terms of waveguide
modes (or any complete set of basis functions) one obtains
an equivalent network representation for each volume ele-
ment. By solving the resultant equivalent network of the
structure, the EM field distributions on the apertures and,
then, in the whole structure are finally computed. It has
been shown that the association of an equivalent multiport
network to each volume element instead of to each dis-
continuity leads to a substantial reduction in the numerical
complexity of the algorithm.

Such a technique is now extended to the modeling of
3-D inhomogeneously filled structures, such as the via
hole ground on a microstrip line. In contrast with the con-
ventional MM technique, with the adoption of the cellular
segmentation technique the presence of different dielec-

tric materials is easily taken into account, no complex

modes being involved.

The geometry of a via hole ground is sketched in Fig.
1. The microstrip is enclosed in a metallic box of proper
size, i.e. such as not to perturb the reactive fields in the

proximity of the discontinuity. This condition has to be

satisfied if one has to model the isolated discontinuity.
Observe however that the enclosure can be used to rep-
resent the actual circuit package. In this case, one obtains
a description of the circuit behavior in the actual condi-
tions, i.e. including parasitics effects due to the package.
It could be noted that, because of the fabrication pro-
cedure [7], the via hole is generally cone-shaped. In the
EM modeling of such a discontinuity, however, a consid-
erable reduction of the complexity of the problem is
achieved considering the via as a cylinder of rectangular
cross-section. This is assumed to introduce only minor
alterations. This hypothesis has been confirmed a poste-
riori by comparison against measured data.
Taking advantage of the symmetry along x and.z, we
can analyze just one quarter of the structure, bounded. by
“electric and/or magnetic walls as depicted. in Fig. 2(a).
This structure can further be segmented into four paral-
lelepipedal regions R, (n = 1, - - - 4). (Note that account
- is taken of the finite thickness of the metal strip). Region
1 corresponds to the region above the strip, region 2 is
the volume aside the strip, and regions 3 and 4 are in the
~ dielectric layer. The various regions interface one each
other, and are shown separately in Fig. 2(b). Note that
each region is homogeneously filled. Moreover, the three
rectangular apertures between adjacent regiOns_(l—Z, 2-3,
3-4) have contours laying on perfectly conducting walls.
As a consequence, rectangular waveguide modes are an
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Fig. 1. Geometry of the boxed via hole ground.

appropriate basis for the field representation on such ap-
ertures. : . o

Consider now a generic region R,. The EM field inside
the region is excited through N, apertures S;(i = 1,2, + « -
N,) and can be computed from the knowledge of the elec-
tric field distribution on such apertures. Using Huygens’
principle [8], the magnetic field in the region is expressed
as «

H(r) = jwe {an x E(@r) - G(r, 1) dS;

o Np .
= joe 2, S nXx E@) - Gr,r)yds (1)
. L= Si - :

the integral over S being reduced to the only porﬁons S;
where n X E is not zero. In (1) the quantity n X E can
be interpreted as a magnetic surface current flowing on S;.

. G is the dyadic Green’s function for the magnetic field in

R,. It is a solution of

VXVXG-KG=Ir—7r) inR, (2
with boundary conditions ’
nXVXG=0 onS 2"

where k¥ = W’ Wep, I is the unit dyadic, 6 is the Dirac delta
function.
The relationships among field quantities at the openings

- §; can be formulated in terms of a generalized admittance

matrix by expanding the tangential E- and H-fields into a
suitable set of vector basis functions (pg)

Ni
nx EV = 2, VQ{ - (3a)
N; .
HY = 3 1. (3b)

The vector basis functions in (3a) and (3b) need not to be
the same, but this choice leads to a Galerkin-type proce-
dure having variational properties. The 0{’s can be any
complete orthonormalized set of vector basis functions.
They have been chosen, as usual, as the modal eigenvec-
tors of a waveguide having S; as the cross section. The
series in (3a,b) are truncated to N; terms_for numerical

- reasons.

The -expansion coefficient V{’ and I’ represent the
equivalent voltage and current on the kth electrical port
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Fig. 2(a). Structure used for analysis. The microstrip is enclosed in a box
with perfectly conducting walls. The analysis is carried out by using even/
odd excitation, thus placing a magnetic/electric wall at z = 0. For sym-
metry reasons, the wall placed at x = 0 is a magnetic one. (b) Segmentation
of Fig. 2(a). (c) Network description of the boxed microstrip with a via
hole ground. The generator connected to region 4 corresponds to the im-
pressed electric field.

on the output S;. They are related to the respective field
quantities on §; by

Vi = S nx EOW - o) ar (4a)
Si
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1P = S HOW) - o) dr. (4b)
Si
Combining (4b) with (1) and (3a) we obtain
N N
1(]) = >, Z Y(ll) V(t) ‘ (5)

i=1k

where
Yol =S S O - GO, 1) - () drdr’ (6)
Si VS -

defines the generalized admittance matrix of R,. This
quantity represents the amplitude of the mth current com-
ponent entering the jth opening produced by a unit kth
component of the voltage at the ith opening, all the other
voltage components being zero. Observe that each phys-
ical aperture is represented by a set of electrical ports.

Each region is therefore completely described, from a
network point of view, by its generalized admittance ma-
trix. The four admittance matrices corresponding to re-
gions 1-4 are then interconnected (Fig. 2(c) to enforce
the continuity of the currents, i.e. of the tangential com-
ponents of the magnetic fields at the interfaces. This step
is equivalent to solve the set of coupled integral equations
resulting from the continuity of the tangential components
of the magnetic fields at the interfaces. The presence of
the voltage source will be discussed later on.

Computation of the Admittance Matrices

Let us first observe that to compute the generalized ad-
mittance matrix (6) no matrix inversion is necessary. As
pointed out in [9], this is due to the fact that the admit-
tance matrix is the natural representation of a cav1ty with
apertures on conducting walls.

The numerical evaluation of (6) requires the computa-
tion at many frequency points of the coupling integrals
between the basis functions (that are frequency indepen-
dent) and the Green’s function. To reduce the numerical
effort, one should take advantage of suitable fast conver-
gent expressions for the involved Green’s functions, bear-
ing also in mind their frequency dependence. An exhaus-
tive discussion on this.aspect is outside the scope of this
paper. Let us just mention a few basic points.

Different expressions of the Green’s functions are
available for closed rectangular cavities [8], [10]. Besides
the eigenfunction expansion (involving summation over a
triplet of indexes) also expansion in terms of modes along
the various directions (involving double instead of triple
summation) can be used. The numerical advantage of
summing over just two indexes instead of three is appar-
ent. The choice ‘of expanding the Green’s functions in
terms of modes along X, y, or z depends on the conver-
gence of the relative series, which in turn depends on the
relative position of the ports [6].

~Consider, in fact, that the coupling between two ports
placed along, say, the x-direction, occurs through a finite
number of x-propagating modes and a number of x-de-



SORRENTINO et al.: FULL-WAVE MODELING OF VIA HOLE GROUNDS

caying modes below cutoff. The latter number is smaller
the larger the distance between the ports. On the basis of
such considerations, fast convergent series can be ob-
-tained. for the mutual admittance between any pair of
ports. Details of this procedure can be found in [6].
Another important aspect from the numerical point of
view is the frequency dependence of the series for the
Green’s function. It is desirable that the frequency de-
pendence could be easily extracted so that all the coupling
integrals can be computed just once. This is possible with
the eigenfunction expansion and, when using the wave-
guide mode éxpansion, only when the involved apertures
S;S; are on parallel sides. For apertures on adjacent or-
thogonal sides of a region, the choice of the most efficient
representation for Green’s function is somewhat question-
able, depending also on the number of frequency points.

Impressed Source Technique

The electromagnetic field analysis has led to the
expression (6) for the generalized admittance matrix of
the entire structure. To extract the parameters of the dis-
continuity one could apply the tangent method used in
‘connection with the transverse resonance technique [11].
At each frequency point, repeated field analyses must be
performed in the numerical search for the resonant di-
mensions of the enclosing cavity, which has therefore no
given size. :

The impressed source technique introduced here re-
duces substantially the computer effort by solving a de-
terministic rather than an eigenvalue problem. A number
of advantages are obtained: i) only two field analyses, one
for the even mode one for the odd mode, are sufficient to
determine the 2 unknown parameters of the lossless sym-

‘metrical discontinuity; ii) since the enclosing cavity has -

fixed dimensions, it can be used to simulate the actual
package, in such a way as to closely model the actual
operating conditions and account for possible package in-
teraction; iii) the coupling integrals need to be calculated
only once for the given geometry of the cavity.

The excitation of the field in the structure can be ob-
tained by various field distributions. In the present case,
an electric field distribution has been impressed at the front
side (z = L) of region 4 (Fig. 2(a)). Correspondingly, in
the multiport representation of region 4 (Fig. 2(c)) a volt-
age generator appears representing the impressed field. A
single generator has been indicated in Fig. 2(c) for sim-
plicity. Actually, the number of generators can be higher
as it equals the number of modal basis functions used to
represent the impressed field at the front side of region 4.
In the proximity of the source, as well as near the via hole
discontinuity, higher order microstrip modes are excited.
However, provided that the structure is long enough
(along z), only the fundamental mode exists in the central
region where higher order modes are died out. As shown
below, the scattering parameters of the microstrip via hole
discontinuity are then readily computed by evaluating the
E-field distribution along z in the central region.
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Fig. 3. Normalized Vbltage distribution along the strip computed as a
function of the distance d = L — z from the source.

The electric field distribution of the dominant mode of
the microstrip can also be selected as the excitation to be
impressed at the front sides of regions 1, 3, 4 (Fig. 2(c)).
This eliminates the excitation of higher order modes from
the source, but requires additional effort to precompute
the modal field distribution and additional couphng inte-
grals.

Extraction of the Scattering Properties

Once the equivalent circuit of Fig. 2(c) has been solved,
we know the field at the boundaries of the n. = 1, 2, 3, 4
regions constituting the segmented structure. To compute
the scattering parameters of the via hole, it is now neces-
sary to determine the incident and reflected wave ampli-
tudes of the fundamental mode. In a region far enough
from both the impressed source and the discontinuity,
higher order modes have negligible amplitudes so that the
electric field behavior along z is of the form

Vi) = Ve 7% + Vel o

The propagation constant 3 of the microstrip being com-
puted in advance, the values of V', V™ can easily be
computed by a least square approach using sampled val-
ues of V(z) taken apart from both the source and the dis-
continuity.

Fig. 3 shows an example of the voltage along the strip
conductor, computed from the source (d = 0) to the sur-
face of the via. The computation has been made at the
interface (aperture) between region 3 and 4. This avoids
the computation of the fields inside the cells, thus simpli-
fying the numerical effort. The operating frequency is

. f = 10 GHz. The number of spectral terms used in the z

direction is 20. The presence of higher order modes in the
proximity of the via is not evident. It is noted, on the

~ other hand, the presence of the Gibbs phenomenon in the

proximity of the source, as well as a small ripple (espe-
cially near the source) due to the series truncation. Pos-
sible errors in the scattering parameter extraction due to
such a ripple are minimized by the least square procedure.

It may be useful to mention that to avoid the compu-
tation of (3, an alternative procedure exists based on the
Prony algorithm [12]. This-algorithm computes the values
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of a; and ¢; of a function -
v .
LY@ = 2 e ®
i=

when samples of y(z) are given at 2N equidistant points.
This algorithm can thus be applied also in the presence of
higher order modes.

III. RESULTS AND DISCUSSION

The 3-D MM technique described has been checked
against a number of experimental data on various struc-
tures from different sources.

Fig. 4 shows computed and measured transmission pa-
rameter |s,; | of a via hole grounded microstrip line real-
ized on a low dielectric constant (¢, = 2.32) substrate.
Experimental data [13] in frequency range 2-15 GHz are
compared with the static formula (2) of [3], as well as
with theoretical data computed by a commercial software
package and by the present technique. The static induc-
+ tance is seen to provide a very good approximation in the
lower frequency range, while the commercial software
simulation becomes increasingly more accurate at higher
frequencies. The present theory, on the contrary, is in very
close agreement in the whole frequency range. Observe
that in our rigorous analysis the thickness of the micro-
strip has been taken into account; in particular, a strip
thickness of 10 um has been assumed.

A further comparison has been made between theory
and experiments on a via hole on a GaAs substrate man-
ufactured by GEC-Marconi. The geometry of the via is
sketched in Fig. 5(a)-(c) shows the scattering parameters
| 51| and | s1; | in the range 2-20 GHz. Experimental data,
provided by GEC-Marconi [14], are compared with the
present theory and with the commercial software simula-

tion. In Fig. 5(c), the curve marked RL has been obtained

considering the via as a shunt resistance R in series with
an inductance L, the foundry data being R = 0.187 Q L
= 0.022 nH [14]. The excellent accuracy of such lumped
model is to be ascribed, on the one hand, to the optimi-
zation of the element values to fit the experimental data
of the specific via and, on the other hand, to the use of
higher dielectric constants. This in fact reduces: the di-
mensions of the microstrip via, thus extends the validity
of the low frequency range approximation. The better per-
formance of vias on high dielectric constant substrates is
confirmed comparing Figs. 4 and 5. :
‘Results computed by the present theory appear in ex-
cellent agreement with the experiments. A small dis-
agreement on |s,;| is observed at the lowest frequency
(—46 instead of —41 dB). This is to be ascribed to the
"loss not being included in the model. It can be concluded
that the effect of the losses has some effects in the low
frequency range only, where, on the other hand, the via
behaves as a good short. As the frequency increases, re-
active effects prevail. ‘

The effect of varying the via’s diameter has been in-
vestigated on the basis of the theoretical model described.
The results for the same structure of Fig. 4 except for
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Fig. 5(a). Schematic of a microstrip via hole ground on GaAs (e, = 12.9).

Strip width is w = 570 mm. (b), (¢) Theoretical and experimental results
for the via hole of Fig. 5(a).

(GHz)

different via’s diameéters are shown in Fig. 6. As ex-

pected, the short circuit effect of the via is improved in

the whole frequency range as the diameter increases.
Additional measurements have also been performed,
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Fig. 7. Computed and measured insertion loss of a via on a 50 @ micro-
stripline in a package. Via hole diameter = 0.7 mm, substrate permittivity
€, = 2.54; substrate thickness & = 0.79 mm; package size = 10 X 10 X
25 mm.

implementing several samples on various substrates
(OAK601, CuClad, etc.), with ¢, in the range 2.45-4.8,
substrate thickness between 0.79 and 1.524 mm, and
metal thickness from 17 to 35 um. The lines were assem-
bled in a brass enclosure of size 10 X 10 X 25.5 mm,
using SMA connectors. Experiments were carried out with
via hole diameters of 0.7 and 0.8 mm. Both completely
filled and with 0.1 metal thickness vias were tested,
showing no appreciable difference in electrical behavior:
A HP 8510 network analyzer system was used to test the
samplés in the 0.045-18. GHz band. To reduce as much
as possible the effects of the transitions, a transmission-

reflection-line calibration standard was implemented for

each substrate. Measurements have been performed using
both TRL and TRM calibration techniques.

Fig. 7 shows one of the results obtained. Again, the
measurements are compared with both our theory and the

commercial software package. The interesting result here .

is the occurence of package resonances which strongly
interfere with the via’s behavior. The interaction with the
package is fully predicted by the present theory, while, of
course, it is ignored by the commercial simulator.

IV. CONCLUSIONS

A rigorous full-wave analysis of microstrip via holes
has been presented. The method is based on a 3-D mode-
matching associated with a suitable segmentation of the

5
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structure into parallelepipedal elements. The method ap-
plies a novel impressed source technique which over-
comes some inefficiencies of tangent method adopted in-
the transverse resonance technique (TRT) [11]. Besides
the possibility of accounting for the finite metal thickness,
as with the TRT, the impressed source approach substan-
tially reduces the numerical expenditure and at the same
time makes it possible to account for possible package
effects. Theoretical results have been compared with sev-
eral experimental data from various sources, including
original experiments. An excellent agreement has been
observed in all cases. In particular, the possibility of pre-
dicting package effects has been demonstrated. Losses in
practical circuits are seen to. affect the low frequency be-
havior only. At higher frequency reactive effects associ-
ated with the via hole discontintuity prevail.
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