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Abstract —A full wave analysis of the propagation characteris-
tics of a through hole (or via hole) was carried out using the
finite-difference time-domain (FD-TD) method and resuits were
compared with measurements from a physical model. The ef-
fects of rod diameter and microstrip connecting angle were
examined. The computed scattering parameters (S-parameters)
of a through hole showed excellent agreement with measured
results from dc to high frequencies and in the time domain
responses. As a result, it was shown that at high frequencies
radiation is at a significant level and rod diameter and mi-
crostrip connecting angle strongly influence the propagation
characteristics of a through hole.

INTRODUCTION

HE MINIATURIZATION and ever higher density

packing of electronic devices is driving a trend to-
ward three-dimensional, multilayer circuits. At the same
time, the clock rates in digital devices and the operating
frequencies in communication systems are steadily in-
creasing. In multilayer circuits, signals are carried be-
tween the layers by through holes [1]. The propagation
characteristics of through holes have an ever stronger
effect on the performance of electronic circuits as fre-
quency increases. The through hole has a complex three
dimensional structure consisting of microstrips, a rod,
lands, and a clearance hole. Experiments with such struc-
tures become more difficult, time-consuming and expen-
sive at high frequencies; however, it is necessary to pre-
dict the broad band characteristics of a through hole to
estimate its performance.

Consequently, it is desirable to develop an accurate and
efficient numerical model for through holes, but their
complex structure has hampered quantitative analysis of
their broad band propagation characteristics. The tradi-
tional numerical approaches [2] have lacked versatility
and accuracy. Furthermore, investigations have not yet
reported on the dependence of radiation losses upon the
angle at which the microstrips on either side of the
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through hole meet (hereafter referred to as the microstrip
connecting angle).

A time domain analysis method has the advantage that
the broad band characteristics can be obtained in a single
computer run using Fourier transforms. There are two
main versatile and rigorous time domain simulation meth-
ods, the TLM (transmission line matrix) algorithm [3]-[4]
and FD-TD (finite-difference time-domain) algorithm
[5]-[8]. Both consist of full wave analyses. The FD-TD
method is more suitable than the TLM method for this
analysis because of its simplicity and efficiency.

This paper reports the propagation characteristics of a
through hole using the FD-TD method. Especially, the
effects of rod diameter and microstrip connecting angle
are examined. There is a wide range of sizes of through
holes in multilayer circuits, so the sizes of the through
hole in this paper were selected for ease and accuracy of
measurements and not in the intention of specifying some
optimum. Still, the results obtained in this paper are
probably of sufficient general nature to apply to all
through holes. Results calculated according to the numer-
ical model are compared with measurements from the
physical model. As a result, it is shown that radiation is a
significant factor at high frequencies. The frequency char-
acteristics of the radiation depend on the microstrip con-
necting angle, rod diameter, and land diameter.

NUMERICAL APPROACH

The FD-TD method has been successfully used for
analysis in many Kinds of electromagnetic problems [5]-[8].
In this method, the two Maxwell’s curl equations are
discretized both in time and space, and the field values on
the nodal points of the lattice are calculated in a leap-frog
algorithm.

In this analysis, a variable size mesh is used to reduce
demands on memory and calculation time. It has already
been confirmed that the connection error between vari-
able meshes is negligible in the microstrip model.

Fig. 1 shows a diagram of the through hole model used
in this analysis. It has three conductor layers. Microstrip
A meets microstrip C at the angle 6, called the microstrip
connecting angle. Rod B meets microstrip 4 and mi-
crostrip C at both lands. The clearance hole is large
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Fig. 1. Through hole in three multilayers. (e, =3.4, Ax;=0.3 mm,
Ax,=01 mm, Ay =02 mm, Az, =03 mm, Az,=01 mm, Az;=
0.3 mm).

enough to keep rod B out of contact with the ground
plane and lined with a dielectric material. The inner
region of rod B is filled with air. The center of the rod,
lands, and clearance hold is at the point (x, z,) of coordi-
nates x;=15Ax,+245Ax, and z,=50Az,+255Az,.
There are assumed to be 16Ay height air regions over
microstrip 4 and under microstrip C, but they are not
shown in Fig. 1 for simplicity. To obtain accurate results,
the spatial increments are chosen to be a fraction of the
smallest wavelength. In this analysis, the spatial incre-
ments are chosen as Ax; =03 mm, Ax, =0.1 mm, Ay =
02 mm, Az;=03 mm, Az,=01 mm, and Az;=
0.3 mm. The time increment is chosen as At = 0.222ps so
as to satisfy the stability condition [6]. The staircasing
approximation is used for modeling of the lands, clear-
ance hole and rod conductor. The diameter of the lands
¢, is 3.9 mm, the diameter of the clearance hole ¢, is 3.9
mm, and the diameter of the two rods tested are ¢,, = 0.7
mm and ¢,, =1.5 mm. Each width of microstrip 4 and
microstrip C is 3.3 mm. The substrate mainly consists of
polyphenylene oxide (PPO) resin, which we have devel-
oped for microwave printed circuit boards. The permittiv-
ity of the substrate is assumed to be e,=3.4 at all
frequencies [9]. In this analysis, dielectric loss and con-
ductor loss are neglected, and the thickness of the con-
ductor is considered zero for simplicity. On the xy-plane
at z=4Az,, a raised cosine pulse is applied under mi-
crostrip A4 in Fig. 1. The calculated electric field compo-
nent (E,) follows this form (1):

Ey =1-—cos (vaband t):
E, =0
fbana = 12.0 (GHz). (1)

The time histories of voltage waves were calculated by
integrating the E, component between the ground plane
and microstrip at the specified points. The time history of
the reflected wave at the point (x,,,z,) where x, =
15Ax, +25Ax, and z,, =2Az, were recorded. The time
history of the original incident wave was recorded for the
point x,=15Ax, +25Ax, and z,=21Az,. The time
histories of transmitted waves were recorded at different
locations, depending on the microstrip connecting angle
0. When 6 =10°, the observation point corresponded to

0<t<1/fband
1/fband<t
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Fig. 2. |84} versus frequency for three cases in which microstrip con-
necting angle is 0°, 90° and 180°. (Diameter of lands ¢, =3.9 mm;
diameter of rod ¢,; = 0.7 mm).

X =15Ax, +25A%,, z,=50Az, +50Az,+2Az, For
6 =90°, the observation point corresponded to x_,=
13Ax,, z,,=50Az,+25Az,. For 6=180°, the observa-
tion point corresponded to x.;=15Ax,+25Ax,, z.;=
2Az,. The obtained data were fast Fourier transformed
and normalized in terms of the incident wave spectrum to
obtain S-parameters S, (w) and S,,(w). Those were de-
fined as

Sll(w) =Vref(w)/ Vinc(w)
S21((1)) :V‘Out(w)/ Vvinc(w)’ (2)
where V, (w) is the reflection voltage, V, (o) is the

incident voltage, and V,(w) is the transmission voltage.
The first order absorbing boundary condition [10], [11] is
adopted on the surfaces of the analyzed region. The
authors have confirmed that reflections from absorbing
boundaries may be neglected.

RESULTS AND DISCUSSION

The authors first investigated the frequency depen-
dency of S-parameters |S;;| and |S,,| of a through hole
using the FD-TD method; afterward, the time response of
a through hole was examined.

First, we described the effect of the microstrip connect-
ing angle on S-parameters.

Figs. 2 and 3 show the magnitude of [S;;| and [S,,},
respectively, for the cases in which the microstrip con-
necting angle is 0°, 90°, and 180°. In order to verify the
computed results, we measured the S-parameters using a
network analyzer. The rod diameter of the through hole
in the experiment was ¢,;=0.74 mm. The diameter of
the land and clearance hole was about 3.9 mm. The
computed results showed good agreement with the mea-
sured ones from dc to high frequencies. For 8 =180°, the
measured result is a little different from the computed
one; this may be because coupling between connectors
located at the same front of the through hole occurs at
high frequencies. In this figure, |S,,| generally drops with
increase in frequency for # =0° and 6 =180°. It scems
that low frequency waves propagate well, but high fre-
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Fig. 3. |5, versus frequency for three cases in which microstrip con-

necting angle is 0°, 90°, and 180°. (Diameter of lands ¢, = 3.9 mm;
diameter of rod ¢,, = 0.7 mm).
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Fig. 4. |Sy4| versus frequency; the effect of rod diameter. (Microstrip
connecting angle § = 0°; diameter of rods ¢, = 0.7 mm, ¢,, = 1.5 mm;
diameter of lands ¢{ = 3.9 mm).

quency waves do not. For 0 =90°, |S,,| drops suddenly
at about 12 GHz. Waves over 12 GHz probably do
not propagate well because |S,,| continues to be under
—20 dB.

In this paper, the effect of the rod diameter was exam-
ined only for the case of #=0°. The diameter of the
rod used in the experiment was ¢,,; =0.74 mm and ¢,, =
1.58 mm.

~ Fig. 4 shows the magnitude of the reflection coefficient
|S;;| for microstrip connecting angle 8 = 0°. Fig. 5 shows
the magnitude of transmission coefficient |S,,| for 6 = 0°.
The computed results show excellent agreement with the
measured ones from dc to high frequencies. It is clear
that the frequency characteristics of S-parameters depend
on the diameter of a through hole.

A complex structure such as a through hole tends to
emit a significant amount of radiation. From Figs. 2 and
3, it is clear that the energy conservation is not satisfied
between input and output power. We examined the radia-
tion power.

Figs. 6-8 show the computed radiation power P, in the
simulation, and the measured value P, =1—[S,,|*—15,,1*
from the experimental data [S},| and |S,,| for the through
hole structures mentioned above. The radiation P, was
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Fig. 6. Radiation power versus frequency for three cases i which

microstrip connecting angle is 0°, 90°, and 180°. (Diameter of lands
¢, =3.9 mm; diameter of rod ¢,; = 0.7 mm).
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Fig. 7. Radiation power versus frequency; the effect of land diameter.
(Microstrip connecting angle 6 =0°; diameter of lands ¢,= 3.9 mm,
¢ = 3.3 mm; diameter of rod ¢, = 0.7 mm).
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Fig. 8. Radiation power versus frequency; the effect of land diameter.
(Microstrip connecting angle 6 =0°; diameter of lands ¢;=3.9 mm,
¢, = 3.3 mm; diameter of rod ¢,, = 1.5 mm).

calculated using the Poynting’s vector in the rectangular
parallelepiped surfaces surrounding the through hole. In
this simulation, we confirmed that the energy conserva-
tion law is satisfied in terms of |S,,|S,,| and radiation
power P,. Agreements with P, in Figs. 6-8 indicate that
the lost energy P,, in the measurement corresponds to the
radiation power.

Fig. 6 shows the effect of the microstrip connecting
angles. In Fig. 6, the rod diameter is ¢,, =0.7 mm, the
land diameter is ¢, =239 mm, and the microstrip line
connecting angles are 0°, 90°, and 180°. The radiation
strongly depends on the structure of the microstrip con-
necting angle at the through hole. The through hole with
0 = 90° radiated more strongly than the holes with other
microstrip connecting angles. The input microstrip line
has a symmetrical structure, but the through hole part has
an asymmetrical one. Consequently, stronger electromag-
netic waves were radiated to fit the boundary condition.
For 6 =0° and 6 =180°, the peaks appeared at about
12.5 GHz. For 6 =90°, a small peak occurred at about
the same frequency. The reason is considered the reso-
nance of the land of this diameter, as will be described
below. ‘

Fig. 7 shows the effect of land diameters for two cases
in which the land diameter is ¢, =39 mm and ¢, =
3.3 mm. In Fig. 7, the rod diameter ¢,; = 0.7 mm and the
microstrip connecting angle is 8 = 0°. The radiation fre-
quency shows two peaks corresponding to each land di-
ameter. When the land diameter was 3.9 mm, a radiation
peak appeared at about 12.2 GHz (the solid line in the
figure). When the diameter of the land was 3.3 mm, the
peak computed at about 14.0 GHz (the dotted line in the
figure). The ratio of peak frequencies is almost equal to
the inverse ratio of the land diameters. This implics that
the radiation is mainly caused by resonance of the lands.
This phenomenon corresponds to the dip at the same
frequencies in Figs. 2 and 3.

Fig. 8 shows the effect of land diameters for two cases
in which the land diameter is ¢;=3.9 mm and ¢,=
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Fig. 9. Time response of reflected wave for three cases in which

microstrip connecting angle is 0°, 90°, and 180°. (Diameter of rod
¢,1= 0.7 mm; diameter of land ¢, = 3.9 mm).
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3.3 mm. In Fig. §, the rod diameter ¢,, = 1.5 mm and the
connecting angle is # = 0°. No radiation peak appeared
for different diameters of lands with this larger rod.’

Second, we computed the time response.

Figs. 9 and 10 show the dependency of microstrip
connecting angles in time domain pulse responses for the
reflected and the transmitted waves. There was a small
difference in magnitude between the measured and com-
puted values; the reason for this was the attenuation at
the connections from the coaxial lines to the microstrips
at each end of the DUT (device under test). For 6 = 180°,
it was difficult to reduce the coupling between connectors
located at the same front of the DUT precisely in the
physical model. In contrast, the simulation provided accu-
rate results for ideal states. In Figs. 9 and 10, the width of
the reflected and transmitted waves increased with the
increment of microstrip connecting angle. The wave forms
varied significantly according to the connecting angles.

Figs. 11 and 12 show the dependency of rod diameter
in the time domain pulse responses of the through hole
with a 8 = 0° microstrip connecting angle. In Figs. 11 and
12, the rod diameters are ¢, = 0.7 mm and ¢,, = 1.5 mm.
The computed results for the wave form showed good
agrcement with the measured ones. The small differences
in the magnitude which appeared between the measured
and computed values were due to the attenuation de-
scribed above. The reflected wave form changed from
minus to plus, This wave form shows that this through
hole structure has the characteristics of the shunt C type.
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Fig. 10. Time response of transmitted wave for three cases in which
microstrip connecting angle is 0°, 90°, and 180°. (Diameter of rod
¢, = 0.7 mm; diameter of land ¢; = 3.9 mm).
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Fig. 11. Time response of reflected wave; the effect of rod diameter.

(Microstrip connecting angle § =0°; diameter of rods ¢,;=0.7 mm,
¢,, =1.5 mm; diameter of lands ¢, = 3.9 mm).
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ter. (Microstrip connecting angle # = 0°; diameter of rods ¢,; = 0.7 mm,
¢,, =1.5 mm, diameter of lands ¢; = 3.9 mm).

The computations were executed on a Hitachi S820 /80
supercomputer. The CPU time for the simulation was
about 140 seconds. The memory size was about 20 Mbytes.

CONCLUSION

A full wave analysis of the propagation characteristics
of a through hole of a complex three dimensional struc-
ture was carried out using the FD-TD method, and these
results were compared with data from physical models.
The computed results showed excellent agreement with
the measured results from dc to the high frequency region
and for various microstrip connecting angles. Radiation at
a through hole is clearly not a negligible factor for high
frequencies. The radiation effect strongly depends upon
the microstrip connecting angle. At microstrip connecting
angle #=90°, the radiation of the through hole was
stronger than for 6 =0° and 180°. From the time re-
sponse of reflected waves in this analysis, the shunt C
factor seems to increase with the decrease of the rod
diameter within the region of the parameters in this
investigation. It is considered that the results obtained in
this paper are sufficiently general to apply to most through
holes. The results show the validity and effectiveness of
the simulation using the FD-TD method for analyzing the
through hole. Thus, this approach can be useful for opti-
mizing some through hole structures.

Simulation can efficiently provide quantitative and ac-
curate physical values which are difficult to measure
directly, such as radiation phenomena. Furthermore, sim-
ulations considerably eases evaluation of ideal electro-
magnetic properties in comparison with experiments, into
which can creep disturbing factors such as faulty coupling
between elements, environmental influences, etc. The re-
cent development in computers has enabled the efficient
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design of complex microwave structures through simula-
tions replacing traditional complicated experiments.
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