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Abstract —In recent electronic devices, a through hole has heen used

for mutual connections between layers of printed circuit boards, multi-

layer wirings on the silicon surface of LSI, and external connections of

IC packages. With recent uses of through holes in superminiaturized

systems for super-high-frequency waves and ultra-high-speed puise

waves, the influences of the holes not only on the propagation character-

istics of the lines but also on the properties of other elements are

becoming more pronounced. Therefore to understand the characteristics

of the total system, analyses of the electromagnetic field as affected by

through holes become indispensable. It is especially necessary to con-

sider the radiation characteristics from a through hole since the radia-

tion affects other lines and devices. However through holes generate

complicated distributions of electromagnetic fields owing to their three-

dimensional structures. It is necessary to perform rigorous vectorial

analyses for three-dimensional fields by using all field components,

boundary conditions, and properties of the medium.

Hence we applied the spatial network method to this analysis. The

method has many features for analysis of three-dimensional electromag-

netic fields in the time domain. We have already simulated the basic

field behavior of the through hole by this method. Such a time-depen-

dent analysis of electromagnetic fields has shown its utility not only in

clarifying the variation of the fields in time but also iu providing

information on the mechanisms by which the distributions of a field at

the stationa~ state are brought about.

In this paper, the radiation characteristics of the through hole are

discnssed. For the near field, the Poynting vector is important in

knowing the field characteristics by the energy flow property. Therefore

the variation of Poynting vector distributions near the through hole is

simulated in the time domain. Finally, from the distribution of the

electric field on the top plane of the through hole that contains the

connected stripline and the land, the far-field patterns are computed by

the Fourier transform. It is shown that the fundamental characteristics

of the radiatiou from the throngh hole are thereby obtained.

I. INTRODUCTION

o

WING TO the remarkable progress recently made in

semiconductor technology, the following benefits

have been realized: smaller sizes, lighter weights, the

ability to perform a multiplicity of functions, higher relia-

bility, and lower costs [1]. In this progress, multilayer

wirings in printed circuit boards and in multilayer struc-

tures in LSI have served as a basic technology for con-

structing high-density circuits. In circuits with multiple
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layers, the use of through holes has become indispensable

for connections between layers. Furthermore, external

connections of an IC package to the terminal on a printed

board may be performed by a through-hole structure. The

recent use of through holes in superminiaturized systems

for superhigh frequencies and ultra-high-speed pulse

waves has given rise to complicated electromagnetic fields

by reflection and scattering. These influence not only the

propagation characteristics of the line but also the other

elements in the circuit. Therefore to understand the char-

acteristics of the system, it is indispensable to analyze the

total electromagnetic field as influenced by the through

hole. In these influences of the through holes, radiation

characteristics are especially important since the radiation

affects other lines and devices. As all components of the

electromagnetic fields are generated due to the three-

dimensional structure of the through hole, vector analysis

methods are indispensable [2], [3]. However, a rigorous

analysis with complex boundary and medium conditions is

difficult. Therefore a numerical analysis is demanded for

these problems. Time-dependent analysis of electromag-

netic fields has shown its utility not only in clarifying the

variation of the fields in time but also in providing infor-

mation on mechanisms by which the distributions of a

field in the stationary state are brought about.

A spatial network method [4] has been proposed for

analyzing the time response of electromagnetic fields in

three-dimensional fields (referred to here as the present

method). We have demonstrated useful results [5]–[7] in

many situations by utilizing the features of the present

method. In particular we showed that we could easily

handle the input conditions, free-space bounda~ condi-

tions, and the conditions for the medium through its

equivalent circuit. Therefore the formulation by the pre-

sent method is effective for three-dimensional problems

such as a through hole. We have applied the method to

analyses of through holes and shown the basic properties

of it. The frequency responses of reflected and transmit-

ted waves are obtained by applying Fourier transforms to

the time-dependent responses of the electric fields for the

pulse waves. Through these representations, we showed

that it was possible to analyze the three-dimensional field
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Fig. 1. Analyzed model of a through hole.

and the features of the through hole by the

method [8]–[13].
present

In this paper, firstly, the electromagnetic field near the

through hole obtained by the present method is simu-

lated, and the time responses of the Poynting vector are

presented since they are important for knowing the field

characteristics by the energy flow. In the present method

the near field is calculated only in the finite analyzed

region, since the far field must be computed from the

near field. Secondly, by applying the Fourier transform to

the component of the electric field on the top plane of

the through hole that includes the connected stripline and

the land, the far-field patterns are obtained. It will be

shown that the fundamental characteristics of the radia-

tion from the through hole are thereby obtained.

In Section II, for a simple explanation of the present

method in treating the analyzed model of the through

hole, we explain the equivalent circuit for the boundary

conditions of the through hole at the perfect conductor

surface. In Section III, we describe the method for calcu-

lating the far-field pattern from the near field. In Section

IV, we present the time variation of the Poynting vector

in a representative plane. Furthermore we show the com-

ponents of the electric field in the top plane that contains

the connected stripline and the land. By applying the

Fourier transform to this electric field distribution, we

obtain the far-field pattern and discuss the basic features

of radiation characteristics from the through hole.

Fig. 2. Three-dimensional cubical lattice network.

(each side 20 Ad) and the length is 40 Ad. The aspect ratio

is 2. The size of the land where the stripline and the rod

are connected is a square of 40A d on each side.

In this analysis we used a solid rod for simplicity of

analysis as the fields propagate along the exterior sur-

faces. The relative dielectric constant is e,= 4.0 for the

substrate. The side faces of the ‘substrate are terminated

with the wave impedance 20/ A (provided 20 = 377

0), which approximates the free boundary. For the input

and output faces, load resistances are connected and

adjusted so that they correspond to the characteristic

impedances of the stripline. For clarity this is not shown

in Fig. 1, but the domain actually analyzed included free

spaces of depth 10Ad both above and below the structure

in the y direction. The free boundary conditions for those

regions also use the free-space impedance 20 in order to

approximate the matclhing conditions. For the input con-

ditions, we used a voltage with a sinusoidal wave of 20

GHz. The voltage was impressed at the node point be-

tween stripline a and the ground plate so that the electric

field in the y direction, Ey, corresponded to the applied

voltage through the characteristic impedance of the

stripline.

B. Analysis Method

To explain the three-dimensional boundarv conditions

II. ANALYTICAL MODEL OF A THROUGH HOLE for the through hole of the previous secti&, we now

A. Analytical Model
describe the analysis method.

We represent and formulate the analyzed model by a
Fig. 1 shows a model of a through hole structure which three-dimensional network as shown in Fig. 2. Each

connects the upper and lower striplines through the branch of the networlc is a one-dimensional line. Lattice
ground plate. The upper stripline a is connected to the points are treated as node points. Each one-dimensional

lower stripline c through the ground plate by means of line has length equal to the separation distance Ad. We
the rod b. The dimensions of the model used are normal- assume that, along each line, a TEM wave propagates
ized by the spatial interval between nodes Ad (in this with the Poynting vector along the line. The distribution
analysis, lAd = 0.125 mm) and the lengths along the x, of the fields is arranged to satisfy two-dimensional cor-

ny,and z axes are respectively 80 Ad, 60 Ad, and 90 Ad. We ponents of Maxwell’s equations at node points which are
placed the ground plate at the midplanc paralkl to the the two terminals of each line. Voltages and currents are
x – z plane separating the upper and lower layers. There represented as circuit variables. Table I shows the equa-
is a square hole (of side 40A d) for passing the rod. The tions for the relationship between the voltage and current
widths of striplines a and c are 8A d. The height from the and the field components of Maxwell’s equations at eacf~

ground plate is 20 Ad, which is equal to the thickness of nodal point. Each letter for a node in the table corre-

the dielectric plate. The rod has a square cross section spends to that node in Fig. 2. At each nodal point the
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TABLE I

1 I

dielectric const. co =+/2

permeabll~ty LO=@

polarization AC=,0z,/2. Ai

conductivity G =0/2. Jd

magnet lzat Ion AL =#ox~2 . dd

dielectric const. Lt = %/2

permeab~llty 6=4/2

m9.etizatm. dc%w./2.dd
magnetic

Gt=@/2 id
current 10ss

polarization AL*=soxa/2.4d

behavior is described for the fields in the plane which is

perpendicular to the field components which represent

voltage variables. They satisfy the two-dimensional

Maxwell equations. The total basic lattice which includes

all nodal points presents three-dimensional Maxwell’s

equations in discrete form by making the separation dis-

tance sufficiently small. In this method, a node where the

voltage variable represents the electric field is called an

electric node and is shown by a solid black circle in Fig. 2.

A node where the magnetic field is represented by the

voltage is called a magnetic node and is shown by an

empty circle in Fig. 2. At magnetic nodes, the physical

meanings of voltages and currents are opposite those

adopted by the usual electric circuit theories. Table I

distinguishes those variables with a superscript asterisk.

The basic network is applied to the analyzed domain. The

present method is suitable for the formulation of super-

high-speed vector operations, which have been repre-

sented by supercomputers in the recent years. It has the

feature of drastically reducing the calculation times.

C. Boundaiy Conditions of the Conductom

The equivalent circuit for the analyzed model of the

fields includes the shapes of conductors, the free bound-

ary conditions at the input and output terminal faces, and

the conditions for the medium. In this section we describe

the construction method for the equivalent circuit of the

conductor surfaces, which provide the basic conditions for

the conductor structure including a through hole.

As a basic condition, the conductor is assumed to have

perfect conductivity. As a result, the tangential electric

field is zero on the conductor surface. The magnetic field

in the normal direction is zero. When we apply the

Fig. 3. Equivalent circuit of the surface of strip conductor.

L’ --- —-—-— 7- :

I I ,-
1 10 -. —.-
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L- —-—. —-—-j
Fig. 4. Equivalent circuit of the rod conductor.

present method to satisfy these conditions, we obtain the

following two items as the boundary conditions at each

nodal point.

i) The electric field in the tangential direction is

represented at the node by either the voltage func-

tion or the current function, corresponding, respec-

tively, to a shorted or an open terminal.

ii) The magnetic field in the normal direction is repre-

sented at the node by either the voltage function or

the current function, corresponding, respectively,

to a shorted or an open terminal.

In the analyzed model we used the surfaces DEF, ABD,

and ACE as conducting surfaces. When we apply the

preceding boundary conditions, we obtain the equivalent

circuits shown in Figs. 3 and 4. Fig. 3 is the equivalent

circuit for the surfaces of the strip conductor and the
ground plate. This x – z plane is formed by node points

D, E, and F. Now we explain the representation of the

equivalent circuit. Based on Table I for voltages at nodes

D and E, they correspond respectively to the tangential

electric fields EX and E= on the conductor surface. By

condition i) above, they are shorted. Fig. 3 shows ground-

ing symbols for them. Consequently nodes D and E have

no connection between upper and lower nodes. They are

separated as points above or below the conductor. On the

other hand, the voltage at node F corresponds to the

normal magnetic field IiY. It is shorted according to

condition ii) above. Currents in the x and y directions
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correspond to tangential electric fields E, and EX, which

are shown as open terminals by condition i), Every vari-

able becomes zero and is shown isolated as in Fig. 3.

Therefore its handling is easy, as there is no need for

calculations. Fig. 4 is the equivalent circuit for the con-

ductor surface of the rod conductor. Nodes A, B, and 11

form the x-y plane, and nodes A, C, and E form the

y – z plane. As in the previous discussion for the x – y

plane, nodes A and l) are shorted in the x – y plane in

Fig. 4 and node B is open and is also isolated. Based on

Table I, the voltages at nodes A and E, respectively,

become the tangential electric fields EY and E, on the

Y – z plane. These components are zero and they are
shorted.

D. Treatment of the Dielectric Material

The dielectric material is expressed as a capacitance

and a conductance connected to the electrical node. As

an example, Fig. 5 shows the equivalent circuit at A, at

which the electric field EY is a voltage function. The

capacitance represents polarization and the conductance

expresses conductivity. Since the analysis is based on the

Iossless assumption, the conductance is zero.

The equivalent circuit for the electromagnetic field for

the model of Fig. 1 is constructed by including equivalent

circuits for free boundary, terminal faces of input and

output parts.

III. DERIVATION OF THE FAR-FIELD PATTERN

FROM THE NEAR FIELD

The method for calculating the far field in the present

analysis is explained. In the present analysis, we use the

surface component of the electric field on the x – z plane

that includes the upper land. When the field distributions

on this surface are found, the far field can be given by

using the following equation:

Wwy) =/px(LY) =T [NW +k,Y)] ~~Y (la)

~,(k.,k,)=//~E,(x>Y) w [~(~.x+kyy)]dX~Y (lb)

where EX and E.Y are the electric field components, kX

and kY are the wavenumbers in the x and z directions,

respectively, and S is the surface that contains the land.

The far field is obtained by the following equation. Here,

o and @ are the angular variables in polar coordinates, kO

is the free-space wavenumber, r is the distance from each

point on surface, and i+ and i. are the unit vectors in the

4 and 0 directions:

exp(–jkOr)
E(,) = jkO

2~r

B(l+l,m,n)

F v;

‘&Hz [;,

.* &~~-A(lmn) ~_
1X2 .,

‘xJ%Ei5i ‘z’“ “ ~,, .’~ 3+
C(l,mjn-l) p [,1 C(l,m,n+l)

B(l-l,m, n)
V

d’

Fig. 5. Equivalent circuit of the node A(Z, m, n) with medium condi-
tion.

where

f=kOsin Ocos@

q=kOsin Osin~.

The amplitude and phase of the electric field compo-

nents in (la) and (lb) are required. In the present time-

domain analysis, they are found as follows. When sinu-

soidal waves are integrated from an arbitrary time point

and the point is shifted by r/2 or 1/4 period, sinusoidal

and cosinusoidal functions are obtained which correspond

to the imaginary and real parts of a complex quantity. At

steady state, the electric field oscillates sinusoidally in

time as follows:

E== EOsin(rot+qk) (3)

where EO is the amplitude, o is the input angular fre-

quency, t is time, and ~ is the reference phase. If the

above is integrated from time tO for T\4 or rr /2, where

T is the period of the input wave,

El= /’0+ ~’4.EOsin(ot + ~) dt
Jto

=~(T/2~)EOsin(cot0 +v+m\4). (4)

Similarly, if the integration is for T\4 from t+ T/4, then

E, =/tO+~’2.EOsin(rot + ~) dt
to+ T/4

=fi(T/2T)EOCOS( OtO+V+ W/4). (5)

Hence, if the complex representation of E is E, then

from (5) and (4),

Im(fi) = E1(2m/T)/fi (6)

Re(~)=E2(2~/T)/fi. (7)

From (6) and (7), the amplitude and the phase can be

derived. In actua[ numerical calculations, the time is

discretized with a Einite interval. Hence, if the number of

discretizations of the period of the input wave is T., then

the integration is over T./4 or T/2 (rad). If the results

of the sum at each discretization time are Ej and Ej, (6)
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Fig. 6. Time variation of the Poynting vector.

and (7) become IV. RESULTS OF THE ANALYSIS

Im(~)=E; (n/2) /( Tn/4)/ti (8) A. Time Response of the Spatial Distribution of the Poynting

Re(E) = Ej(r/2)/(T. /4)/fi. (~) Vector

It is clear that the complex electric field is found by a To observe the fundamental behavior of the energy

simple addition on the time axis. This procedure is an flow near the through hole, we show the time response of

algorithm suited for the spatial network method in time- the spatial distribution of the Poynting vector as an arrow

domain analysis. mark (Fig. 6). The plane for observation is shown in Fig.
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Fig. 7. Plane for observation.
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Fig. 8. Distribution of theelectric field Ezinthe plane including the land.

7. The lengthof the arrow corresponds to the magnitude, tion time is every half-period of the ,wave. This interval

and the direction of the arrow shows that of the vector, corresponds 25 ps in real time. The observation plane of

respectively. In this analysis, the components of the vector the Poynting vector is the x – z plane lAd above the

which corres~ond to the radiation characteristics are re- surface of the upper land. Near the edge of the stripline

quired; thus ~he components of the vector to be expressed and the land, where the electric field is concentrated, the

are limited to a very small magnitude. We drew the vectors are not drawn because they exceed the ,upper limit

vectors whose magnitudes are less than 1/30 of the of the magnitude. And away from the strip and the land,

maximum value in every observation time. The observa- the magnitude of the vectors seems to decrease rapidly.
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Fig. 9. Distribution of the electric field EX in the plane including the land.

The direction of the vectors relatively far from the through

hole is always outward since these vector components are

supposed to correspond to radiation field components;

B. The Distribution of the Horizontal Electric Fields

Figs. 8 and 9 show the steady-state spatial distributions

of the horizontal electric fields EX and E= in the upper

land plane that mainly determines the far-field character-

istics. The amplitude is normalized by the maximum value

in each figure. In Fig. 8, E, occurs almost along the edge

in the x direction. The amplitude rapidly decays at a

distance away from both edges and supposed to be the
radiation sources as in the parallel slots model. In Fig. 9,

EX is shown to generate along the z-directed edge of the

land and the strip. The amplitude of EX is almost as large

as that of E=.

C. The Radiation Pattern

Lastly, the radiation patterns are computed from the

spatial distributions of the electric field shown in Figs. 8

and 9, and the results are shown in Fig. 10(a) and (b) for

the x – y plane and in Fig. 1O(C) for the y – z plane. Fig.

10(a) is the pattern computed from the distributions of EX

and parts (b) and (c) of the figure are from that of E=.

Normalization is performed with the maximum value in

these three figures. In this analysis the maximum value

was that of Fig. 10(a). Due to the symmetry of the model

in the x direction, the result in the x – y plane also shows

the symmetrical pattern. Though the land seems to have a

structure similar to that of the path antennas, these

results differ from those of the antennas because of the

existence of the rod and the nonresonance frequency

used.

V. CONCLUSIONS

We applied the spatial network method in analyzing a

through hole to clarify the basic behavior of the field

including radiation characteristics. The Poynting vector in

the near field of the through hole, the distribution of the

electric fields, and the far-field characteristics have been

computed. From graphical representations of the Poynt-

ing vector near the land, the temporal and spatial proper-

ties of the energy flow corresponding to the radiation

have been observed. The radiation patterns are calculated

by adopting the Fourier transform in the near field of the

electric fields obtained by the present method.

In this paper, the fundamental field distribution near

the through hole and the basic properties of the radiation
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are described. The feasibility of applying the spatial net-

work method to these problems is examined.
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total system.
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