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Abstract — Calculation of the frequency characteristics for microstrip

circuits based on a tfsree-dimensionaf full-wave electromagnetic field analy-

sis in the time domain is proposed. In tbk method, the circuit is excited by

a pulse whkh includes broadened frequency components. The frequency

characteristics are then computed at once from the Fourier transform of

the output transient responses. To evsduate the vafidity and capability of

the method, a side-coupled microstrip filter is analyzed and the frequency

characteristics are calculated. A quasi-static analysis of this filter is also

presented and the resnlts compared with measurements. The frequency

characteristics calculated with the full-wave analysis in the time domain

show excellent agreement with the measured vahses, thus demonstrating

the validity and the power of the analytical method.

I. INTRODUCTION

w ITH THE DEVELOPMENT of high-speed device

technology, it is becoming increasingly important to

develop high-performance MMIC’S which will serve as key

components in compact and low-cost communication sys-

tems of the future. In MMIC’S, microstrip circuits such as

transmission lines (i.e., interconnect), filters, and couplers

are used as circuit elements. Circuit designers are turning

their attention to techniques for precisely analyzing their

electrical properties. Some simple circuits have already

been analyzed using quasi-static analysis. In most practical

situations, however, because of the complicated electro-

magnetic fields that result from their three-dimensional

shapes and locations, precise analysis cannot be expected

from the more common analytical methods, or the so-called

quasi-static analysis method. For greater accuracy, com-

puter-aided numerical analysis of full-wave three-dimen-

sional electromagnetic fields is required. This numerical

analysis technique is thus an important key for the devel-

opment of MMIC designs.

Two approaches have been taken with respect to full-

wave electromagnetic field analysis. One is the time-

domain analysis approach which solves the initial boundary

value problem of the wave or Maxwell’s equations. The
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other approach is a frequency-domain analysis method

based on the eigenvalue problem of the vector Helmholtz

equation. One of the advantages of the time-domain analy-

sis, which is the main reason we have employed it here, is

that the analysis is stable and yields a unique result, while

the frequency-domain analysis suffers from spurious solu-

tions and considerable care must be taken in the calcula-

tion process.

The numerical formulation of the time-domain analysis

is given by Yee (the FD-TD method) [1], which uses finite

difference equations of Maxwell’s equations. An alterna-

tive method is based on the equivalent circuits of electro-

magnetic fields [2]. Johns et al. constructed an equivalent

circuit with finite length transmission lines and developed

a method of analysis based on the scattering matrix of

each line (the T.L.M. method) [3]–[7]. These methods have

been substantially modified in a number of reports [8]-[11].

Especially, Yoshida, Fukai and their coworkers have re-

fined the T.L.M. method by expressing the medium con-

stants by additional lumped elements to the equivalent

circuit. They call their approach the Bergeron method.

They also applied this method to the analysis of microstrip

circuits and successfully showed the time variation of

electromagnetic fields and power flow around the circuits

[12] -[16]. But, for microstrip circuit design, it is necessary

to calculate the frequency characteristics of the circuit.

Since their analysis uses sinusoidal sources to excite the

circuits, it is insufficient for this purpose.

The aim of this paper is to demonstrate calculation of

the frequency characteristics for microstrip circuits and to

establish the frequency-domain MMIC design method

based on time-domain electromagnetic field analysis. The

frequency characteristics are calculated using a raised

cosine pulse source and applying the Fourier transform to

the transient response of the circuit. In this way the

frequency characteristics can be obtained at once over the

full range of frequencies, whereas only one point of the

frequency characteristic can be given using a sinusoidal

source. By comparing the computed results and measured
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Fig. 1. The net of an equivalent circuit. Electric nodes,

‘J’+w, ‘=O1”””L-l;~=O”L)””)M;k=O1””N

‘“(z~+w‘=O1”””L;J=O)l”””M-l;k=O1’””N

+k+:) ‘=O1”””L;j=O1””M;k=O>l”””lN-l
and magnetic nodes,

( )Hxi, j+~, k+~, i= O,l,. ... L;j=O,l, M.. ,M–l;

k= O,l,...,l–l

( 1

)
HY i+~, j,k+~ , i=(),l,. . . ,.L-l; j= O,l,. ... A4;

k= O,l,.., N-l

( )Hz i+~,j+~,k , i=o,l,. . . ,L–l; j= O,l,. ..,l; l;

k= O,l,. ... N

are indicated by open circles and closed circles, respectively.

data, the time-domain analysis scheme can be verified. A

side-coupled microstrip filter will be analyzed as an exam-

ple to demonstrate the practicality of the scheme.

In the next section (Section II), we will briefly review the

Bergeron method. The analysis of a single microstrip line

is described in Section III as a preliminary to the analysis

of a side-coupled microstrip filter in Section IV. In Section

V, the results of the quasi-static analysis are presented and

the necessity of the full-wave analysis is emphasized. In

Section VI, we will discuss the accuracy of the full-wave,

time-domain analysis. Finally, a few concluding remarks

will be offered in Section VII.

II. THE EQUIVALENT CIRCUIT OF THE

ELECTROMAGNETIC FIEI,D AND

NUMERICAL SCHEME

OF ANALYSIS

In this section, we review the Bcxgeron method [12],

which is used to solve for three-dimensional electromag-

netic fields in the time domain using the equivalent circuits
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of the fields. Fig. 1 shows an equivalent circuit disposed in

three-dimensional space. There are six kinds of nodes in

the equivalent circuit: three electric nodes, EX, E ~, and E=,

which are indicated by open circles in the figure, and three

magnetic nodes HX, H ~, and Hz, shown as closed circles.

Branches consist of A1/2 length transmission lines and

gyrators, as shown in detail in Fig. 2. Values of the

dielectric constant ~ and permeability p are expressed in

terms of lumped capacitances connected to the corre-

sponding electric and magnetic nodes, respectively. Elec-

tromagnetic field components EX, EY, E= and HX, HY, Hz

correspond to the node voltages of the equivalent cu-cuit

VX, VY, V= and VX*, ~Y*, V=”, respectively, at each point (the

* denoting the variables at the magnetic nodes). Electro-

magnetic field analysis results in the calculation of this

equivalent circuit response. Fig. 3 shows the equivalent

circuit at the EX node. The following equations describe

the node voltages and branch currents at the EX node.

VX(i, j,k, t)+ ZOIYi(i,, j,k, t)

(
=1~ i,j–~, k,t– At

)

(

1
+ZOVZ* i,j–5, k,t– At

)

VX(i, j,k, t)– ZOIYO(i, j,k, t)

(
=IY~ i,j+~, k,t– At

)

(
–ZO~* i,j+~, k,t– At

)

VX(i, j,k, t)+ ZOIZ1(i, j,k, t)

(

1
=IZ~ i,j, k–2, – t-At

)

(

1
+ZOVY* i,j, k–T, t–At

)

VX(i, j,k, t)– ZOIzO(i, j,k, t)

(

1
=IZ~ i,j, k–~, t–At

)

(
–ZOVY* i,j, k–~, t–At

)

At
VX(i, j,k, t)– ——IC(i, j,k, t)

4C(i, j, k)

=VX(i, j,k, t–A,t)

At
+

4C(i, j, k)
lC(i, j,k, t–At)

lYi(i, j,k, t)– IYO(i, j,k, t)

(1)

(2)

(3)

(4)

(5)

+~zl(i, j,k, i)– I=O(i, j,k, t)–~c(i, ~,k, t) =0 (6).

where 20 is the characteristic impedance of the transmis-

sion line and C is given by

C= (C, –l)tEOA (7)
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for the negative gyrator. Correspondence of circuit variables to electro-
magnetic field components is also shown in this figure.
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Fig. 3. Eqnivafent circuit at the E, node

at the electric nodes and

C= (p, –l)KOA (8)

at the magnetic nodes, where .s= C,co and p = p,p ~. The

simulation time step At is related to the space distance A

as

At=:. (9)

We denoted the variables at the space point x = i, y = j,

z = k and at the time t as V( i, j, k, t). Similar equations

can be written relatimz to the E... E_. H... H.. and H_

~Y
-. .-?--------- ------ ------. -------- -----------------

: -------- . . . x ------------- ---------..------ ..---------- --------. -----,..=-...- .:::=:------------------ .-----

~
I

Fig. 4. Configuration of the single microstrip line.

~ 0!8 i

o 600 1200 1800 2400

Time step count (At)

Fig. 5. The time variations of the electromagnetic field component E
The waves (a)–(g) are at the point z = O, 20A, 40A, 60A, 80A, 100~,

and 120A along the center line of the microstnp conductor in the
substrate, respectively.

Fig. 6. Configuration of the side-coupled microstrip filter.

nodes. From these equations, we can calculate the node

voltages at t from t — At.

III. ANALYSIS OF A SINGLE MICROSTRIP LINE

Prior to the description of a side-coupled microstrip

filter, we discuss the results of a single microstrip line

analysis. The configuration of the analyzed microstrip line

is shown in Fig. 4. The net size of the equivalent circuit

used here is 80Ax x20Ay x120Az (Ax = Ay = Az = A).

At the top and side faces of the equivalent circuit, irregular

nodes are ended with matching impedances Zo; thus, the

infinite boundary condition is almost realized. The micro-
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Fig. 7. The time variation of electromagnetic field component E, at the z – x pkme m the substrate

strip line parameters are as follows:

width of the microstrip conductor: W= 6A;

thickness “of the substrate: H = 6A;

dielectric constant of the substrate: c,= 10.0;

length of each transmission line in the equivalent

circuit: A/2 = 0.106 (mm).

Then, the simulation time step At becomes 0.176 (ps) from

(9). The boundary conditions of the microstrip conductor

and the bottom plane of the substrate are realized by

short-circuiting the E, and E, nodes and open-circuiting

the H ~ node on the plane. As an input signal, a raised

cosine pulse which equals a band-limited wave was adopted

of the form

Ey(t) =1–cos(2~j~m~t) for 0< t < l/~~m~

=0 for l/~~a~ < t

f,a, =11.8 (GHz). (lo)

Here, an internal impedance of 20 is applied to the E ~

nodes under the microstrip conductor at the z = O plane,

and initial values of the other field components are made
zero. We applied only the Ey component under the micro-

strip line conductor to simplify the procedure instead of

the total external electromagnetic field. The time variations

of the electromagnetic field component Ey at the points

under the center line of the rnicrostrip conductor are

plotted in Fig. 5.
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Fig. 9. The time variation of EY at the output end.
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Fig. 10. Computed frequency characteristics of IS21I and ISll 1.

As a result of simplification of the input signal, the

abrupt pulse height change from wave (a) to (b) has been

reduced. The initial field component Ev was spread in

space, thus creating afringing field. The rest of thecompo-

nent was scattered and lost as radiation. The pulse height

decreases rapidly near the input end and settles after

propagating some distance (a few A lengths) along the

microstrip in the z direction. At that point, the electromag-
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Frequency (GHz)
Fig. 11. Measured frequency characteristics of ISzl I and I,SII1.
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Fig. 12. Quasi-static analysis of the side-coupled mlcrostrip falter. The
filter is dmnded into four parts consisting of single and coupled lines.
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Fig. 13. The frequency characteristics of \,S211obtained by quasi-static
analysis.

netic field distribution of the propagating mode is realized.

We will take account of this pulse height reduction to

calculate the frequency characteristics of the circuit in the

next section.

Notice also that the dispersion of the microstrip line can

be simulated, which smoothes the slope of the pulse front

and ripples the pulse tail because low-frequency compo-

nents propagate faster than high-frequency components.

Compare wave (g) with wave (b) in Fig. 5, for example.

IV. ANALYSIS OF A SIDE-COUPLED

MICROSTRIP FILTER

Here we describe the results of a side-coupled microstrip

filter analysis. The configuration of the side-coupled mi-

crostrip filter is illustrated in Fig. 6. The width of the
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TABLE I
PARAMETERSUSEDIN THEQUASI-STATICANAI,YSIS
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Design ewat ions

FEM

Single line

‘~
capacitance Iinductance

[PF/ml [nH/m]

s--l--z

COUP led 1ine

I 1 [ I
self I mutual I self I mutual I

microstrip line and the thickness and dielectric constant of

the substrate are the same as the single microstrip line in

the previous section. Other important size parameters are

space between microstrip conductors: S = 6A;

length of the center rnicrostrip conductor: L = 60A.

The input signal given by (10) is applied at the input end

and the electromagnetic field is computed step by step in

time. The time variation of the electromagnetic field com-

ponent E, at the z –x plane in the substrate is drawn in

Fig. 7, in which (a)-(c) show that the incident wave

propagates along the first rnicrostrip conductor and is

reflected at the end of the line. A part of the wave

trarmfers to the center microstrip, while the reflected wave

returns to the input end, in (d)–(e). The reflected wave

fades away from view and the remainder resonates around

the center microstrip in (f)–(g). The resonant component

transfers to the third microstrip line and is transmitted to

the output end in (h).

Figs. 8 and 9 are plots of Ey at input and output ends,

respectively. From these waves, the frequency characteris-

tics of the filter can be calculated. S parameters can be

calculated from the Fourier transform of the reflected

wave in Fig. 8 and the transmitted wave in Fig. 9, normal-

izing by the frequency spectrum of the incident wave (b) in

Fig. 5 to correct the effect of the pulse height reduction

discussed previously. Computed S parameters ISIII and

IS211are shown in Fig. 10.

In order to verify this computational method, we fabri-

cated the side-coupled rnicrostrip filter and measured &I

and ISzl I using the network analyzer. The results are shown

in Fig. 11. The computed results show excellent agreement

with the measured data.

V. THE RESULTS OF @JAsl-SrATIc ANALYSIS

In this section we describe the quasi-static analysis of

the side-coupled microstrip filter which was previously

analyzed using the time-domain, full-wave analysis. Then

the findings based on the two different methods will be

compared. Here the side-coupled rnicrostrip filter is di-

vided into four parts, consisting of single and coupled

microstrip lines, as shown in Fig. 12. Single and coupled

line parameters for a unit length can be estimated from

static line capacitances on the assumption of TEM mode

propagation. We calculated two sets of line capacitances

from the design equations in [17] and the static field

analysis using the finite element method (FEM) in [18].

The line inductance of the single line is calculated by

L=-&-. (11)
‘“ ‘a r

The self- and lmutual inductances of the coupled line are

given by

1

(

1 1
L =— –+

‘“f 2C2 C.e,f,tir – Cmutud,:tir C,e,f,a, + Cmutud,ar)
(12)

1

[

1 1
L =— — —

‘Utud 2C2 C,elf,ar – cnmt.d,8ir Cself,air + Cmutual,a.u )

(13)

where c is the velocity of an electromagnetic wave in free

space, and “air” means the capacitance of the line config-

uration with the dielectric substrate replaced by air.

Calculated parameters are summarized in Table I. We

obtained the [Szl [ of the side-coupled microstrip filter by

circuit simulation using SPICE. The results are shown in

Fig. 13. The differences between the inductances calcu-

lated by design equations and those by our numerical

calculation using FEM range from 10 to 30 percent. How-

ever, both of the 1Szl I in Fig. 13 show the same tendency

except for the scale of frequencies. Also important to note

is that the results of quasi-static analysis are in disagree-

ment with measured data, especially in the frequency

domain over 8 GHz. These disagreements stem from the

assumption of TEM mode propagation and/or from the

separation of tlhe filter into single and coupled lines. Thus,

three-dimensional, full-wave analysis is needed for more

precise computation.

VI. DISCU!NION

We turn now to a consideration of the accuracy of

frequency characteristic calculations using time-domain,

full-wave a~alysis. Comparing the computed ISIII in Fig.

10 to the measured ISIII in Fig. 11, some difference in the

peak level at tlhe resonance point can be observed, result-

ing from the lack of frequency resolution. According to

Fourier transform theory, frequency resolution Af is given

by the inverse of the observed time period T. On the other

hand the time step At depends on the branch length A/2,

as shown in (9). Moreover, the length of A should be made

small enough to express not only the shapes and locations

of the microstrips but also the electromagnetic field distri-

bution using the network variab [es. Our simulations using
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other discretizations indicated that the accuracy of ISZll,

especially the resonance peak level around 8 GHz, depends

on how many A’s there are between microstrip lines. We

need at least 5A lengths between isolated conductors. For

this reason, it is important to make A sufficiently small,

although it seems wasteful or oversampled to make the

computational time step At too small and to require many

iterations in time merely to obtain the frequency character-

istics up to 16 GHz. To obtain the frequency characteris-

tics shown in Fig. 10, we have computed the electromag-

netic field distribution up to the 32768 At time step. The

resulting frequency resolution of Af becomes 173 MHz.

VII. CONCLUSIONS

We propose an analysis method using pulse excitation in

the time-domain, equivalent to a full-wave electromagnetic

field analysis. The characteristics of a side-coupled micro-

strip filter were computed and excellent agreement with

the measured values was obtained, thus confirming the

validity of this analytical scheme. This example essentially

requires the three-dimensional electromagnetic field treat-

ment since no other method can provide the same level of

precision. Moreover, the Bergeron method is effective for

various media and is expected to produce various kinds of

analysis, such as full-wave analysis in lossy conductors and

dielectrics. Thus, the techniques described here are also

promising for microstrip circuit analysis in the case of low

conductivity of lines and/or semiconducting substrate.
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