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Abstract—We have presented a detailed full-wave analysis of a coplanar

wavegnide (CPW) and a slotline by the time-domain finite-difference

method (TD-FD). The transient propagating waveforms along the copla-

nar wavegnide and slotfine, which are excited by retarded Ganssian pulses,.
are found in the time domain. After the time-domain field distributions are

obtained, frequency-doma@ parameters’ such as the effective dielectric

constant and the complex characteristic impedance are cafcnfated using

Fourier transformations. The results agree well with available theoretical

and experimental data over a tide frequency range. We have also checked

the validity of the quasi.TEM assumptions for CPW and slotliue anafyses.

This is done by evafuatbrg the ratios of the Iongiturfinaf and transverse

field components directly.

I. INTRODUCTION

c OPLANAR waveguides and slotlines are important

planar transmission lines in mic~owave and millime-

ter-wave integrated circuits. Analysis methods are presently

available in the frequency domain [1]-[3].

In this paper, we present a full-wave analysis of the

CPW and slotline in the time domain. The analysis offers

several important benefits: all modes are taken into con-

sideration simultaneously and no assumptions other than

equation discretization and mesh termination are made. In

addition, information including radiation effects for the

entire frequency range of interest can be obtained from a

single calculation; visualization of wave dispersion is a

by-product of the computation. The method is applicable,

for example, to microstrip lines [4], coplanar strips, slot-

lines [5], and coplanar waveguides [6].

The TD–FD method begins with finding the transient

propagating waveforms along the coplanar waveguide by

solving Maxwell’s equations directly, followed by the eval-

uation of parameters that characterize the transmission

line. Since the time-domain method provides a detailed

solution everywhere in the computation domain, we can

check the validity of the quasi-TEM assumption for the

CPW and slotline analyses by evaluating the longitudinal
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Fig. 1. Schematic diagram for computation domain and boundary con-

dition treatment. Al( alblcldl) is an excitation plane and A3(a3b3c3d3)
is a termination plane. The symmetry plane (al us dqdl ) is replaced by a

magnetic wafl for CPW and an electrical wafl for slotline.

and transverse field components. The main issues are

presented and discussed in the following sections.

II. IPULSE EXCITATION

A retarded Gaussian pulse is usually used as an excita-

tion in time-domain calculation due to its smoothness in

time, and the ease with which it can be adjusted fclr a

specific pulse width. It is also the easiest excitation for

boundary condition treatment.

Care is t+en in the formulation of the spatial distribu-

tions on the excitation plane (plane Al in Fig. 1). The

quasi-static, approximated field distributions are exploited

as an initi@ distribution for both the CPW and the slot-

line. Th? choice of the spatial distributions directly affects

the boundary treatment and the time taken to reach a

stable field distribution. The complete excitation pulse at

time step t= tncan be expressed as

[1(tn-to)’Ex(x, Y,tn) = *X(X, y)exp – ~, (1)

EY(x, Y, t.) = *Y(x, y)exp [-(tn~~0)2‘2)
0018-9480/89/1200-1949$01,00 @1989 IEEE
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where *X(X, y) and VP(X, y) are the previously mentioned

spatial distributions. They are different for CPW and

slotline, and tO is chosen to ensure the causality of the

problem and to keep the discontinuity at t = O very small.

It is observed that the different choices of spatial distribu-

tions will only affect the time it takes to reach a stable

field distribution on the line, not the distribution itself.

III. BOUNDARY TRUNCATION

Coplanar waveguides and slotlines are both open struc-

tures; therefore artificial boundaries must be employed to

truncate the mesh. Referring to Fig. 1, plane Al (alblcldl)

is the excitation plane, and the fields ~X(x, y, t) and

~Y(x, y, t) on this plane are specified according to (1) and

(2). The plane of symmetry (a~aldld~) is replaced by a

magnetic wall for CPW and an electric wall for slotline, so

that only half the region need be considered. The other

four boundary planes have to be replaced by a set of

artificial “absorbing boundary walls.” We should minimize

the reflection from those artificial walls since Fourier

transforms are very sensitive to errors caused by reflected

waves from the boundaries. This is one of the reasons why

the time-domain method is frequently used to obtain qual-

itative results, rather than to obtain frequency-dependent

parameters or design data.

Due to the geometry of the CPW and slotline structures,

the boundary treatment is more complex than that of

microstrip line [4]. The field lines are localized mainly

between the two plates for microstrips, and the “exact”

boundary conditions can be applied to the bottom plane

(E, = O, Hn = O). But for coplanar waveguides and slot-

lines, no “exact” boundary conditions can be used. The

fields are quite spread out in space, especially for lines

with low-permittivity substrates. Furthermore, the absorb-

ing boundary walls on the sides (plane blb+qcl) have a

metal sheet sandwiched between two media with different

propagation velocities. In order to treat this special case,

the field components at points near the boundary are

obtained by a proper weighting of the field values found
using two different methods. The field at step tnis ~(”) =

‘(”) where c1 and C2 are coefficients to be‘(”) + c2E2,~,clEli

determined. E~~) is obtained by Mur’s absorbing bound-

ary formula [7]; the other @~) is computed from the fields

at surrounding points, a half time step earlier by the

discretized Maxwell’s equations [8]. The procedures to deal

with E fields are similar. This method is based on reflec-

tion error cancellations and is discussed in [9] for a two-

dimensional uniform medium case.

In the simulation, we need to treat the air-dielectric

interface for both the CPW and the slotline. The formula-

tion on the interface can be made explicitly. Let us con-

sider a general case. Imagine an interface plane perpendic-

ular to the x axis. The upper medium has conductivity a+

and permittivity c‘, and the lower medium o – and 6‘.

Start with Maxwell’s equation:

(3)

where o and E take on their respective values in each

medium. We can obtain continuity equations across the

interface as follows:

u++u– t++c- dEz AHY dHX
Ez+— — — —

2 2 iIt=Ak-8y
(4)

with

AH, H,(i+l, j,k)–~,(i–l, j,k)

Ax = Ax
(5)

and

u++o– C++c- dEy 6’HX AH,
Ey+——————— — —

2 2 at=az–~x (6)

with

AH, H=(i+l, j,k)– Hz(i–l, j,k)

Ax = Ax
(7)

Equations (4) and (6) can be understood physically as

involving the simple average of the parameters of the two

media.

IV. FIELD CALCULATIONS

After setting up the simulation domain and subsequent

pulse excitation, we can evaluate the field distributions
produced by the given Gaussian pulse over the whole

computation region. The fields are governed by Maxwell’s

equations. For our geometry, Yee’s mesh is used to accom-

modate the details of the structure [8]. The arrangement of

the grid greatly simplifies the discretized difference equa-

tions, which can be written as follows:

[
B~+~(i, j,k) =B~-*(i, j,k)_At ‘;(i’~’ k)-A~(i’~-l’k) _ E.~(i, j,k)-A~(i, j,k-l) 1 (8)

[

E~(i, j,k)– E~(i, j,k–l) E~(i, j,k)– E~(i–l, j,k) 1B;+i(i, j,k)= B;-+ (i, j,k)-At — (9)
Az Ax

[
Bs+i(i, j,k) =B;-*(i, j,k)-A~ ‘~(i’~’k)-A~(i-l’~k) _ E:(~>j, k)-A;(i, j-l, k) 1 (lo)
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D:+l(i,.j, k)= D;(i, j,k)+At

[

H;+*(i, j+l, k)- H;+~(i, j,k) H;+i(i, j,k+l)-q+i(i,j, k)
—

Ay Az
1

(11)

D;+ ’(i, j,k)=D;(i, j,k)+At
[

H~+~(i, j,k+l)-Hn+$(i j k)x~~
—

Az

D;+l(i, j,k)=D;(i, j,k)+At

[

q++(i+l,j,k )-iq+~(i,j,k)
—

Ax

H;+*(i+l, j,k)– H;+i(i, j,k)

Ax I (12)

H~+~(i, j+l, k)- H”+:(i, j k)x

Ay
‘ 1

(13)

~or general anisotropic media, the expressions for R and

E are

g=~-l~ (14)

i= 7-15. (15)

Star@g from the initial fiel<s, we can find the magnetic

field B from (8)-(10) and H from (14). Similarly, the

displacement vec~r ~ can be found using (11)-(13), and

the electric field E from (15). For isotro~ic me~ia,~nly (~)

through (13) are needed, substituting H for B, E for D,

and At/p for At in (8)–(10) and At/c for At in (11)–(13).

In summary, starting from the proper initial fields, we can

find the electric and magnetic fields within the computa-

tion domain at alternate half-time steps according to the

discretized Maxwell’s equations.

V. PARAMETER EVALUATION

After finding the field distribution in the time domain,

we may find the frequency-domain parameters by the

Fourier transform. Let the waveforms on the transmission

line be w(t, z,) and w(t, Zi) at z = z, and z = z,, respec-

tively, where w(t, z) can’ be

magnetic field. The following

ment Zlzj:

either” the electric or- the

relation holds for the seg-

~[w(t, z,)] ‘F[w(t,zl)]e-~(o’~J(’,-Z,J (l(ja)

where F[ . . . ] denotes the Fourier transformation opera-

tor. Equation (16a) can be used to evaluate the propaga-

tion constant y:

Furthermore, we can define the effective dielectric con-

stant as

4P*. (17)

Ideally, the propagation constant y(ti, ~) = a(u,ziz~) +

~~( ~, Z,ZJ) for the segment ~ should be independent of
positions z, and z,. In reality, y( [o) obtained from differ-

ent segments will not be the same, because of the errors

caused by the imperfect boundary treatment. Notice that

Az = z, – Zi should not be made too small; otherwise y

will not be accurate due to numerical error. A typical Az is

10 to 15 spatial steps. The noise due to the imperfect

boundary treatment can be reducl?d by averaging the -f’s

obtained from different segments Zizj or by using the

least-squares method since part of the noise is random

noise.

Another important parameter is the characteristic

impedance Z(u). This impedance cannot be defined

uniquely for CPW’S and slotlines, because the modes on

the line are non-TEM. In this study, a voltage–current

definition is employed for simplicity. The impedance evalu-

ated at z = Zi can be defined as

‘[r(t>zj)]Z((,d,z,) ~‘—

FII(t, zz)]
(18)

where V( t, z,) is the voltage and 1( t, z,) is the current,

both evaluated at z = z,. The current E’(t, z,) and ~(t, Zi)

are defined as follows:

j(V(t, zi) Q bi’ x, y,t, zi). fg
a

(19)

f
I(t, zl) ~ II(x, y,t, zl ).d~ (20)

c

where, for the coplanar waveguide, point a is on the center

strip, and b is on the side strip. The integration loop c

encloses the center strip. For the slotline, on the oth~er

hand, points a and b are on the two side strips, and loop c

encloses either of the strips (actually, part of the loop is cm

the absorbing boundary). Integrations have been carried

out with different paths and loops, showing that differ-

ences between impedance for various paths are negligible

as long as Hz and E= are not too large.
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TABLE I

Parameters for CPW Case 1 Case 2

Center strip width W (mm) 0.135 0.4

Srnp spacing S (mm) 0.065 0.5

Side strip width W’ (mm) 0.59 infinite

Substrate thickness H (mm) 0.5 1.0

Metal strip thickness T (mm) 0.0 0.0

Space step dh (mm) 0.0135 0.050

Time step dr (ps) 0.0176 0.0858

Relative dielectric constant ~ 12.9 20.0

Thus far in the simulation, the transmission line has

been terminated by a matched impedance. Equivalently,

the absorbing condition is applied at the four boundary

planes as indicated in Fig. 1. We can also obtain results for

Y(Q) and Z(a) by a combination of electric (shorted end)

and magnetic (open-ended) wall terminations, while keep-

ing the other three planes absorbing. In other words, we

simulate the problem twice, first by applying the electric

wall at plane As (a ~b~c~d~), and then the magnetic wall at

the same plane, keeping the other three planes absorbing.

From the basic transmission line equations, we can directly

obtain expressions for the propagation constant and the

characteristic impedance as follows:

m+m]
(21)

(22)

where y(~, Zi) and Z(ti, Zi) are found at z = Zj. The

subscripts s and o represent shorted and open termina-

tions, respectively.

VI. NUMERICAL IMPLEMENTATION

A. Calculation Setup

For coplanar waveguides, we have analyzed two cases

(cases 1 and 2). Their geometric and computation parame-

ters are summarized in Table I.

For slotline, the thickness of the substrate is H =

0.1 mm, and the slot width W= 0.06 mm. The thickness of

1.0

1

1.0,
(a)

Wx
0.2

-0.2

75
?

Fig. 2. (a) The spatiaf waveforms of the EX component for the CPW

(case 1), which is sampled just below the strips. Edge effect and surface
wave excitation are clearly illustrated in the figure. (b) The spatial

waveforms of the EX component for slotline, which is also sampled just
below the strips.

the metal strip is assumed to be zero and the width of the

substrate B is assumed to be infinite (see Fig. 3(b)), for

simplicity. Space step dh and time step dt are chosen as 10

pm and 0.017 ps, respectively.

The computation domain is a box with sides (nlAx) X

(n2Ay) X (n~Az), which is usually determined by the avail-

able memory. For the current calculation, n ~, n ~, and n ~

are 55, 60, and 100, respectively. The computation spatial

step dh is chosen to accommodate the structures conve-

niently, and the time step dt is selected to satisfy the

stability conditions.

B. Spatial Field Distribution and Waveforms of the Field

Components

Fig. 2(a) and (b) shows the spatial distributions of the

fields EX(X, y, z, t.) for the CPW and slotline, respectively.

These spatial distributions are sampled just below the
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Fig. 3. (a) Normalized time waveforms of EY for the CPW (case 1) at different z ‘s. These signals are sampled just below the

air-dielectric interface with a separation of ten spatiaf steps. The configuration of the CPW is also shown in the figure.

Point PA is the point at which the comparison in the Fig. 7(a) and (b) are made. (b) Normalized time waweforms of EX for

the slotline at different z ‘s. These signals are sampled below the air-dielectric interface with a setmration of ten s~atial
steps.

strips, i.e., just below the air-dielectric interface. The edge

effect is apparent from an inspection of Fig. 2.

Instead of taking “snapshots” of the field waveforms,

we can record the field at an arbitrary point P((o, (o, TO)

in the computation domain. Fig, 3(a) shows the EY compo-

nents for the CPW. These curves are sampled at different

z‘s (z = idh, i = 20,30,40, 50,60,70) just below the center

strip. Fig. 3(b) contains similar curves for the slotline.

These waveforms are sampled at points along the line with

a separation of 10 spatial steps. The location of the sam-

pled points for the slotline is shown in the same figure. As

illustrated in the Fig. 3(a) and (lb), the amplitude of the

pulse decreases and its width increases as the pulse propa-

gates along the line, due to radiation and dispersion ef-
fects.

C. Surface Current Distribution

In contrast to the spectral-domain analysis, the TD-FD

method does not require an assum~ed surface current distri-

bution on the metal strips. This distribution is obtained
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directly from the tangential magnetic field. Fig. 4(a) and

(b) shows the surface current 1(Y, ZO,?.) for the CPW and

the slotline at different time steps (ZO is fixed). It is also

noted that, for the CPW, the current density distribution

on the center strip reaches a maximum at the edges and a

minimum at the center. On the side strips, the current

density decays toward the outer edges. This rate of decay

is helpful in determining the size of the enclosure for the

CPW. It is observed that the longitudinal current den-

sity at the outer edge of the side strip is negligible when

W’/W >8 for a CPW with a substrate thickness
H = 0.52 mm.

As can be seen from Fig. 4(b), the current density on the

slotline reaches a maximum at the inner edge of the strip,

and monotonically decreases toward the outer edges. The

currents at the outer edges are also negligible for B/W’> 15

with a substrate thickness H = 0.1 mm.

D. Dispersion Relations

As previously discussed, the dispersion relations can be

found using (17) or (21). Comparisons of the effective

dielectric constant C,ff ( ~ ) for the CPW (case 1) are shown

in Fig. 5(a). The result of present calculations (curve 1)

agrees well with that of the empirical formula obtained by

the spectral-domain analysis [2] (curve 2) up to 120 GHz.

The five points shown in Fig. 5(a), which are experimental

data obtained by pulse (harmonic-mixing) electro-optic

probing techniques [10], are also in good agreement with

those numerical results in the range from 4.11 to 20.1

GHz. Fig. 5(b) shows a similar plot for the CPW (case 2),

where curve 1 is the present result, curve 2 is from [2], and

curve 3 is the theoretical result from [11]. As can be seen

in Fig. 5(b), the first two results are in good agreement up

to 17 GHz. The effective dielectric constant in [11], which

is curve 3, is slightly smaller than the other two results

represented by curves 1 and 2.

The dispersion relation for the effective dielectric con-

stant of the slotline is shown in Fig. 5(c), where curve 1 is

the simulated result from this calculation and curve 2 is

from [12]. As indicated in this figure, the differences

between the results are negligible except for the regions

below 40 GHz and above 350 GHz. lt should be pointed

out that the formula for the effective dielectric constant

in [12] is valid only for 0.01< HIA < H\AO, where

A.= 4.OH~~ is the cutoff wavelength of a TEIO mode.

For the geometry under study, the formula is valid for the

range 30 GHz < ~ <216 GHz. The upper limit of this

range is due to the appearance of the high-order mode

where the slotline is no longer in single-mode operation.

E. Frequency-Dependent Characteristic Impedance

The frequency-dependent characteristic impedance is

found using either formula (18) or (22). The simulated

impedances at dc are close to those obtained by the

quasi-static analysis for both the CPW and slotline. Fig.

6(a) and 6(b) shows the complex impedances for the CPW

cases 1 and 2, respectively. The real part of the impedance

I 1 I

‘1t=t,\,/t=t
L.f 2

I““”t-T’”;i
KL!_!-J
z ‘ 0.0 23.0 46.0 69.0 92.o 115.0 136.0

Spatial Step

(a)

1.0 1 I I I I I [ I I 1 [

—,,-,L

\\
‘f’t=t4

‘+rtowarda the edge of the electrode

1,, ,,, ,,, ,
,.”

0.0 6.0 12.0 18.0 24.0 30.0 36.0 42.0 48.o 54.0

Spatial Step

(b)

Fig. 4. (a) Surface current distributions for the CPW (case 1) at differ-

ent time steps t.. (b) Surface current distributions for the slotline at
different time steps t.. The current is monotonically decaying toward

the edges.

is quite flat up to 150 GHz for case 1. In those plots, Z,

and Zi are the real and imaginary parts of the complex

impedance. 20 in Fig. 6(b) is the real impedance from [11].

The complex characteristic impedance for the slotline is

shown in Fig. 6(c), where curve I is the present result of

the real part of the impedance, and curve 2 is the real part

of the impedance from the empirical formula in [12]. These

two curves are quite close to each other. Curve 3 is the

imaginary part of the impedance from the current calcula-

tion.

The imaginary part the characteristic impedance is due

to radiation. This radiated power is earned partly by

“space waves” and partly by the “surface waves.” The

reason why radiation affects the impedance can be ex-

plained from the circuit model definition of the character-

istic impedance:

zo.g=/-- (23)

where Z is a distributed series impedance per unit length
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Fig. 5. (a) Comptisons of theeffective dielectric constmtfortie CPW
(case 1), where curve 1 is the present result, curve 2 is from [2], and the
five points at low frequency areexperimentaf data [lO]. (b) Compar-
isons of the calculated result of the effective constant for CPW (case 2).
Curve 1 is the present result, curve 2 is from [2], and curve 3 is the
theoretical data from [11]. (c) Comparisons of the effective dielectric
constants for slotline. Curvel is the present result and curwe 2 is from
[121.

and Yisadktributed shunt admittance per unit length. If

the series distributed resistance R and shunt conductance
G are not equal to zero, the characteristic impedance 20

will be complex. For many important problems, including

the present one, the losses are finite but relatively small. If

R /aL <<1 and G/tiC <<1, the approximate expression

for the characteristic impedance can be obtained from the
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Fig. 6. (a) Complex characteristic impedance for the CPW (case 1). Z,
and Z, are the reaf and imaginary parts c,f the impedance, respectively.
(b) Complex characteristic impedance for the CPW (case 2). Z, and Z,
are the reaf and imaginary parts of the impedance. Z. is the reaf
characteristic impedance from [11]. (c) Complex characteristic
impedance for the slotline. Curve I is the calculated result of the reaf
part of the impedance, curve 2 is the real part of the impedance from
the empiricaJ formula in [12], and curve ,? is the imaginary part of the
impedance from tbe current. calculation.

binomial expression of (23). Here, we retain only first- and

second-order

[[(

L
2.= “

z

erms:

R2 3G2 RG
+ — ——

ZU2L2 ~a2~2 + 4ti2LC )

(

GR
+j -—–—

:!uC 2uL 1]
(24)
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Fig. 7. (a) Comparisons of the Fourier transforms of the electric field
components for the CPW (case 1) at PA. Curves 1, 2, and 3 are the

ratios E,(0)/EV(O), E=(ti)/.EY(o), and Ez(u)/~~,

respectively. (b) Comparisons of the Fourier transforms of the
magnetic field components for the CPW (case 1) at PA. Curves 1, 2,

and 3 are the ratios 17:(ti)/Hi(o), Hz(Q) /17v(@), and

Hz( a)/{~, respectively.

where L, C, R, and G are all frequency dependent. It is

interesting to note from both Fig. 6(a) and (b) that the

impedance is real at low frequencies, but as the frequency

increases, it becomes complex. At a high frequency, the

impedance becomes real again as a result of transverse

resonance which happens at G/C= R/L.

F. Transverse Versus Longitudinal Fields

Although the coplanar waveguide and slotline are essen-

tially surface-oriented planar transmission lines, quasi-

TEM mode analysis is still useful for low-frequency appli-

cations. But at what frequency does the quasi-TEM model

break down?

We have compared E field components at point PA. The

location of the point PA is just below the center strip as

shown in Fig. 3(a). It is observed that the peak value ratios

of Ex: E.V:E, are 1.00:0.28:0.025. Similarly, the peak value

ratios of the magnetic field Hx: Hy: H, are 0.400:1.00:0.16.

From the above two comparisons, we have a rough idea of
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Fig. 8. (a) Comparisons of the Fourier transforms of the electric field
components for the slotline. Curves 1 is the ratio E, ( @)/Ey( Q ): curve
2 is the ratio E=( LJ)/Ey (co). The comparison is made at the median
plane of the substrate beneath the point z = Z4 shown in Fig. 3(b). (b)
Comparisons of the Fourier transforms of the magnetic field compo-
nents for the slotline. Curves 1 IS the ratio Hz ( a )/Hy ( ti ); curve 2 is
the ratio H=(C.J)/Hy( m), The comparison is made at the median plane
of the substrate beneath the point z = Z4 shown m Fig. 3(b).

the amplitude of the longitudinal components. By taking

Fourier transforms of these components, we can compare

these field components in the frequency domain. Fig. 7(a)

and (b) shows the ratios of the longitudinal components to

the transverse components. In Fig. 7(a), curves 1, 2, and 3

are the ratios E=(u )/EY(u), Ez(tJ)/EX(u ), and

Ez( u )/{~, respectively. As indicated in

Fig. 7(a), Ez(LJ)//~~ is 0.12 at 50 GHz.

Fig. 7(b) shows the corresponding curve for the magnetic

field (CPW case 1). Ratios H,(O)/HX(Q), Hz(ti)/Hp(ti),

and Hz(Q)/ H~(co) + H;(o) are shown in curves 1, 2,

and 3, respectively. HZ(u)/ H:(a) + H;(u) is 0.15 at

50 GHz. The above results vary with the points at which

these ratios are evaluated.

From the previous discussion, we know that the longitu-

dinal components, especially the H field, increase with

increasing frequency. At a high enough frequency,

an elliptically polarized magnetic field will appear in the
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slots at the air-dielectric interface. If one allows longitu-

dinal fields to be 10-20 percent of the transverse fields

at the point PA for the CPW in Fig. 3(a), the operating fre-

quency can go up to 50 GHz for the present structure

(W=135 ~m, S= 65 pm, H= 500 pm).

It i.$ believed that the mode on the slotline is almost a

transverse electric mode. This can also be examined by

evaluating H=(u) and E=(a). Comparisons of the Fourier

transforms of these electric and magnetic fields are shown

in Fig 8(a) and (b). These comparisons are made at the

median plane of the substrate beneath the point z = Zg

(see Fig. 3(b)). It is observed from Fig. 8(a) and (b) that up

to 120 GHz, the longitudinal electric component is less

than 10 percent of the transverse component, while

Hz(GJ)/H;(~) exceeds 0.1 above 60 GHz. As mentioned

before, the voltage is not uniquely defined since there are

nonzero values of E, and H,, especially at high frequen-

cies. Equation (18) breaks down if the longitudinal compo-

nents are not negligible. Again, the above discussion varies

with the points at which the comparisons are made.

VII. SUMMARY AND CONCLUSION

The coplanar waveguide and slotline have been analyzed

by the time-domain finite-difference method. The basic

principles and procedures have been discussed, along with

some specific problems in the implementation. Time- and

frequency-domain results have been presented and ex-

plained. The frequency results, such as the effective dielec-

tric constant and the characteristic impedance, agree well

with spectral domain data over a wide frequency range.

The effective dielectric constants for the CPW (case 1) are

also in good agreement with the experimental data up to

20 GHz. The validity of the quasi-static analysis has been

checked.
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