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Characterization of Shielded Coplanar Type

Transmission Line Junction Discontinuities

Incorporating the Finite Metallization

Thickness Effect
Chih-Wen Kuo and Tatsuo Itoh, Fellow, IEEE

Abstract—Frequency-dependent characteristics of shielded
junction discontinuities between coplanar type transmission
lines, coplanar wavegu[ide (CPW) and finline, are analyzed by
the mode-matching technique. Effect of finite metallization

thickness is also incorporated in the analysis for the first time.

Scattering parameters of finline step discontinuity are com-

pared with existing data to confirm the accuracy of the ap-

proach. Numerical results for finline step discontinuity,

shielded CPW step discontinuity and CPW-finline transition are
presented.

I. INTRODUCTION

JUNCTION discontinuities between enclosed planar

transmission lines have been analyzed by many re-

searchers with different full-wave analysis approaches in

the past. Jansen used a generalized algorithm based on the

spectral-domain method [1] for the anal ysis of planar mi-

crowave and millimeter wave transmission line end ef-

fects [2]. Several papers based on this approach were

published on the characterization of different finline dis-

continuities [3]–[5] and enclosed microstrip line discon-

tinuities [6]–[8]. Another rigorous full-wave analysis ap-

proach based on the transverse resonance method [9] has

also been applied to analyze the finline discontinuities

[10] -[12]. The boundary value problem is formulated in

terms of rectangular waveguide modes along with a proper

modelling of the electromagnetic fields on the metalliza-

tion plane. Computation of the higher-order finline modes

is not necessary in this approach. It is worth mentioning

that the formulations of the field analysis in Jansen’s gen-

eralized spectral-domain approach [2] and those in [10]–

[12] which use the transverse resonance method are es-

sentially the same. The mode-matching technique [13] is

an application of the moment method in which the eigen-
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modes of the transmission lines on both sides of the junc-

tion discontinuity y are used for the basis and testing func-

tions. This approach has also been widely used to

characterize the step discontinuities of enclosed micro-

strip lines [ 14]-[ 17] and finlines [ 18]-[2 1].

Despite the large number of publications about the en-

closed microstrip line and finline junction discontinuities,

only very limited amount of data concerning shielded co-

planar waveguide (CPW) discontinuities were available

[22], [23]. Coplanar waveguide was suggested as an al-

ternative to microstrip line for microwave circuits [24]

because of its low frequency dispersion and easy adapta-

tion to shunt elements. The uniplanar circuit configura-

tions based on CPW as a circuit structure for monolithic

microwave integrated circuits (MMIC) have been devel-

oped [25]. Accurate characterization of CPW junction

discontinuities is hence important in MMIC design. An-

other effect which has been missing in previous numerical

results for discontinuities obtained from full-wave analy-

sis is the consideration of the finite metallization thick-

ness. It is evident that the effect of metallization thickness

becomes more important in the higher frequency range

when the wavelength is smaller. Neglecting the effect of

finite metallization thickness in MMIC design may result

in substantial inaccuracy because the dimensions of the

circuit are so comparable to the wavelength and the thick-

ness of the metallization becomes significant.

This paper presents a method for characterizing the

junction discontinuities between coplanar type transmis-

sion lines, specifically, shielded CPW and finline, by also

considering the effect of finite metallizaticm thickness of

each individual line. The discontinuity structures which

will be analyzed are the shielded CPW step discontinuity

(Fig. l(a)), finline step discontinuity (Fig. l(b)) and the

CPW-finline transition (Fig. 1(c)). The CPW step discon-

tinuity can be used as an impedance transformation and

the CPW-finline transition is the building block of micro-

wave balancedl-unbalanced mixer circuit [26], [27]. With

the success of the mode-matching technique for the anal-

ysis of discontinuous structures without metallization

thickness in the past, this approach is employed in this
paper to formulate the boundary value problem of junc-
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Fig. 1. Coplanar type transmission line junction discontinuities with finite

metallization thickness. (a) CPW step discontinuity. (b) Finline step dis-
continuity. (c) CPW-tinline transition. The dielectric substrate is placed
symmetrically inside the rectangular waveguide,

tion discontinuities between coplanar type transmission

lines. Electromagnetic fields on both sides of the discon-

tinuity are expanded by the eigenmodes of each transmis-

sion line. The accuracy of the mode-matching technique

depends primarily on the accuracy of the eigenmodes.

These eigenmodes (propagating and evanescent) are cal-

culated by using an extension of the spectral domain ap-

proach which takes into account the finite thickness of the

metallization and the edge condition [28], [29].

Numerical results for finline step discontinuity without

metallization thickness are first compared with existing

data to confirm the accuracy of the proposed approach.

Frequency-dependent scattering parameters of shielded

CPW step discontinuity, finline step discontinuity and

CPW-finline transition are presented for the first time,

with the finite metallization thickness being considered.

Effect of the metallization thickness on the scattering pa-

rameters is also studied.

II. FORMULATIONS OF EIGENMODES WITH FINITE

METALLIZATION THICKNESS

The formulation procedure for eigenmodes with finite

metallization thickness is described for the CPW, but the

approach itself is very general and can also be applied to

finline. Fig. 2 shows a CPW with finite metallization

thickness inside a rectangular waveguide shielding with

perfect electric conducting walls. Due to the symmetry at

the plane x = O, only one half of the structure is consid-

ered. Electromagnetic fields in each region i, (i = 1, 2,

3, 4) can be written as

(la)

CJ

sin a :(x + A) e ‘jpz

cos a f(x + A) e ‘jdz

(n – l/2)lr
KA = ~~, CYf =

n
A’

i=l,3,4

(lb)

(lC)

(id) >

(le)

(if)

(lg)

(2a)

EX2(X, y, z) = jl ; [a; v;~(y) +
n

cos a~(x + s) e ‘Jdz

(2b)

jBJ?i(Y)l

(2C)
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Fig. 2: Transverse cross section of a CPW with thick metallization.

genmodes of this CPW structure are derived as an example.
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Ei-

- sin c#’(x + s) e ‘jflz (2d)

EZ*(X, y, z) = ~;l ;; [“i(%i(Y) + ~: nibol
n

sin a~(x + s) e ‘Jpz (2e)

cos cJ’(x + s) e ‘Jpz (2f)

K:=x@ +(32, cYf=: (2g)

where (3 is the propagation constant which is real for prop-

agating modes and imaginary for evanescent modes. The

mode voltages V~i (y)’ and currents Z~i (y), r = e, h, are

derived by applying conventional circuit theory to the

equivalent circuit in they direction (Fig. 3) [28].

The mode voltages and currents can be expressed in

terms of the Fourier transforms of the unknown aperture

electric fields, ZUX,2UZ,.ZIXand Zlz, after some mathematical
manipulations. Finally, the condition that magnetic fields

need to be continuous across the boundaries y = t and y

= O is imposed. A system of equations relating the Four-

ier transforms of unknown aperture electric fields and sur-

face current distribution ~UX,~Uz, ~1, and ~lz on the top and

bottom surfaces of the metallization can be written as

where Gjj’s (i, i = 1, 2, 3, 4) are the Green’s functions.

In the n~me~c~l calculation, ‘the unknown aperture elec-

tric fields ZU(x) and Z1(.x) are expanded in terms of appro-

a y=dl+t

y=t+o

m y=t. t)

y=+o

my=-cl

y=-(j2

~ y.-(rj2+tj3)

Fig. 3. Equivalent circuit of the structure of Fig. 2 in the y-direction. The

mode voltages and currents are derived in terms of the aperture electric

fields ZU(X) and 21(x) by applying the circuit theory to this equivalent cir-

cuit.

priate basis functions which incorporate the edge condi-

tion. The following basis functions are chosen:

T~_l
(

x--s–w/2

w/2 )
,, k=l,2, ”””, P (4)

for the x component and

u~-, (x–s–w/2

).
k=l,2, ”””, Q (5)

w/2 ‘

for the z component of the aperture electric fields. T~(x)

and U~(x) are the Chebyshev polynomials of the first and

second kinds, respectively. The final determinant equa-

tion for the unknown propagation constant is obtained by

applying the Galerkin’s procedure to (3) to lead to a set

of P + Q linear homogeneous equations. Nontrivial so-

lutions of this set of equations decide the propagation con-”

stant P and the modal field distributions associated with

P.

111. MODE-MATCHING TECHNIQUE

The mode-matching procedure is briefly described in

this section. Electromagnetic fields to both sides of the

discontinuity are expanded by using the eigenmodes of

the individual transmission lines. Assuming the incident

waves comes from the left side of the discontinuity, z. =

– m, toward the junction discontinuity located at z = O,

(see Fig. 1), the transverse electric and magnetic fields

inside the left waveguide a can be expressed as the su-

perposition of the incident and all the reflected waves:

C9

Eat(x, y, z) = Zal(x, y) e ‘jpu’z+ ~~1a. Z..(x, y) e ‘J8’nz

2<0 (6a)
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m

Zla,(.x, y, z) = Za,(x,y) e ‘]6’”’ – ,t~, a. ~d.(x, y) e ‘jB””’

(6b)

where 2.,1(x, y) and ~.,l(x, y) are the eigenmodes of the

left waveguide u and an’s are the unknown expansion coef-

ficients. @al is the propagation constant of the incident

wave. The corresponding transverse electromagnetic

fields in the right waveguide are written as
m

~~,(x, y, Z) = ~~f bm .?~,.(x, y) e ‘jfibmz (7a)

2>0
m

fib,(x, y, Z) = ,n~,b,. ~~~(x, y) e ‘]ob’nz (7b)

where ~~~(x, y) and ~&@, y) are the eigenmodes of the

left waveguide b and b~’s are the unknown expansion

coefficients. The tangential electromagnetic fields need to

be continuous across the z = O plane where the junction

discontinuity is located at, therefore,

In order to determine the unknown coefficients a. and

b,,, an inner product needs to be defined to eliminate the

x, y dependence in (8) and lead to a system of linear equa-

tions. An inner product defined as

z;: = ( zan(x, y), ;bm(x, y))

—— ! ~an(X, y) X ;~m(X, y) “ d ~ (9)
s

is introduced, where S is the cross section of the rectan-

gular waveguide shield. The inner product is defined ac-

cording to the boundary enlargement type waveguide dis-

continuity [30]. For this type of discontinuity problem,

the electric field for the inner product is taken from the

waveguide which has smaller aperture while the magnetic

field is taken from the waveguide which has larger aper-

ture. For the structures shown in Fig. 1(a)-(c), the elec-

tric field from the left waveguide a and magnetic field

from the right waveguide b are used in (9) for the inner
product calculation. Inner product defined in this manner

obtains convergent solutions with minimum number of

modes [17] compared to inner product defined otherwise.

The inner product defined by (9) for the mode-matching

procedure also represents the concept of interaction be-

tween different modes either from the same waveguide or

different waveguides. Performing the inner products on

(8) results in a system of equations as

(lOa)

(lOb)

Theoretically, an infinite number of modes need to be used

on both sides of the junction to account for the disconti-

nuity. However, in actual numerical computation, only a

finite number of modes, N. and N~, are used for each

waveguide. Since the conducting walls of the outside rec-

tangular waveguide shield are perfect conductors, the ei-

genmodes of each shielded transmission line should sat-

isfy the mode orthogonality relation:

where 6J~ and ti~i are the Kronecker delta functions. As a

result of (11), the computation work of (10) is greatly

reduced if the eigenmodes of each transmission line are

normalized first. The system of equations (10) is then

solved for the unknown expansion coefficients which for

the dominant incident wave the reflection coefficient S1,

= al and transmission coefficient S2, = bl.

IV. NUMERICAL RESULTS

A computer program based on the mode-matching pro-

cedure described above was developed. The program ana-

lyzes the junction discontinuities of CPW as well as fin-

line. This is achieved by simply changing the basis

functions for the aperture electric fields and the structural

symmetry of a magnetic wall at x = O for CPW to a elec-

tric wall for finline. Extensive convergence tests were

performed to study the convergence behavior of the nu-

merical results. The outside shielding used for all the nu-

merical calculations is the WR-28 rectangular waveguide,

i.e., 2A = 3.556 mmandd1 + t + d2 + d3 = 7.118 mm.

The data presented in this paper were all calculated with

6 eigenmodes, i.e., N. = Nb = 6. The relative error be-

tween the cases when 6 and 7 eigenmodes are used is only

0.5 % within the freqency range of interest. Since the

transmission lines on both sides of the junction disconti-

nuityy are inside the same rectangular waveguide shield,
the cross sections of each guide are the same, Therefore,

the “relative convergence” [15], [31] problem is not a

factor in the numerical computation of the structure stud-

ied here and equal number of modes are used in both sides

of the discontinuity. Other requirements were also

checked to validate the numerical results. Power conser-
vation (I S1~12 + IS2112 = 1) and reciprocity (SZ1 = S12)

conditions are both satisfied to within 0.01% of error, al-

though they are only the necessary conditions but not the

sufficient conditions for the results to be correct.

The reflection and transmission coefficients of a unilat-

eral finline step discontinuity without metallization thick-
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Fig. 4. Comparison of numerical results obtained in this paper with exist-

ing data for a finline step discontinuity without metallization thickness.

ness are first calculated and compared with existing data

to confirm the accuracy of the numerical results. The re-

sults are plotted in Fig. 4. Agreement between our data

and those in [20] is very good. Magnitude of scattering

parameters of the same finline step discontinuity with dif-

ferent metallization thickness are demonstrated in Fig.

5(a). It is interesting to note that the reflection coefficient

decreases as the metallization thickness t increases. A

possible explanation of this phenomenon is that the region

between the top andl bottom surface of the metallization

actually behaves like a parallel-plate waveguide. When

the metallization thickness increases, there is more energy

being transmitted along this parallel-plate waveguide re-

gion and the transmission coefficient increases accord-

ingly. Therefore, the reflection coefficient IS11I will de-

crease as the metalli:zation thickness t increases. Phase of

the scattering parametrs of this finline step discontinuity

is shown in Fig. 5(b). ~

Fig. 6(a) shows the magnitude of scattering parameters

of the shielded CPW step discontinuity. While the effect

of finite metallization thickness on the finline step discon-

tinuity is obvious throughout the frequency range of in-

terest, finite metallization thickness affects the reflection

coefficient of CPW step discontinuity significantly only at

high frequency range. Magnitude of the reflection coeffi-

cient is also inversely proportional to the metallization

thickness, as in the case of a finline step discontinuity.

Phases of the reflection and transmission coefficients of

the CPW step discontinuity are plotted in Fig. 6(b).

The CPW-finline transition structure in Fig. l(c) can

be excited in two dii-Terent modes. The odd-mode excita-

tion is obtained by placing a magnetic wall at x = O and

excites the CPW modes for the transmission line on the

left side of the transition and odd modes for the other line.
Even-mode excitaticm is obtained by replacing the mag-

netic wall at x = O with an electric wall. Coupled-slot

modes and the normal finline modes are excited for the

transmission lines on left and right sides, respectively, of

the transition. Fig. 7(a) shows the magnitudes of scatter-
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Fig. 5. Scattering parameters of the same finline step discontinuity ss in
Fig. 4 with different metallization thickness. (a) Magnitude. (b) Phase.

ing parameters with the CPW mode excitation for the

transition structure. CPW modes and the odd fmline

modes are virtually uncoupled, \S21I - 0.003, when the

metallization thickness is zero. Phase (Fig. 7(b)) for the

reflection coefficient is always 1800 and phase for the

transmission coefficient is always 0°. The data indicate

that the transition is actually an open circuit, which is pre-
dictable. However, in real situation when the metalliza-

tion thickness is not zero, some amount of power is cou-

pled from the CPW side to the finline side, as is depicted

in Fig. 7(a). Numerical results for the coupled-slot mode

excitation are plotted in Fig. 8. Unlike the CPW mode

excitation, there is always certain amount of power cou-

pled from the coupled slotline to the finline. This result is

also predictable by comparing the aperture field configu-

rations of the individual coupled-slot line and finline.
Figs. 9 and 10 show the numerical results of a different

transition structure. The gaps between the ground plane

and the center strip are narrower and the center strip is
wider in this case and the dielectric constant is also dif-

ferent. The transition structure under the CPW mode ex-
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1.0 10
k\\\\\\\\\\

0.9-

—t=O pm
1s211 Sa \\\\\\l

0.8-
0-

,,,,,,,,,, t= 10 Vm
----- t =35 pm

g 0.7-
Er = 2.22

“’”’-’- t =70 Lm

>
Wa = 0.95 mm

~
~ 0,6-

sa = 0.05 mm

a
wb = 1.00 mm

u ‘,5 - Wa
ct2 = 0.254 mm

z ‘b‘a hk~yLx7
1s1110.4- —t=O ~m Wa = 0.95 mm

.,,, ,,,,,,,,,,,,,,,,,,,,. . . . . . . . . . . . . . #*!:!.,~!::,:.:!: l-. :.J ~l,g *OJOJ ~.,.,1 B,, ”L., ”’*W WAS UJ

0.3-
., . .. .. .. . .. .. .. .. .. .. .. .. . .. .. .. .. . .. .. .. .. . .. .. .. .. .. .. .. ,. USI-O-Its 10 ~m sa = 0.05 mm

------ t =35 ~m Wb = 1.00 mm

“’-’-’- t =70 ~m d2 = 0.254 mm
0.2 I -40 ~

26 28 30 32 34 36 38 4’ 26 28 30 32 34 36 38 40

FREQUENCY (GHz) FREQUENCY (GHz)

(a) (b)

Fig. 8. Scattering parameters of the same CPW-finline transition as in Fig.
7 for even-mode excitation with different metallization thickness. (a) Mag-
nitude. (b) Phase.



KUO AND ITOH: SHIELDED COPLANAR TRANSMISSION LINE JUNCTION DISCONTINUITIES 79

[r..:..225
1.0 Smm

0.9 1s111 4,,
180

0.8 --t=O ~m
,HHHHIt = 10 ~m

~ 0,7 .-s-- t =35 pm —t=O pm

~ 0.6
~ 135 --, t = 10 ~m

Gr = 9.6 . . . . . . ts 35 ~m r

: 0.5
Wa. 0.30 mm

3: %!=wb ‘;:EF;m ~ :i :: r“ ‘b ~~;~=m

1s211
0.1 ...... ............................................,,,,,,,,,,,,,,,,,,,,,,,,,,.,,,,,,,,,,,,,,.,.,.,.,.,.,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0

.

0.0 — /+1

-45

26 26 30 32 34 36 38 40 26 28 30 32 34 36 36 40

FREQUENCY (GHz) FREQUENCY (GHz)

(a) (b)

Fig. 9. Numerical results for a CPW-finline transition with odd-mode ex-
citation. (a) Magnitude. (b) Phase. The center strip of the CPW is wider
in this case.

1 I 225 I
1.0

I
-~

0.9 1s,,1

0.8 —-t=O ~m
CC,,,- ts 10 pm

~ 0.7 ------ ts 35 ~m

~ 0.6

e, = 9.6

Wa= 0.30 mm

F

! r Sa = 0.15 mm
~ 0.5

0
Wb = 0.45 mm

< 0.4- {: ‘b d2 = 0.254 mm

E
0.3-

0.2-

0.1- N

0.0J-r- r

135-
—t=O pm

9
,1,,,111,,t = 10 ym
--- t =35 ~m

990-
er = 9.6

Wa = 0.30 mm

%
$ 45-

$a =0.15 mm

L\\\\\\\\\\”
Wb = 0.45 mm

n
‘a

d2 = 0.254 mm

o- ‘a kllll’.~
‘b

—

-45

l———

. . . ...7.7 ~,f,!E?.!r,w a?,.,a,... ,:,7...7,::.7.1:
,,,,,,,,,. ,,, ,,,,,.,, ..0---’’’’’’” .ZS21

-90
I

26 28 30 32 34 36 38 40 26 28 30 32 34 36 38 40

FREQUENCY (GHz) FREQUENCY (Gliz)

(a) (b)

Fig. 10. Scattering parameters of the same CPW-finline transition as in
Fig. 9 with even-mode excitation. (a) Magnitude. (b) Phase.

citation always demonstrates the characteristics of an open

circuit no matter how large the discontinuity is in terms

of size, as is shown in Fig. 9. When there is actually cou-

pling between the two transmission lines as in the cou-

pled-slot mode excitation, the discontinuity affects the re-

flection and transmission coefficients. Since the structural

discontinuity in Fig. 10 is larger than that in Fig. 8, it is

expected that the transmission coefficient should be

smaller in this case. Comparison of Fig. 10(a) with Fig.

8(a) confirms this assumption.

‘V. CONCLUSION

Shielded coplanar type transmission line junction dis-

continuities including the finite metallization thickness ef-

fect were studied by using the mode-matching technique.

Numerical results for several discontinuity structures,

specifically, fmline step discontinuity, CPW step discon-

tinuity and CPW-finJine transition with odd- and even-

mode excitations, were presented for the first time with

the finite metallization thickness being considered. Com-

parison with previously published data and convergence

tests were performed to confirm the accuracy of the nu-

merical results. The method is versatile and in principle

can also handle the microstrip line junction discontinu-

ities. An extension of the present work will involve the

characterization of more complicated junction disconti-

nuities between coplanar type transmission lines.
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