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Modeling of Some Coplanar
Waveguide Discontinuities

RAINEE N. SIMONS, MEMBER, IEEE, AND GEORGE E. PONCHAK

,4b.$@act —Tfre paper presents lumped equivalent circuit models for

several coplanar waveguide (CPW), discontinuities such as an open circuit,

a series gap in the center conductor, and a symmetric step in the center

conductor and gives their element values as a function of the discontinuity

physical dimensions. The model element values are de-embedded from

measured S parameters. In addition, the effects of the center conductor

width and the substrate thickness on the equivalent circuit element valnes

are presented. The characteristics of a CPW right angle bend employing a

novel compensation technique is also presented. Tke frequency depen-

dence of the effective dielectric constant is measured and compared to

computed values.

I. INTRODUCTION

A COPLANAR waveguide (CPW) on a dielectric sub-

strate [1] consists of a center strip conductor with

semi-infinite ground planes on either side (Fig. 1). This

type of waveguide offers several advantages over conven-

tional microstrip line: it facilitates easy shunt as well as

series mounting of active and passive devices, it eliminates

the need for wraparound and via holes, and it has a low

radiation loss. These, as well as several other advantages,

make CPW ideally suited for microwave integrated circuit

applications [2], [3]. However, very little information is

available in the literature on discontinuity models for

CPW [4], [5]. This lack of sufficient discontinuity models

for CPW has limited the application of CPW in microwave

circuit design.

This paper presents for the very first time lumped-ele-

ment equivalent circuit models for various CPW disconti-

nuities together with their element values as a function of

the discontinuity physical dimensions. These element val-

ues are de-embedded from measured scattering parameters

of the discontinuities through a two-tier de-embedding

technique. The discontinuities characterized in this paper

are an open circuit, a series gap in the center conductor,

and a symmetric step in the center conductor. These CPW

circuits were fabricated on 0.125 in RT-5880 Duroid sub-
strates. Second, the effect of the center conductor width on

the CPW discontinuity equivalent circuit element values is

investigated by characterizing a second set of 50 Q circuits

on Duroid substrates. Third, the effect of substrate thick-

ness has been investigated by evaluating a set of disconti-

nuity circuits fabricated on 0.062 in CuFlon substrates.
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Fig. 1. Cross section of the coplanar waveguide in the test fixture,

Fourth, a simple technique to compensate for the differ-

ence in path length between the two slots of a CPW right

angle bend is presented. Fifth, the frequency dependence

of the effective dielectric constant, c~ff, is measured using

resonator techniques and compared to computed values

from the literature. Last. the various sources of error and

their effect on the de-embedded circuit element values are

discussed.

II. DE-EMBEDDING DISCONTINUITY

SCATTERING PARAMETERS

A. De-embedding Technique

Precision CPW calibration standards such as open

circuits, short circuits, and 50 !2 matched loads for

calibrating an automatic network analyzer (ANA) are not

commercially available. Consequently, a two-tier de-

embedding technique which has been used successfully to

characterize active devices such as GaAs MESFET’S [6], [7]

is used to characterize CPW discontinuities. The two-tier

de-embedding technique consists of calibrating the ANA

using precision coaxial standards and then using the cali-
brated ANA to characterize the test fixture. A CPW

through line consisting of a uniform 50 Q CPW line

terminated at both ends by a linearly tapered CPW line

which matches both the geometrical size and impedance of

the 50 Q CPW to a pair of coaxial connectors is placed in

the test fixture during the fixture characterization. Thus,

the CPW linear tapers, which are reproduced on all subse-

quent circuits by printed circuit board fabrication tech-

niques, and the coaxial connectors form a part of the test

fixture and are characterized initially.
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Fig. 2. Transition between a50QCPW andacoaxial connector usinga

linear taper transformer,

B. Coax -to- CPW Transition

The test fixture with the CPWthrough line on0.125-irr-

thick Duroid is shown in Fig. 2. The lengths L and Lt of

the uniform 50 Q CPW line in the center and of each

linear taper at the ends are 1.5 and 0.25 in, respectively.

The coaxial connector used to excite the CPW is a modi-

fied SMA Hermetic Sparkplug Launcher (Dynawave Inc.)

with pin and Teflon diameters of approximately 0.020 and

0.065 in, respectively. The center conductor width (S) and

the slot width (W) of the uniform 500 line are 0.178 and

0.010 in, respectively. The corresponding aspect ratio,

S’/(S + 2W), is about 0.9. In order for this CPW line and

the coaxial connector to be compatible, the width of the

center conductor was tapered to about 0.045 in. The slot

width remained 0.010 in. Thus the aspect ratio of the CPW

at the coax launcher is about 0.69. ‘

The characteristic impedance of the CPW with an aspect

ratio of 0.69 is about 70 Q. However, it provides a good

impedance match to the 50 Q coaxial line. The measured

return loss is better than 16 dB over the frequency range of

0.045–18 GHz. The above discrepancy is in part due to the

different definitions of characteristic impedance used for

the CPW and the coaxial line. A similar discrepancy in

impedance matching has been observed in the case of a

microstrip line to slotline transition [8]. Linear tapers

similar to the above are also fabricated for the second and

third sets of circuits characterized on Duroid and CuFlon,

respectively.

C. Equivalent Circuit Model for the Transition

A mixed lumped–distributed equivalent circuit topology

to model the fixture is developed by taking into considera-

tion the physical nature of the test fixture and the CPW

circuit. The circuit model is shown in Fig. 3. The coaxial

connectors are represented by a section of a lossy trans-

mission line consisting of lumped elements in series with a

small section of a coaxial line, LC, for phase correction.

The tapered CPW section of length L, is modeled as a

multiple section stepped impedance transformer. EEsof

Touchstone’s [9] model of CPW as a lossless transmission

line whose propagation characteristics are described by

Ghione and Naldi [10] is used throughout the modeling

experiment.

The elements of the equivalent circuit are then opti-

mized over a 1 GHz band centered at 6 GHz to match thle

measured S parameters using the EEsof Touchstone cir-

cuit analysis and optimization programs. The circuit is first

optimized using the random optimization routine. Then,

the gradient optimizer is run until no further change in the

equivalent circuit element values is seen. Fig. 4(a) and (b)

shows the measured and modeled Sll and Szl characterist-

ics for the test fixture and through line for the circuits on

Duroid and CuFlon, respectively. This model is then used

to de-embed the discontinuity characteristics from the

fixture characteristics.

III. CPW OPEN CIRCUIT

A CPW open circuit is formed by ending the center

conductor a short distance before the slot ends, thereby

creating a gap, gl, as shown in Fig. 5. An electric field

exists at the open circuit between the terminated center

conductor and the surrounding ground conductor and

hence gives rise to a capacitive reactance. This reactance is

seen at a plane coincident with the open end of the center

conductor. Thus the apparent position of the open circuit

is beyond the physical cnd of the center conductor. The

open circuit capacitance, Cot, is a parallel combination of

the capacitance due to the fringing fields across the gap,

gl, and those across the slot, W. The gap-dependent capac-

itance varies proportionally as l/gl. The slot-dependent

capacitance is constant, Fig. 6(a) and (b) presents the

de-embedded open circuit capacitance, COC,as a functicm

of the open end gap width, gl, for circuits on Duroid and

CuFlon substrates, respectively. COC saturates to a slot-

dependent capacitance for large values of gl. For two

CPW lines with identical aspect ratios on the same subs-
trate, COC is larger for the line with- the wider center

conductor.

IV. SERIES GAP IIN THE CENTER CONDUCTOR

A series gap of length g in the center conductor of a

CPW is shown in Fig. 5. The gap is modeled as a lumped

Pi-network consisting o E a coupling capacitance, Cz, and

two fringing capacitances, Cl. In a way analogous to the

open circuit, the capacitance across the gap, Cz, decreases

proportionally as I/g. The fringing capacitance, Cl, in-

creases from the CPW line. capacitance for g = O to tlhe
open circuit saturation capacitance for large g. Fig. 7(a)

and (b) presents the de-embedded capacitances as a func-

tion of the gap width,, g, for circuits on Duroid and

CuFlon substrates, respectively. Cl and C2 are larger for a

50 Q line with a wider center conductor.
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Fig. 3. A lumped equivalent circuit model of the transition between the 50 Q CPW and coaxial line,
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Fig. 4. Measured (MEASCPW) and modeled (MODCPW) S parameters of the transition between the CPW and coaxial

line. (a) 0.125-in-thick Duroid. (b) 0.062-in-thick CuFlon.
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Fig. 5. Coplanar waveguide discontimrities and their lumped element

equivalent circuit model.

V. STEP CHANGE IN THE WIDTH OF

CENTER CONDUCTOR

A step change in width of the center conductor of CPW

is shown in Fig. 5. The step discontinuity perturbs the

normal CPW electric and magnetic fields, which gives rise

to additional reactance. These additional reactance are

assumed to be lumped and located in the plane of the step

discontinuity. The modeling experiments show that the

reactance can be modeled as a shunt capacitance C,. The

influence of this capacitance is to effectively lengthen the

lower impedance CPW line towards the higher impedance

CPW line. Fig. 8(a) and (b) presents the de-embedded

capacitance, C,, as a function of the normalized step width

for circuits on Duroid and CuFlon, respectively. As the

normalized step change, S1/S~, increases, C, approaches

the open-circuit saturation capacitance. For two lines with

identical aspect ratios on the same substrate, C, is larger

for the line with the wider center conductor.

VI. RIGHT ANGLE BEND

A CPW right angle bend in which the width of the

center conductor remains uniform is illustrated in Fig. 9. A

right angle bend in a 50 L? CPW line with a mean arm

length L =1.0 in is fabricated on 0.125-in-thick Duroid

and characterized in the fixture shown in Fig. 2. The

measured Sll and S’zl characteristics of the circuit are

shown in Figs. 10(a) and n(a), respectively. The poor

return loss and large insertion loss are due to the phase
distortion of the wavefront as it passes through the bend.

The phase distortion is caused by the large difference in

path length between the inner slot and the outer slot which

guide the CPW mode.

One method to compensate for the difference in path

length is to slow down the wave which travels in the inner
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Fig. 6. Deembedded lumped fringing capacitance from measured ,S

parameters as a function of the CPW open end gap width. (a) 0.125 -

in-thick Duroid. (b) 0.062-in thick CuFlon,

slot so that it emerges from the bend in phase with the

wave in the outer slot. A simple and practical technique to

do this from a circuit fabrication point of view is to place a

dielectric medium over the inner slot. This was done using

a 0.5 in X 0.5 in X 0.025 in alumina slab as shown in Fig. 9.

The measured S’ll and X21 with the compensating dielec-

tric slab are shown in Figs. 10(b) and n(b), respectively.

These figures show that the above technique is capable c~f

proving compensation over a broad band.

VII. EFFECTIVE DIELECTRIC CONSTANT

The C,ff is determined from a pair of series-gap coupled

straight resonators terminated in either an open circuit cm

a short circuit. The primary and higher order resonances

for each resonator are used as outlined in [11]. Resonators
are characterized for the following cases:

A. Resonator on 0.125-in-Thick Duroid Terminated in a

Short Circuit

Fifty L? transmission lines with two different center

conductor widths but wi{,h identical aspect ratios, S/( S -iL
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Fig, 7. Deembedded lumped fringing and coupling capacitances from
measured ,S parameters as a function of the CPW gap width. (a)

0.125-in-thick Duroid. (b) 0.062-in-thick CuFlon

2 W ) = 0.9, were used. Corresponding to each center con-

ductor width, a pair of resonators are fabricated. Fig. 12(a)

and (b) shows c.ff over the frequency range of 2–18 GHz

for CPW lines with center conductor widths of 0.178 and
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0.1454 in, respectively. Also shown in these figures are the I

computed c~ff using expressions in [1], [10], and [12]. Good Fig, 9 Schematic illustrating a CPW right-angle bend with a dielectric

agreement is observed between the experimentally deter- overlay to compensatefor the difference in path length between the
inner and outer slots.
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Fig. 10. Measured ,SIl of the CPW right-angle bend. (a) Uncompen-

sated. (b) Compensated.
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Fig. 11. Measured S21 of the CPW right-angle bend. (a)
sated. (b) Compensated.

Uncompen-

mined and computed Ceff using equations in [1] and [12]

above 6 GHz. However, c,ff determined using equations in

[10] are observed to be lower than the experimentally

determined values.
The accuracy of C,ff derived from these resonators is

questionable. The resonant frequency of the wavelength-

long resonator was lower than the resonant frequency of

the half-wavelength-long resonator. This yields a line ex-

tension for the gap plus short circuit due to fringing fields

which is negative. This is improbable. The reason for this
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Fig, 12. Measured and computed effective dielectric constant for CPW

as a function of frequency resonators on Duroid and terminated in a

short circmt. (a) S = 0.178 in, W= 0.010 in, D = 0.125 in. (b) S,=
0.1454 m, W= 0.008 in, D=, 0.125 m.

is probably a fringing field for the short circuit which is

dependent on the length of the CPW line. Preliminary

results obtained for CPW short circuits using the two-tier

de-embedding technique have shown this to be the case.

Itoh [13] has also observed a similar behavior for mi-

crostrip resonators terminated in an open circuit. The

dependence of the end effect length on the length of the

resonator violates the assumption that the line extension is

constant for both resonators and may therefore be sub-

tracted.

B. Resonators on O.125-in-Thick Duroid Terminated in an

Open Circuit

Fig. 13(a) and 13(b) show ~,ff determined with the

resonators terminated in an open circuit. Good agreement

is observed between experimentally determined and corn-’

puted c~ff using equations in [12] over the entire frequency

range. In this case, Ceff computed using equations in [10] is

observed to be lower than the experimentally determined

values across the entire band.

The open circuit terminated resonators yielded positive

line extensions for the gap plus open circuit which agreed

with the results in this paper. The difference between the

t,ff obtained with resonators terminated in an open circuit

and those terminated in a short circuit is greater for the

lower order resonances. This is expected if the fringirlg

field is not constant since lower order resonances are more

susceptible to fringing field effects than higher order reso-

nances.

C. Resonators on O.062-in-Thick Cujlon Terminated in an

Open Circuit

A 60 Q CPW transnussion line with an aspect ratio of

0.86 is used. Values for ceff determined with a pair (of

resonators terminated in an open circuit are presented in
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Fig. 13. Measured and computed effective dielectric constant for CPW

as a function of frequency resonators on Duroid and terminated in an

open circuit. (a) ,S = 0.178 in, W = 0.010 in, D = O 125 in. (b) ,S= 0.1454
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Fig. 14, Measured and computed effective dielectric constant for CPW
as a function of frequency resonators on CuFlon and terminated in an

open circuit. S = 0.123 m, W = 0.010 in, D = 0.062 in.

Fig. 14(a) and (b). In this case also, good agreement is

observed between the experimentally determined and the

computed c.ff using equations in [12] over the entire

frequency range. Further, C,ff values determined using

equations in [1] and [10] are observed to be higher and

lower, respectively, than the experimentally determined

value.

VIII. ERRORS AND THEIR EFFECT ON THE

DE-EMBEDDED PARAMETERS

In the experiment outlined in this paper, there are three

basic sources which introduce error into the equivalent

circuit element values: modeling errors, RF measurement

errors, and geometrical errors. The modeling errors can be

analyzed in two parts. The first part is due to the differ-

ence between the measured and modeled S-parameter

characteristics of the coax-to-CPW transition model. Typi-

cally, this was about + 3.30 and + 1.4° for the circuits on

Duroid and CuFlon, respectively. The second part is due

to the difference between the experimentally determined

and computed ~,ff used in the Touchstone program [9].

The Touchstone program uses the analytical expressions

given in [10] for computing f.ff. Since the value of Ccff

predicted by [10] is lower than the experimentally deter-

mined values, a phase error is introduced in the equivalent

circuit model. The phase error per transition model due to

this is 1.82°, 0.77°, and 1.47° for the circuits used to

characterize the transition in the three sets of circuits.

These errors are regarded as systematic errors since they

are constant throughout the experiment. The RF measure-

ment errors are due to the nonrepeatability of the coax-to-

CPW transition. Typically, the RF phase measurements

are repeatable to 330. The geometrical errors are due to

variations in the processing of each circuit. Typically, the

tolerance is + 0.0001 in. These errors are regarded as

random errors. The modeling routine repeatedly predicts

the same value for the discontinuity equivalent circuit

elements and therefore introduces minimal random errors.

A. Errors in Two-Port Circuits

The two-port characterization of the series gap in the

center conductor and the step change in width of the

center conductor are not susceptible to two of the above

errors. They are geometrical errors along the length of the

transmission line and errors due to the difference in C.ff.

The geometrical errors are minimized by designing the

circuits to be reciprocal and using both the forward and

reverse S parameters in the optimization routine. The

optimization routine averages the forward and reverse

characteristics and therefore minimizes these errors. All

the two-port circuits were kept equal in length to the

circuits used in the transition characterization. Hence, any

differences between the computed and measured ~eff are

compensated for in the transition model by the addition or

subtraction of an equivalent length of transmission line.

B. Errors in One-Port Circuits

The one-port characterization of the open circuit is

susceptible to all of the errors mentioned above. Therefore,

a worst-case error estimate may be obtained by an analysis

of how each affects COC.COCcan be approximated in terms

of the equivalent end-effect length, 1, as [11]

1~ @ A~
(1)~oc = (c~o) = (,,jZo= (JZ,

where

c speed of light,

1 equivalent constant in CPW.

/3 propagation constant in CPW,

ZO characteristic impedance of the CPW,

u angular frequency,

A+ phase in radians.

Using (l), the geometrical error introduces an uncer-

tainty of + 0.00021 pF in COC.Similarly, the RF measure-

ment error results in an uncertainty in COCof + 0.0278 and

~ 0.0232 pF for the circuits on Duroid and CuFlon, re-
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spectively. Therefore, the maximum random error or spread

in the data is +0.02801 and +0.02341 pF for the circuits

on Duroid and CuFlon, respectively. The random errors

cause the deviations in the data from the best fit curve

drawn through the data.

The difference in the phase of the measured and mod-

eled transition characteristics introduces an uncertainty in

COCof +0.0306 and +0.0108 pF for the circuits fabricated

on Duroid and CuFlon, respectively. Finally, the error

created by the difference in C.ff needs to be analyzed. This

is done by considering the coax-to-CPW transition model

developed in Section II. In this model, the propagation

constant, &, computed by Touchstone is lower than the

measured propagation constant, PO, as determined in Sec-

tion VII. Therefore, an error of

A+= (&-~~)*L (2)

is created. One half of this error is compensated for in L=

of the lumped equivalent circuit model shown in Fig. 3.

Thus, for a discontinuity located at an arbitrary plane

PI– P1’ which is at a distance X from the end of the taper

as illustrated in Fig. 3, the error in the m’odeled circuit

would be

()A@=(j3a-/3.)* X–; . (3)

Therefore a circuit connected to the transition by a length

of line equal to L/2 would give the correct results. In the

CPW open circuit investigated in Section III, X is 0.050

in. Therefore, the following errors in COCare found: COC=

– 0.0157 pF for the CPW line with 5’= 0.178 in COC=

– 0.0066 pF for the CPW line with S = 0.1454 in, and

COC= – 0.0106 pF for the CPW line with S = 0.123 in.

This error can be subtracted from the reported results

since the sign of the error term is known.

IX. CONCLUSIONS

The paper presents for the very first time lumped equiv-

alent circuit models for the following CPW discontinuities:

an open circuit, a series gap in the center conductor, and a

symmetric step in the center conductor. The model ele-

ment values are de-embedded from measured, S parame-

ters using a two-tier de-embedding technique and are

presented as a function of the discontinuity physical di-

mensions. The effects of the center conductor width and

the substrate thickness on the equivalent circuit element

values are also presented. A new technique to compensate

for the difference in path length between the two slots of a

CPW right angle bend has been demonstrated. The fre-

quency dependence of C.ff is measured and compared with

computed results from the literature. The various sources
of error and their ef feet on the de-embedded results are

discussed.
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