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Abstract— A general technique to characterize asymmetric

coplanar waveguide (CPW) discontirmities with air bridges where

both the fundamental coplanar and slotline modes maybe excited
together is presented. Fhxt, the CPW discontinuity without air
bridges is analyzed using the space-domain integral equation
(SDIE) approach. Second, the parameters (phase, amplitude, and

wavelength) of the coplanar and slotline modes are extracted

from an amplitude modulated-like stauding wave existing in

the CPW feediug Iiues. Then a 2n x 2n generalized scattering

matrix of the n-port discontinuity without air bridges is derived

which includes the occurring mode conversion. Flually, this
generalized scattering matrix is reduced to an n x n matrix

by enforcing suitable conditions at the ports which correspond

to the excited slotiine mode. For the purpose of illustration,
the method is applied to a shielded asymmetric short-end CPW

shunt stub, the scattering parameters of which are compared
with those of a symmetric one. Experiments are performed on
both discontinuities and the results are in good agreement with

theoretical data. The advantages of using air bridges in CPW

circuits as opposed to bond wires are also discussed.

I. INTRODUCTION

I N state-of-the-art MMIC’S, coplanar waveguide (CPW) is

becoming widely used due to several advantages it offers

over the conventional microstrip line. However, air bridges

are unavoidable especially when coplanar waveguide circuits

are combined with other planar lines and when asymmetries

in the structure give rise to the radiating slotline mode [1],

[2]. Recently, transversely symmetric coplanar waveguide

discontinuities with air bridges (or bond wires) have been nu-

merically studied and the results of these studies can be found

in [3] – [8]. On the other hand, some results for asymmetric

CPW discontinuities with air bridges have been presented in

the literature [9] – [1 1], but the study performed is far from

complete. The full-wave FDTD method was implemented in

[10] to investigate different types of CPW T-junctions, while

a hybrid technique was used in [11] to analyze different

asymmetric CPW discontinuities. What makes asymmetric

CPW discontinuities different from symmetric ones is the

presence of both the coplanar and slotline modes in the

feeding lines, which necessitates the use of a special theoretical

treatment to derive the scattering parameters.
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In Section II of this paper, a numerical method is pre-

sented that can be applied to characterize asymmetric CPW

discontinuities. In Section IV, this method is employed to

analyze a shielded asymmetric short-end CPW shunt stub.

Extensive experiments on CPW shunt stubs are performed

and the fabrication and measurement procedures are described

in Section III. Two different approaches are used to obtain

measurements of the CPW shunt stub circuits. In one approach,

ground equalization is achieved using bond wires, while, in the

other approach, air bridges are used. It is shown that using air

bridges gives better response than bond wires.

II. THEORY

A. Application of the SDIE Method

The first step in the analysis is to derive the electric field in

the slot apertures Qf the shielded CPW structure with the air

bridges removed. The theoretical method used to study CPW

discontinuities without air bridges is based on a space-domain

integral equation (SDIE) which is solved using the method of

moments. The SDIE approach has been previously applied to

study several CPW discontinuities (without air bridges) and

has shown very good accuracy, efficiency, and versatility in

terms of the geometries it can solve [12] – [17]. Since the

theoretical method is presented in detail in [12], [13], and

[16], a brief summary will be given here.

The boundary problem pertinent to any air-bridge-free CPW

discontinuity may be split into two simpler ones by introducing

an equivalent magnetic current ~s on the slot apertures. This

surface magnetic current radiates an electromagnetic field in

the two waveguide regions (above and below the slots) so

that the continuity of the tangential electric field on the surface

of the slots is satisfied. The remaining boundary condition to

be applied is the continuity of the tangential magnetic field on

the surface of the slot apertures, which leads to the following

integral equation:

ix
//[

Gj(F/F’)+G;(FF)].K(T’) ds’ = J, (1)
s

where G; ~ are the magnetic field dyadic Green’s functions
in the tw’o waveguide regious directly above and below the

slot interface, and ~$ denotes an assumed ideal electric cur-

rent source exciting the ccrplanar waveguide structure. For a

shielded CPW structure, which is the case here, the com-

ponents of the dyadic Green’s functions are double infinite
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Fig. 1. (a) The asymmetric short-end CPW shunt stub. (b) The symmetric

short-end CPW shunt stub.

summaticms over the transverse and longitudinal cavity eigen-

values.

The integral equation (1) is solved using the method of

moments where the unknown magnetic current is expanded

in terms of rooftop basis functions. Then, Galerkin’s method

is applied to reduce the above equation to a linear system of

equations

(2 2X2=(:) (2)

where Yij (i = y, .z;~ = g, z) represent blocks of the admit-

tance matrix, Vi is the vector of unknown y and z magnetic

current amplitudes, and lj is the excitation vector which

is identically zero everywhere except at the position of the

sources. Finally, the equivalent magnetic current distribution

and consequently the electric field in the slots are obtained by

matrix inversion.

In the case of transversely symmetric CPW discontinuities

(e.g., Fig. l(b)), the derived field in the feeding lines forms
a standing wave of the fundamental coplanar mode away

from the discontinuity. Consequently, the hybrid technique

developed in [6]–[8] can be applied to characterize such

discontinuities. However, in the case of asymmetric CPW
discontinuities (e.g., Fig. l(a)), the derived field in each slot

of the feeding lines looks like an amplitude modulated signal

(Fig. 2) which results from the superposition of the funda-

mental coplanar and slotline modes. Consequently, a special

treatment is needed to separate the two modes and derive the

scattering parameters of the discontinuity as described below.

B. Separation of the Two Modes

As shown in Fig. 2, the field in the feeding lines derived

from the SDIE method is the superposition of the fundamental

coplanar and slotline modes, each one having its own spatial

parameters (wavelength, amplitude, and phase). This field is

I t 1 1 1

0 103 2C0 300 400 500

Position along the CPW line (srbitmy units)

Fig. 2. A sample amplitude modulated-like standing wave existing in one
of the slots of the feeding CPW which results from the superposition of the
fundamental coplanar and slotline modes.

the sum of the two modes in one of the slots of the feeding

CPW, and the difference between them in the other slot. To

extract the parameters of each mode, one of the following

methods may be used:

1) Prony ’s Method: The parameters of each mode can be

obtained directly by applying Prony’s method on the derived

amplitude-modulated-like standing wave. Prony’s method is a

technique for modeling sampled data as a linear combination

of exponential terms [18]. Assuming that one has N data

samples of the electric field E(l),.. ., 13(IV), Prony’s method

can be used to estimate ~(n) with a four-term complex

exponential model

4

~(n) = ~ A~ exp[(ak + ~2T~k)(n – l)T + ~0~] (3)

k=l

for 1 < n < N, where T is the sample interval, Ak is the

amplitude of the complex exponential, Q!k is the damping

factor, jk is the sinusoidal spatial frequency, and ok is the

sinusoidal initial phase. A detailed description of Prony’s

method and a computer program listing can be found in [18]. In

case of real data (lossless coplanar structures), the exponential

representation reduces to

J$(7?,)= ~ 2Ak cOS[(2~fk)(n – l)T + ok] (4)
k=c,s

for 1< n < N, where c and s correspond to the fundamental

coplanar and slotline modes, respectively. It is found that the

frequencies obtained from Prony’s method agree very well

with the ones predicted from a 2D program. In addition, the

constructed signal is not distinguishable from the original one.

2) The Standing-Wave Method: In this method, the standing

waves of the fundamental coplanar and slotline modes can be

derived as follows:

(5)

(6)

where V1 and V2 denote the voltages in the two slots of a CPW

feeding an asymmetric discontinuity. Then, the parameters
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of each mode can be obtained from the position of the

maxima and minima along its corresponding standing wave

[16]. Alternatively, Prony’s method can be applied on each

single-mode standing wave to extract the parameters.

It is found that both methods give the same mode parameters

with a difference of less than 0.5!Z0. However, Prony’s method

has the advantage that it can be used to separate any number of

modes in an overmoded structure, especially,, if the number of

these modes (and preferably their frequencies) is known. So,

the end results of this step are the spatial parameters (wave-

length, phase, and amplitude) of the fundamental coplanar and

slotline modes. Consequently, the reflection coefficient and the

input impedance for each mode at any point along the feeding

line can be obtained.

C. The Generalized Scattering Matrix

The next step is to derive the generalized scattering ma-

trix, which includes the interactions between the coplanar

and slotline modes in the air-bridge-free asymmetric CPW

discontinuity. Fig. 3 shows a generalized four-port equivalent

representation of a two-port asymmetric CPW discontinuity

without air bridges. This representation uses one port for

each mode excited at each physical port. Thus, this four-

port equivalent network takes into account the occurring mode

conversion at the discontinuity. The network relations between

the ports in Fig. 3 can be written as follows (see Appendix A

for derivation):

where

Vk maxe
jFJk (ZL?ma. –z)

v~ =
Z(Ik(l + Irk[) “

(11)

In the above expressions, Sij (i, ~ = 1,”””, 4) are the unknown

components of the generalized scattering matrix, Vkmax and

~&aX are the value and position of a voltage maximum

along the kth port, and ,fl~ is the propagation constant at

the kth port. In addition, rk is the reflection coefficient at

the reference plane z of port k, the magnitude of which

(117~1) is equal to one for a shielded structure. Moreover,

2., is the characteristic impedance of the transmission line

connected to the kth port which is obtained using a 2D

program. In general, four independent excitations are needed
to evaluate the 16 unknown components of the generalized

scattering matrix.

D. The 2 x 2 Scattering Matrix

The 4 x 4 generalized scattering matrix derived above

includes the interactions between the coplanar and slotline

L+I 2G

Y. %? *
}

Discontinuity %, VZC

pOrt#l p0rt#2

T p0rt#4

‘s ~12,
.,
Vzs

Fig. 3. A generalized four-port equivalent representation of a two-port CPW

asymmetric discontinuity without air bridges where the fundamental coplanar

and slotline modes are excited.

modes in the air-bridge-free CPW discontinuity. However,

in practice, the slotline mode is always suppressed by con-

necting the two ground planes of the feeding lines with

air bridges. These transverse air bridges can be taken into

account by connecting a parallel LC combination to the

ports corresponding to the slotline mode, while connecting a

series LC combination to those corresponding to the coplanar

mode. These inductor and capacitor are due to the parasitic

effects of the transverse air bridges, which can be evaluated

quasi-statically by modeling the air bridge either as an air-

filled microstrip line or a parallel-plate waveguide [6]-[8].

However, for typical air bridges, these connections effectively

short the slotline mode ports and leave the coplanar mode ports

unaffected. Thus, the presence of the transverse air bridges

can be modeled numerically by imposing the following two

conditions on the network shown in Fig. 3:

VI, = o (12)

V2. = o (13)

It should be noted that such conditions apply to typical air

bridges, the parasitic effects of which have been found to be

negligible [1], [2], [4], [5]. Hence, transverse air bridges placed

at the reference planes of the generalized scattering matrix

reduce the four-port network representation to a two-port one.

This, in effect, gives a 2 x 2 scattering matrix which describes

the discontinuity under coplanar mode excitation only. It can

be easily shown (see Appendix B) that the elements of this

2 x 2 scattering matrix are related to those of the 4 x 4

generalized scattering matrix as follows:

S~l = S11 – S13A – S14B (14)

S~2 = S~l = Slz –’ S13B – S14A (15)

S~z = SZ~ – SZ3B – SZ4A (16)

where

A=
S31(1 + S44) – S41S34

(1+ S33)(1 + S44) – S34S43
(17)

S41(1 + S33) – 5’43s31
B=

(1+ S33)(1 + S44) – S34S43
(18)
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and S~j are the components of the 2 x 2 scattering matrix.

III. FABRICATION AND MEASUREMENTS

Two different approaches are used to obtain measurements

of the shunt stub circuits shown in Fig. 1. In the first approach,

ground equalization is achieved using bond wires, while, in the

second the ground planes are connected with air bridges.

A. Circuits with Bond Wires

A 300-~ seed layer of Cr and a 600-~ layer of Au is

evaporated on a 3-inch high-resistivity silicon wafer. This

metallization provides the electrical contact for the electro-

plating. A photolithographic process is then used to define the

various shunt stub geometries and the plating contact area.

Approximately 3 pm of gold is electroplated to achieve the

required number of skin depths, then, bond wires are added

to the circuits using a Marpet Enterprises wire bonder and

0.7-mil-thick gold thread.

B. Circuits with Air Bridges

In this case, the circuits are fabricated on a 483-pm-thick

GaAs substrate using a lift-off processing technique. The CPW

center strip and ground planes consist of 200 ~ of Cr and

1.5 ~m of Au. The air bridges have 15-pm-square posts and

a height and width of 3.5 and 15 pm, respectively. The bridge

itself is 1.5 ,um thick and was fabricated by lift-df.

C. Measurements

All of the circuits are measured with a probe station and

Cascade Microtech high-frequency CPW probes attached to

an HP 8510B Network Analyzer. To suppress parallel-plate

and microstrip modes between the CPW circuits and the wafer

chuck of the probe station during testing, the wafer is placed

on a piece of O.125-inch-thick 5880 RT/Duriod. A thru-reflect-

line (TRL) calibration is performed to eliminate the effects of

the connectors, cables, and probes from the measured data and

to accurately place the system reference planes at the reference

planes of the stubs. The calibration standards required for the

TRL include a thru, an open, and several delay lines. Three

delay lines are used in the calibration of the circuits with air

bridges to cover the full 5–40 GHz bandwidth, whereas only

one delay line is used in the case of the circuits with bond

wires to cover a 10–30 GHz bandwidth. After calibrating, S-

parameters measurements of the circuits are used to compare

the theoretical and experimental results.

IV. RESULTS AND DISCUSSION

The theoretical technique described in Section II is quite

general so that it can be applied to any n-port CPW disconti-

nuity. The method is employed here to analyze the asymmetric

short-end CPW shunt stub shown in Fig. l(a). Since this

discontinuity involves a longitudinal air bridge that connects

the two ground planes of the CPW stub, one more step is

required after the evaluation of the 2 x 2 scattering matrix.

First, a two-port lumped-element equivalent circuit is derived

from this 2 x 2 scattering matrix. Then, this circuit is modified
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Fig. 4. A suspended CPW structure inside a rectangular cavity,

by incorporating the longitudinal air bridge from which the

new scattering parameters can be obtained (see [6] – [8] for

details). The scattering parameters of this asymmetric stub

discontinuity will be compared to those of a symmetric short-

end CPW shunt stub shown in Fig. l(b).

Three examples are presented in this section. In the first

example, an asymmetric stub is analyzed theoretically and is

compared to a symmetric stub with the same dimensions. In

the second example, experimental results obtained from the

circuits with bond wires are compared to theoretical data. In

the last example, experimental results for the circuits with air

bridges are compared to theoretical data and the radiation loss

from the stubs is experimentally investigated.

A. Example 1: Comparison Between Asymmetric

and Symmetric Stubs

In the numerical results shown in Figs. 5 through 9, the

considered CPW discontinuities are suspended inside a rectan-

gular cavity, as shown in Fig. 4, with h = 400 pm, e.l z 13,

C,2 = 1, S = 75 pm, W = 50 pm, a =, 3.425 mm, and

D1 = D2 = 1.2 mm. On the other hand, the CPW stubs are

placed at the center of the cavity with a slot width of 25 ~m

and a center conductor of 25 ~m.

Figs. 5 and 6 show the elements of the first and third rows

of the 4 x 4 generalized scattering matrix of an air-bridge-free

asymmetric short-end stub. Other elements can be obtained

using symmetry considerations, e.g., SZI = Slz, SZZ = SI 1,

SZ3 = Slq, etc. It should be noted here that ports #1 and

#2 correspond to the coplanar mode at the first and second

physical ports, respectively, while ports #3 and #4 correspond

to the slotline mode (see Fig. 3). Thus, it can be noticed
from the values of Slz in Fig. 5 that if one of the physical

ports is excited by a coplanar mode, 50–65% of the power

is transmitted to the coplanar mode appearing on the other

physical port in the whole frequency range. On the other hand,

S13 shows that 15–20% of the input power is transferred to

the slotline mode appearing on the same physical port. It is

interesting to note that at 27 GHz the amount of power in the

slotline mode appearing at both ports is the same and that the

return loss (S1l ) reaches its minimum value. In a~dition, it

can be noticed from the values of S34 in Fig. 6 that if one

of the physical ports is excited by a slotline mode, the power

transmitted to the slotline mode on the other port decreases as

the frequency increases until it reaches a minimum value at
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Fig. 5. Elements of the first row of the generalized scattering matrix of an

air-bridge-free asymmetric short-end CPW shunt stub. (L. = 1100 #m).
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Fig. 6. Elements of the third row of the generalized scattering matrix of an
air-bridge-free asymmetric short-end CPW shunt stub. (Ls = 1100 #m).

27 GHz after which it increases with frequency. The opposite

happens for the amount of power carried by the reflected

slotline mode on the same input port as depicted from S33.

Fig. 7 shows the scattering parameters of the same asym-

metric stub discontinuity after taking the transverse air bridges

into consideration. In addition, the scattering parameters of

a symmetric stub discontinuity (with the same dimensions)

without air bridges are plotted in the same figure. It can be

noticed that both structures exhibit totally different charac-

teristics when the longitudinal air bridges are removed. It is

interesting to observe that the asymmetric stub without the

longitudinal air bridges still behaves as a shunt stub resonating

at approximately 27 GHz. However, this frequency is not the

expected resonant frequency of the coplanar mode in the stub

(see Fig. 8). On the other hand, the behavior of the symmetric

stub without the longitudinal air bridges is far from being a

shunt stub [6]–[8].

Fig. 8 shows the scattering parameters of both dis-

continuities with all air bridges taken into consideration.

I — Sll, asymmetric stub
I

/ ---- Sl,,asymmetric stub I

I ------ kll, symmetric stub I
I ----- S,2,symmeticsmb I

0.7

% “.6

2 “.4

0.3

0.2

0.1

0.0
10 20 30 40

Frequency (GHz)

Fig. 7. Scattering parameters of both the symmetric and asymmetric
short-end CPW shunt stub discontinuities without longitudinal air bridges.

(L. = 1100 ~m).

The width and height of the longitudinal air bridge are

assumed to be 15 and 3 #m, respectively. It is seen now

that indeed both the asymmetric and symmetric structures

behave as short-end shunt stubs with resonant frequencies

of approximately 24.5 and 25.2 GHz, respectively. The
difference in the resonant frequencies can be attributed to

the asymmetry in one of the discontinuities. It is also

interesting to note that the symmetric stub has a higher

Q than the asymmetric stub. The difference between the

resonant frequencies of an asymmetric stub with and without

the longitudinal air bridge (as seen in Figs. 7 and 8)

decreases if a substrate with higher dielectric constant and/or

smaller stub dimensions (slot and center conductor widths) is

chosen, as will be shown in Example 3. This is due to the fact

that for a CPW with very small S and W and/or large cT, the

propagation constants of the slotline mode and the coplanar

mode become approximately equal as the frequency increases

[19].

Fig. 9 shows the phase of the scattering parameters of both

discontinuities with all air bridges taken into consideration.

The similarity between the two types of shunt CPW stubs

when all air bridges are present is clearly seen.

B, Example 2: Stubs with Bond Wires

A comparison between theoretical and experimental results

for an asymmetric stub discontinuity without longitudinal air
bridge is shown in Fig. 10. For this structure, h = 353 ,Um,

CT1 = 11.7, +2 = 1, S = 140 #m, W = 100 ~m,

a = 4.56 mm, D1 = 3.5 mm, ‘and Dz = 1.8 mm. In

addition, the CPW stub has a slot width of 100 ~m and a

center conductor of 140 ~m. The measurements were done

on unshielded structures and bond wires were used to connect
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Fig. 8. Scattering parameters of both the symmetric and asymmet-
ric short-end CPW shunt stub discontinuities with all air bridges.
(L, = 1100 pm).
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Fig. 9, The phase of the scattering parameters of the symmetric and asym-
metric short-end CPW shunt stub discontinuities with all air bridges taken
into consideration. The reference planes are taken at the end of the uniform
coplanar lines. (L. = 1100 #m).

the ground planes, as was discussed in the previous section.

In Fig. 10, the discrepancy between theory and experiment is

due to radiation loss from the measured stub and the fact that

bond wires are not very effective in suppressing the slotline

mode. It should be mentioned here that in the measured stub,

the transverse bond wires, which connect the ground planes of

the feeding lines, were placed at a distance of 90 ,um from the

junction. However, the theoretical methodology assumes that

ideal transverse air bridges exist exactly at the junction.

Fig. 11 shows the scattering parameters (theoretical and

experimental) of the same asymmetric stub after including

the longitudinal bond wire in the experiments and taking the
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longitudinal air bridge into consideration in the theory. The air

bridge is assumed to be of height 3 pm. In this figure, the over-

all agreement between theory and experiment is better than

that in Fig. 10. This is due to the fact that the longitudinal

bond wire tends to suppress the radiating slotline mode in

the measured stub. The difference in the resonant frequency

can be attributed to the fact that the longitudinal bond wire,

which connects the stub ground planes, was placed at a

distance of 190 #m from the junction. This reduces the

effective length of the stub, and thus increases the measured

resonant frequency. On the other hand, the derived theoretical

data for this discontinuity are based on the assumption that

a longitudinal air bridge is placed exactly at the junction.

Another reason for the discrepancy in the resonant frequency is

the relatively thick metallization used in the circuits with bond

wires (3 ~m), which is neglected in the theoretical analysis.

The finite metallization thickness reduces the phase constant

[20], and thus increases the stub resonant frequency [8].
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Fig. 12. Measured Mag(S11 ) for an asymmetric CPW shunt stub for differ-

ent longitudinal bond-wire positions. (L, = 1600 pm).

Fig. 12 shows the measured S1l of the asymmetric stub

with three different longitudinal bond-wire positions. The bond

wires could not be placed exactly at the junction due to the

physical limitations of the wire bonder. Fig. 12 shows that the

resonant frequency of the considered asymmetric CPW shunt

stub is relatively insensitive to the position of the longitudinal

bond wire for db >290 pm. On the other hand, it has been

found experimentally that the position of the bond wires has

a more pronounced effect on the resonant frequency of a

symmetric CPW shunt stub.

C. Example 3: Stubs with Air Bridges

Figs. 13 and 14 show the scattering parameters (theoretical

and experimental) of an asymmetric stub with and without

longitudinal air bridge. For this structure, h = 483 #m,

6.1 = 13, e,2 = 1, S = 32 pm, W = 20 #m, a = 4.318 mm,

D1 = 3.0 mm, and D2 = 3.175 mm. In addition, the CPW

stub has a slot width of 15 pm and a center conductor of

20 pm. The measurements were petiormed on unshielded

structures and air bridges were used to connect the ground

planes. As opposed to bond wires, the air bridges were placed

at the junction exactly. The agreement between theory and

experiment is very good, which validates both sets of data.

The discrepancy seen around the second resonance is mainly

due to radiation losses. It is interesting to note that the

behavior of the stub with and without the longitudinal air

bridge is almost the same. The resonant frequencies shown

in Fig. 13 and 14 differ only by almost 0.8 GHz. The reason

is that the dimensions of the stub (slot and center conductor

widths) are very small, and thus, the transverse air bridges

tend to equalize the potential of the two ground planes of

the stub as well as the ground planes of the feeding lines.
In addition, as mentioned earlier, the propagation constants

of the slotline and coplanar modes are approximately the

same for the CPW under consideration. Specifically, ~~l~o

equals 2.64 and /?S//30 equals 2.4 at 18 GHz, where (3C,l?~,

and /30 are the coplanar-mode, slotline-mode, and free-space

propagation constants, respectively. A symmetric CPW stub

ii
i?i
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Frequency (GHz)

(a)

2W 1..-.,..-.,....,....,.. . ., . . . . . . ...1

100
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5 101520253035 40

Frequency(GHz)

(b)

Fig. 13. Scattering parameters of an asymmetric CPW shunt stub with-

out longitudinal air bridge. Straight lines: theory, symbols: experiment.
(L, = 1650 jsm).

with the same dimensions has also been measured and found

to have a higher Q factor and a somewhat larger resonant

frequency that the asymmetric stub, which conforms with what

was found theoretically in Example 1.

Fig. 15 shows the measured loss factor for both the sym-

metric and asymmetric CPW shunt stubs with all air bridges

present. It can be seen that the higher Q which has been

observed for the symmetric case is not due to lower losses but

rather due to the fact that the amount of energy stored in the

symmetric stub is larger than that stored in the asymmetric one.

It can be also observed that the loss factor for the symmetric

stub increases with frequency at nearly linear rate, whereas the

loss factor for the asymmetric stub decreases to a minimum at

the first resonant frequency and then passes to a maximum

at the second resonant frequency where the stub is half a

wavelength long. This increase in the loss factor at the second
resonance is due to the radiation loss attributed to the slotline

mode. It seems that the slotline mode is not excited as strongly

in the symmetric stub and, thus, there is no corresponding

increase in radiation loss at the second resonance. The decrease

in the loss factor for the asymmetric stub at the first resonance

has been confirmed by repeated measurements.
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Fig. 14. Scattering parameters of an asymmetric CPW shunt stub with

longitudinal air bridge. Straight lines: theory, symbols: experiment.
(L, = 1650 pm).
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Fig. 15. Measured loss factor for both thesymmetric andsymmetric CPW

shunt stubs with all air bridges present. (Ls = 1650&m).

V. CONCLUSIONS

A general technique to characterize asymmetric CPW dis-

continuities, where both the fundamental coplanar and slotline

modes may be excited, has been developed. First, the planar

structure with the air bridges removed is analyzed using the

SDIE method, which results in an amplitude modulated-like

standing wave pattern in the feeding CPW lines. Second, the

two modes forming such a standing wave are separated by

either using Prony ’s method or the standing-wave method.

Third a 2n x 2n generalized scattering matrix is obtained,

which includes the occurring mode conversion due to the

discontinuity. Finally, this matrix is reduced to an n x n

scattering matrix by forcing the slotline mode voltages at the

corresponding ports to be zero. This approach has been applied

to the asymmetric short-end CPW shunt stub. The scattering

parameters of this discontinuity have been compared to those

of a symmetric short-end CPW shunt stub. It has been found

that the symmetric stub has a higher Q than the asymmetric

stub with the same dimensions. Extensive experiments have

been performed on CPW circuits with bond wires and air

bridges. The circuits with bond wires are much easier to

fabricate but some of the accuracy is sacrificed. Air bridges

provide much more accuracy in the measurements, though they

are more difficult to fabricate.

APPENDIX A

In this appendix, (7)–(11) are derived. The voltage at any

point along a transmission line (connected to port k) can be

expressed in terms of forward and backward traveling waves

as follows:

The above equation may be written as

V~(.Z) = V~e-J$kz(l + rk(z)) (M)

where rk (z) is the reflection coefficient at the point z along the

line. Using the fact that the angle of this reflection coefficient

is zero at a voltage maximum, Vk+ may be written as

where Vkmax is the complex value of the voltage maximum,

~&aX is its position along the line and @h is the propagation

constant.

Now, the network relations between the four ports of the

generalized representation shown in Fig. 3 may be written as

follows:

[ bl, I [S1l S12 S13 S’l Jl FalCl

In the above, a~ and bk are defined as

vk+~–~~k~

ak= ~ (A5)

bk = Vk– e~pkz

K

(A6)

where Zo~ is the characteristic impedance of the connecting

line at port k. Substituting (A5) and (A6) in (A4) and using

(A3), it is straightforward to derive (7)-(11).
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APPENDIX B

In this appendix, the derivation of (14)–(18) is outlined.

First, the following conditions are enforced on the generalized

network shown in Fig. 3:

VI. = o (Bl)

V2. =0. (B2)

The above conditions lead to the following relations

between the incident and reflected waves on the ports

corresponding to the slotline mode:

al~ = —bls (B3)

az~ = —bzs . (B4)

Using (B3) and (B4), (A4) may be written as

[1=[!%!xil ‘B’)
Using the third and fourth equations of the above system, one

can derive expressions for bl~ and b2~ in terms of alC and a2C.

Finally, substituting these expressions in the first and second

equations of (B5), (14)–(18) can be obtained.
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