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In this paper, first, a comprehensive review of existing models for the coplanar
waveguide (CPW) air-bridge is presented. Then, a new CAD model is proposed,
in which the bridge is modeled as a small section of a microshield line, whose
characteristics are obtained using the conformal mapping technique. Our results
are in good agreement with full-wave results.
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1. Introduction

Uniplanar circuits for MMIC’s have been proposed in (Hirota et al. 1987) in which
only one side of the substrate is used. These circuits use a combination of coplanar
waveguide (CPW), and slotline. One of the key components for the uniplanar
structure is the air-bridge which is used to connect the CPW to slotlines or
coupled-slotlines (Lee et al. 1995, 1999). Air-bridges may have parasitic problems
when the sizes involved are large or if their number is large (Koster et al. 1989,
Beilenhoff et al. 1991, Jin and Vahldieck 1992, Omar and Chow 1992, Yu et al. 1992,
Visan et al. 1993, Sewell and Rozzi 1994, Haydl et al. 1996, Stephan et al. 1996,
Bessemoulin et al. 1998).

In this paper, a comprehensive review of the available models of the CPW air-
bridge show in figure 1 is presented. A new simple CAD model is proposed which
considers the air-bridge as a section of a microshield line, whose characteristics are
obtained using conformal mapping method. In figure 1, W is the slot width, S is the
centre conductor width, h is the substrate thickness with a dielectric constant "r, L is
the length of the air-bridge, ha is the height of the air-bridge, and Wa is the width of
the air-bridge.
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2. Existing models

2.1. Model #1 (Koster et al. 1989)

The first experimental study of CPW air-bridges was presented in Koster et al.

(1989). It was indicated that the air-bridge section can be theoretically regarded as
a very narrow covered CPW. Since the air-bridge height is typically very low (3 mm),

the characteristic impedance and the effective dielectric constant of the air-bridge

section are always lower than those of the CPW. Fortunately, the length of the air-

bridge is typically small (10–50 mm) and the influence of a single air-bridge is rather
negligible. However, a large number of air-bridges is always necessary in MMIC’s

which leads to an accumulation of attenuation and phase shifting effects. Different

techniques to reduce the discontinuity effect due to the lower Z0 of the air-bridge

were also proposed in Koster et al. (1989). Experimental results for the insertion
loss of five air-bridges up to 15GHz were presented. However, results for a single

air-bridge were not given.

2.2. Model #2 (Beilenhoff et al. 1991)

In Beilenhoff et al. (1991), the full-wave 3-dimensional frequency domain finite-

difference (FDFD) method was used to study the CPW air-bridges. It was indicated

that the air-bridge shown in figure 1 behaves as a capacitive element since it is a very

small section of a covered CPW. However, two parasitic effects have to be consid-
ered. The first is the shunt fringing capacitance at both ends of the air-bridge which

adds a constant capacitance which is nearly independent of the bridge widthWa. The

second is the series inductance resulting from the different current distributions on

the CPW and the section under the air-bridge. This inductance is a function of the
bridge width Wa. These two parasitic effects influence the return loss (S11) in an

opposite way. So, one can assume that their effects tend to cancel each other. It

should be mentioned that the results in Beilenhoff et al. (1991) were the basis for

Figure 1. Air-bridge connecting CPW ground planes.
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comparison for the other CPW air-bridge studies as will be shown in the coming
sections.

2.3. Model #3 (Jin and Vahldieck 1992)

In Jin and Vahldieck (1992), the CPW air-bridges were studied using the full-wave
frequency domain Transmission Line Matrix (TLM) method. The finite metalliza-
tion thickness was taken into consideration in this study and found to have a neg-
ligible effect on the reflection coefficient. It is indicated that the air-bridge is basically
a parasitic capacitor connected in parallel with the main line. This capacitance can be
thought of as the sum of a parallel plate capacitor (underneath the bridge) and a
fringing capacitance at the bridge ends. The parallel plate capacitance can be
calculated as:

Cpp ¼
"0SWa

ha
ð1Þ

The reflection coefficient was plotted in the frequency range 10–100GHz.
Although the structure considered had the same dimensions as that studied in
Beilenhoff et al. (1991), no comparison was presented. Looking at the two papers,
it was observed that the TLM results didn’t agree with the FDFD results. The
FDFD technique gave |S11| which varied linearly from 0.005 to 0.05 as the frequency
increased from 10 to 100GHz. However, the TLM method gave |S11| which varied
linearly from 0.003 to 0.03 as the frequency increased from 10 to 100GHz.

2.4. Model #4 (Yu et al. 1992)

In Yu et al. (1992), the quasi-static space-spectral domain approach (SSDA) was
used to analyze different planar circuit discontinuities, including the CPW air-bridge
shown in figure 1. The SSDA results were compared with the FDFD results from
Beilenhoff et al. (1991). A good agreement in the magnitude of S11 was obtained,
while there was a discrepancy in the phase. It is interesting to note that both papers
(Jin and Vahldieck 1992, Yu et al. 1992) were produced in the same laboratory (one
of the authors is common in both) and published in the same symposium, however,
no comparison between the SSDA and TLM results was made!!

2.5. Model #5 (Visan et al. 1993)

In Visan et al. (1993), the Finite Difference Time Domain (FDTD) method was used
to characterize the air-bridge in conductor backed CPW. The return loss was given in
the frequency range 0–60GHz, however, no comparison was made with experimen-
tal results or previously published results. The FDTD technique is computationally
intensive, and it is not justified to be used to obtain the small parasitic effects of a
single air-bridge.

2.6. Model #6 (Sewell and Rozzi 1994)

In Sewell and Rozzi (1994), the complete modal spectrum of the CPW was used to
analyze the air-bridge including the metallization thickness. This obtained results
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were compared to the FDFD and the TLM results. The conclusion was that the

TLM and modal analysis agreed within realistic expectations, while the FDFD

results differed significantly from the other two. It was indicated that the bridge

problem is by no means a trivial one for any method being dimensionally of the

order 1000’s of a wavelength. All techniques have method-related parameters

(e.g., mesh size) which certainly give some inherent errors in each technique, specially

when |S11| is in the order of �40 to �60 dB.

2.7. Model #7 (Haydl et al. 1996)

In Haydl et al. (1996), the air-bridge was modeled as a lumped capacitor connected

to two small transmission line sections. Each section had a length of Wa/2 and

frequency dependent characteristic impedance, attenuation constant, and effective
dielectric constant. These parameters were obtained using HFSS (Full-wave Finite

Element Method Software). Another model was proposed which consisted of a

section of a transmission line (of length Wa) with frequency independent impedance,

and effective dielectric constant, and frequency dependent attenuation constant.

Theoretical and experimental results for the return loss of 40 air-bridges cascaded

in series were presented. A high value for the "eff was given for the small transmission

line section. It is indicated that this results from the additional capacitance of the

bridge crossing the centre conductor. This statement is not correct! In fact, the "eff
under the bridge should be lower than that for the CPW since most of the field will

be concentrated between the centre conductor and the bridge itself. This means that

"eff should be closer to one since most of the field will be in the air region between the

centre conductor and the bridge.

2.8. Model #8 (Bessemoulin et al. 1998)

In Bessemoulin et al. (1998), a simple model with closed form expressions for the

CPW air-bridge was proposed. The model consisted of a shunt capacitance and two

small sections of transmission lines. The authors didn’t mention exactly how they
obtained the impedance of these transmission line sections. Closed form expression

was given for the capacitance as follows:

C ¼ Cp þ Cb ð2Þ

Cpð fFÞ ¼
0:1219WaðmmÞ

ln ð29:6=uÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2=uÞ2

q� � ð3Þ

Cbð fFÞ ¼ 0:101
S

ha
exp �

1:782

haðmmÞ

� �
ð4Þ

u ¼
S

ha
ð5Þ

In the above, Cp is the capacitance under the bridge, and Cb is the fringing

capacitance. They were obtained using a curve-fitting procedure to better match

the previously published experimental or theoretical results. These expressions are

valid only for "r¼ 12.9 (i.e., GaAs substrate), and L¼Sþ 2W. The authors indicated
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that they are valid as long as ha<Wa/10 and ha<S/10. Three different air-bridges
were investigated in Bessemoulin et al. (1998):

1. The capacitances of three different air-bridges obtained using the above
expressions were compared to those given in Haydl et al. (1996). Very good
agreement was obtained.

2. The |S11| obtained using the above expressions was compared to the FDFD
results presented in Beilenhoff et al. (1991) and a very good agreement was
also obtained although the dimensions mentioned in (Bessemoulin et al. 1998)
are somewhat different than those of the structure analyzed in Beilenhoff et al.
(1991).

3. The |S11| obtained using the above expressions was compared to FDTD
results obtained by the same authors. |S11| was plotted against the air-bridge
width Wa. |S11| increased from about 0.1 to 0.5 as Wa increased from 5 mm to
50 mm. Clearly, it is impossible to get such a large |S11|!!

The drawback of the above expressions is that they are valid only for GaAs
substrate, and an air-bridge length L¼Sþ 2W.

2.9. Model #9 (Omar and Chow 1992)

In Omar and Chow (1992), a pair of hybrid electric-magnetic current mixed potential
integral equations (MPIE) is formulated to solve CPW circuits with or without air-
bridges. Electric currents are assumed to flow on the air-bridges and magnetic
currents on the slots to satisfy the boundary conditions including those on the
air-bridges. This leads to a pair of coupled MPIEs which are solved using the
Galerkin moment method. The accurate and computationally efficient complex
image Green’s functions are used to account for the dielectric substrate. The
MPIE technique has been shown to be more useful for larger circuits with more
than one air-bridge and can include the effect of the CPW odd and even modes as
well as the surface waves and leaky waves.

2.10. Model #10 (Stephan et al. 1996)

In Stephan et al. (1996), a new approach for the realization of integrated dielectric
bridges for uniplanar technology was proposed. Different compensation techniques
were investigated to reduce the parasitic effects of air-bridges. The authors modeled
the air-bridges as a small section of a transmission line. This transmission line is
essentially a CPW which is shielded on one side by a rectangular waveguide, and
covered by a dielectric layer on the other side. The quasi-static finite difference
method was used in Stephan et al. (1996) to evaluate Z0 and "eff of such a line.

3. New CAD model

Our proposed model is essentially the same as that presented in Stephan et al.
(1996), namely, modeling the air-bridge as a small section of a transmission line.
A cross section of this transmission line is shown in figure 2. As an added parameter,
and to be able to compare with the results in Stephan et al. (1996), the waveguide is
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assumed to be filled with a material having a dielectric constant of "r2, while "r1 is

that of the substrate.
To derive the parameters of this line, we propose the use of the Conformal

Mapping technique instead of the finite difference method used in Stephan et al.

(1996). It can be realized that this line is similar to the microshield line studied in Dib

and Katehi (1992). The only differences are that the rectangular waveguide section is

filled with a specific dielectric and there is a dielectric cover on top of the line. Using

Conformal Mapping, the following expression can be obtained for the capacitance

per unit length of this microshield line (Dib and Katehi 1992):

C ¼ 2"0
KðkÞ

Kðk0Þ
þ 2"0ð"r1 � 1Þ

Kðk1Þ

Kðk01Þ
þ 2"0"r2

Kð�Þ

Kð�0Þ
ð6Þ

where

k ¼
a

b

k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2

p
k1 ¼

sinhð�a=2hÞ

sinhð�b=2hÞ

k01 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k21

q
� ¼

snða=BÞ

snðb=BÞ

�0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2

p
B ¼

L

2Kð�Þ

� ¼
e�L=2ha � 2

e�L=2ha þ 2

" #2

a ¼
S

2

b ¼ W þ
S

2

Figure 2. Cross section of the area at the bridge position.
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In the above expression, K(k) is the complete elliptic integral of the first kind,
and sn(�) is the Jacobian elliptic function. Then, the characteristic impedance and
effective dielectric constant can be evaluated as:

Z0 ¼
1

v0
ffiffiffiffiffiffiffiffiffi
CC0

p ð7Þ

"eff ¼
C

C0

ð8Þ

where v0 is the velocity of light in free space and C0 is the capacitance of the line with
"r1¼ 1 and "r2¼ 1.

For h¼ 635 mm, ha¼ 20 mm, "r1¼ 9.6, "r2¼ 3.9, W¼ 55 mm, S¼ 80 mm, and
L¼Sþ 2W, the above expressions gave Z0¼ 26.2� and "eff¼ 5.18 as compared to
23.82� and 5.17 reported in Stephan et al. (1996). For another structure with
S¼ 40 mm, and W¼ 75 mm, we obtained Z0¼ 41� and "eff¼ 5.4 as compared to
35.17� and 5.36 reported in Stephan et al. (1996). It can be seen that there is a
very good agreement for "eff, while our impedance is somewhat higher than that
reported in the paper. We think that ours is more accurate since we are using closed
form expressions, which are exact for the quasi-TEM mode. However, a mesh has to
be defined for the finite difference solution, which might incure some errors.
Moreover, the above expressions were tested against results presented in Li (1999),
and an excellent agreement was obtained for both "eff and Z0.

It has been shown in Stephan et al. (1996) that such a simple model is sufficient
to obtain very good results compared to measurements (from 0–50GHz). As
mentioned previously, the parasitic effects of the shunt fringing capacitance and
series inductance tend to cancel each other, and thus, there is no need to include
them in the model.

To check the validity of this microshield model, the structure analyzed in
(Beilenhoff et al. 1991, Jin and Vahldieck 1992, Yu et al. 1992, Sewell and Rozzi 1994)
was studied. Using the above expressions, it was determined that Z0¼ 28.23� and
"eff¼ 3.326 for the equivalent microshield line. Figures 3 and 4 show our results
compared to those obtained using the FDFD technique Beilenhoff et al. (1991).
The agreement between the simple microshield model results and those obtained
using the full-wave FDFD method is acceptable in the whole frequency range.
In figure 3, results obtained using the MPIE technique (Omar and Chow 1992) are
included too. Although this technique is full wave, the results obtained for a single
air-bridge show some discrepancy with the full wave results of FDFD. This may be
due to the fact that a single air-bridge is a very small discontinuity whose effect may be
obscured by the computational noise due to moment method discretizations.

Figure 5 shows |S11| obtained using the microshield model as a function of the
air-bridge widthWa for two different bridge heights ha. Results from Beilenhoff et al.
(1991) are also included. The agreement is good which shows that this simple
microshield model is sufficient to model the air-bridge.

The advantage of using the microshield model is that it can be easily modified to
model the grounded coplanar waveguide (GCPW) air-bridge element. In this case,
the capacitance per unit length of the structure shown in figure 6 is:

C ¼ 2"0"r1
KðkÞ

Kðk0Þ
þ 2"0"r2

Kð�Þ

ðKð�0Þ
ð9Þ
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Figure 3. Magnitude of S11 for the CPW air-bridge. S¼ 15 mm, W¼ 10mm, h¼ 100 mm,
"r¼ 12.9, L¼Sþ 2W¼ 35mm, Wa¼ 30 mm, ha¼ 3mm. FDFD results are from Beilenhoff
et al. (1991).

Figure 4. Phase of S11 for the CPW air-bridge.

Figure 5. Magnitude of S11 versus Wa, S¼ 15 mm, W¼ 10mm, h¼ 100 mm, "r¼ 12.9,
L¼Sþ 2W¼ 35 mm, ha¼ 3mm, Frequency¼ 50GHz.
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where

k ¼
tanhð�a=2hÞ

tanhð�b=2hÞ

k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2

p
� ¼

snða=BÞ

snðb=BÞ

�0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �2

p
B ¼

L

2Kð�Þ

� ¼
e�L=2ha � 2

e�L=2ha þ 2

" #2

a ¼
S

2

b ¼ W þ
S

2

4. Conclusion

In conclusion, it has been shown that for practical purposes, the CPW air-bridge can

be modeled as a small section of covered microshield line. Expressions, derived using

conformal mapping, for the characteristic impedance and effective dielectric constant

of the microshield line were given. These expressions are suitable to be included in

CAD programs. Results from such a model were compared to fullwave analysis and

found to be acceptable up to 100GHz. Of course, the above model assumes

lossless air-bridge, and thus lossless equivalent microshield line. Such an assump-

tion is practically acceptable since air-bridges are typically 10–30 mm long, and

thus, the losses in the CPW sections connecting between the air-bridges play the

significant role.

Figure 6. Grounded CPW air-bridge model.
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