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Model of Thin-Film Microstrip Line for
Circuit Design

Frank Schnieder and Wolfgang Heinrich, Senior Member, IEEE

Abstract—An equivalent-circuit model for the thin-film mi-
crostrip line (TFMSL) is presented in this paper. Its elements are
calculated using closed-form expressions and, thus, this model can
easily be implemented in common circuit design tools. For typical
TFMSL dimensions, it holds from dc up to the submillimeter-wave
frequency range. The model is validated by comparison to elec-
tromagnetic full-wave simulation data. Typical errors of phase
constant and characteristic impedance are below 2% and 3%,
respectively. Regarding attenuation, deviations below 8% are
found.

Index Terms—Equivalent-circuit model, losses, microstrip, mul-
tichip modules, thin-film circuits.

I. INTRODUCTION

T HIN-FILM microstrip lines (TFMSLs) find more and
more applications, especially in Si-based monolithic

microwave integrated circuits (MMICs) [1], [2] and as trans-
mission lines in multichip modules (MCMs) [3]. They are
miniaturized microstrip lines (MSLs) located on top of the
substrate. One special advantage is that the ground metal-
lization of the TFMSL shields the line from the substrate
effects. Therefore, e.g., low-resistivity silicon substrates can
be used without deteriorating microwave performance. Since
high-quality polymers, e.g., polyimide or Benzocyclobutene
(BCB), are available as dielectric layers, attenuation of such
TFMSLs is comparable with coplanar waveguides (CPWs)
in GaAs MMICs. Since transversal dimensions can be scaled
down, miniaturized TFMSLs show excellent low-dispersive
properties and can be used up to the submillimeter-wave range
[4].

However, for a broad utilization of TFMSLs, one needs sim-
plified models for circuit design. For conventional MSLs, a va-
riety of closed-form models are available in the literature and as
software packages [5], [6]. However, since dimensions of the
TFMSL and conventional MSL differ considerably, applying
the common MSL models to TFMSLs yields significant errors.
For conventional MSLs, the dielectric is identical with the cir-
cuit substrate. Height and width of the signal conductor are in
the range of hundreds of micrometers (in MMICs, the substrate
thickness varies from 254 to 100m). For TFMSLs, on the other
hand (see Fig. 1), these values are around 10m and, thus, in
the order of magnitude of the metallization thickness. These dif-
ferences in geometrical dimensions cause discrepancies in the
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Fig. 1. TFMSL: cross section with dimensions and material parameters (for
the carrier substrate, 380�m-thick silicon with" = 11:67, � = 20 S/m is
assumed).

Fig. 2. Distributed equivalent-circuit model of the TFMSL.

electrical behavior. Small dimensions increase conductor loss.
Due to the relative large ratio, finite metal conductivity and
internal inductance have to be taken into account. Therefore, in
the TFMSL case, phase constant and characteristic impedance
deviate considerably from the lossless case and show the typ-
ical increase toward lower frequencies known from CPWs [7].
On the other hand, because TFMSL line dimensions remain
small compared to wavelength, the quasi-TEM approximation
holds well and dispersion due to nonquasi-TEM behavior plays
a minor role.

Due to the quasi-TEM behavior, a distributed equivalent-cir-
cuit model can be used for describing the TFMSL with good ac-
curacy. The circuit is shown in Fig. 2. The elements of the equiv-
alent circuit are related to different physical effects and can be
determined separately. As a consequence of its simple structure,
conversion between circuit elements and complex propagation
quantities has a one-to-one correspondence.

As well known from quasi-TEM theory, capacitance and con-
ductance are related to the electrostatic case and, thus, constant
with frequency (except for non-TEM contributions), whereas
inductance and resistance are determined by magneto-quasi-
statics. Therefore, the latter quantities vary with the longitudinal
current distribution, which is frequency dependent due to the
skin effect.

The procedure in determining the equivalent-circuit elements
, , , was as follows. First, the element values were

extracted from the results of electromagnetic simulations by a
full-wave mode-matching method [7] that rigorously takes into
account conductor and dielectric losses. This provided both
quantitative reference values and a physical understanding.
Based on these results, closed-form approximations were de-
rived for , , , and utilizing the numerous approaches
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for conventional MSLs available in the literature. Extending
these descriptions, an efficient model for the TFMSL was
established, which is suitable for practical circuit design.
Accuracy of the new model is established by comparing the
line parameters to numerical full-wave simulation results.

The paper is organized as follows. Sections II and III describe
derivation of the formulas for the equivalent-circuit elements,
i.e., , , and , , respectively. In Section IV, accuracy and
limitations of the model are discussed and Section V presents
conclusions.

II. CAPACITANCE AND CONDUCTANCE

Checking accuracy of the conventional microstrip approxi-
mations of for the TFMSL structure, one finds that the for-
mulas available in the literature hold with good accuracy and do
not need major modifications. Hence, the issue of this section
is selecting suitable expressions rather than developing a new
approach. Nevertheless, for the sake of clarity, the formulas are
briefly described below in order to provide the reader with the
complete set of information and to avoid doubts as to defini-
tions of parameters, etc. This is considered to be essential for
the new model being useful for computer-aided design (CAD)
implementation.

Generally, the capacitance of quasi-TEM lines can be cal-
culated by means of a Schwartz–Christoffel conformal mapping
procedure. However, in contrast to the CPW case, this method
is difficult to apply to the microstrip geometry because the in-
terface between the dielectric layer and air does not coincide
with an electrical field line. In the literature, several approxi-
mate solutions for that problem are available [5], [6]. Mostly,
the formulas of Hammerstad and Jensen [8] are used because
they promise the highest accuracy for a broad range of applica-
tions.

In the lossless case with and (for parameter
definition, see Fig. 1), i.e., for a line structure with zero metal
thickness and without substrate, the formula for characteristic
impedance reads [5, p. 156]

(1)

with

and

Including a dielectric substrate, i.e., for , the effective
relative dielectric constant of the MSL is

(2)

with

and

This holds for conventional MSLs. Regarding TFMSLs, the
finite thickness of the signal conductor has to be taken into ac-
count, which usually is included by an effective increase in con-
ductor width. When using (1) and (2) for , the width
of the line is replaced by an equivalent conductor width.
Again, the two cases with and without dielectric have to be dis-
tinguished. Approximating the MSL characteristic impedance
without line substrate, i.e., , , [according to
(3)] is to be used [5, p. 165], whereas for , , as shown
in (4), has to be applied as follows:

(3)

(4)

Based on (1)–(4), characteristic impedance and effective rel-
ative dielectric constant of the lossless microstrip in the case

and can be described by

(5)

(6)

These quantities can be expressed in terms of the line
elements: The capacitance per unit length of the line without
dielectric substrate ( ) is given by the characteristic
impedance and free-space light velocity [6, p. 380]

(7)

Accordingly, the capacitance per unit length of the line with
dielectric substrate ( ) is

(8)

The conductance per unit length accounts for the dielec-
tric loss of the substrate, described by the dielectric-loss tangent

. For the calculation of , only the part of the capacitance
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that is filled with dielectric substrate has to be considered. Thus,
one has [5, p. 126]

(9)

which results in a conductance per unit length of

(10)

The capacitance and conductance values calculated in this
way agree very well with values from numerical full-wave sim-
ulations (error below 1%). As expected from quasi-TEM theory,
due to its electrostatic origin, and, thus, are frequency
independent up to the beginning of the non-TEM dispersion
(well beyond 100 GHz for typical TFMSLs).

III. RESISTNACE AND INDUCTANCE

In contrast to the capacitance, line resistanceand induc-
tance exhibit a considerable frequency dependence. This be-
havior can be explained by the change of current-density distri-
bution in the nonideal conductors, which is due to the varying
current penetration into the conductors when increasing the fre-
quency from dc to the skin-effect range. The frequency depen-
dence of and can be subdivided into the following three
ranges (see [7]).

1) At low frequencies near dc (all conductor dimensions are
small compared with skin depth), the current density is
homogeneous over all conductor cross sections.

2) In the skin-effect range (all conductor dimensions are
large compared with skin depth), the current flows only
in a shallow area at the conductor surface.

3) Between the two aforementioned regions, there is a tran-
sition range. Due to the great differences in line dimen-
sions (metallization thickness about 1m, ground con-
ductor width well beyond 10 m), this frequency range
may be widely expanded. For these frequencies, some di-
mensions are larger than, others are smaller. Therefore,
a simple approximation of the physical behavior as in the
dc or skin-effect region is not possible.

For and , we found significant deviations between the
conventional microstrip approximations and the actual values,
particularly in the intermediate frequency range. Accordingly,
modified formulas had to be developed, which are presented
below. We start from the dc and skin-effect limits (Sections III-B
and III-A, respectively) and then derive an approximate formula
for the entire frequency range in Section III-C.

A. Skin-Effect Limit

In the skin-effect range, several approximations for the line
resistance are available in the literature (e.g., [5], [6], [9]).
We choose the formulas by Gupta [6, p. 108] and use them to
describe the resistance (the subscriptdenotes the skin-effect
range)

(11)

for

and

for

with according to (5), according to (6), according
to (3), and

The inductance per unit length can be subdivided into an
external and internal part. In the skin-effect range, the external
inductance covering the magnetic field outside of the con-
ductors is almost identical with the value in the lossless case
and, hence, frequency independent. One has

(12)

with according to (7). Under skin-effect conditions, the in-
ternal inductance , describing the magnetic field inside the
conductors, is related to the resistance by (13) as follows:

(13)

Thus, the total inductance per unit length in the skin-effect
range is

(14)

with the subscript denoting the skin-effect range.

B. DC Limit

The line resistance in the dc range consists of two parts,
that of the signal and that of the ground conductor, denoted by
the indexes and , respectively,

(15)

with
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and

Determining the inductance is more difficult. However, since
we have a homogeneous current distribution in the dc range,
the total inductance may be derived analytically. Djordjevic and
Sarkar provide a closed-form expression [9] as follows:

(16)

with

where is a complex number. is the solution of a definite
fourfold integral. Inserting all the combinations of the integra-
tion limits results in a sum of 16 terms of the function .

C. Resulting Quasi-Static Formulas for the Entire Frequency
Range

As shown in the previous sections, and can be cal-
culated in closed form on a physical basis both in the dc and
skin-effect ranges. In the transition region, however, the situa-
tion is more complicated and simplifying assumptions cannot
be applied. Hence, we start from the known dc and skin-effect
limit, as given above, and describe the intermediate-frequency
range by purely numerical formulas fitted to the full-wave sim-
ulation data [7]. Djordjevic and Sarkar suggest the following

Fig. 3. Resistance per unit lengthR as a function of frequency: comparison
of new model with results of full-wave simulations (mode matching [7]) and
Libra (TFMSL according to Fig. 1 withw = 8 �m, h = 1:7 �m, t = 0:8
�m,wg = 88 �m, conductivity of the metallization� = 2:5 � 10 S/m, BCB
with " = 2:7 andtan � = 0:015).

approximations for and , as shown in (17) at the bottom of
this page, and as follows in (18) [9]:

(18)

In these equations, and denote the frequency bound-
aries between the dc and intermediate ranges and between the
intermediate and skin-effect ranges, respectively. They are ap-
proximated by (19) and (20) [9] as follows:

(19)

(20)

Note that we use (11) and (5) for and , which are
different from those used in the original Djordjevic and Sarkar
paper.

In Figs. 3 and 4, typical curves of and as a function of
frequency are plotted comparing and from our model with
the full-wave simulations. Also, results of the microstrip model
used in the commercial microwave circuit simulation software

(17)
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Fig. 4. Inductance per unit lengthL as a function of frequency (other data as
in Fig. 3).

LIBRA and ADS of HP-EEsof are included (LIBRA and ADS
give identical results). It can be seen that the LIBRA model fails
to describe the inductance increase at lower frequencies, which
is caused by the nonideal conductors and is, indeed, negligible
for conventional MSLs (see Fig. 4). The principal characteristics
are closely related to that of the CPW [10], [11]: In the skin-ef-
fect frequency range, increases with decreasing frequency
due to the growing internal part. At lower frequencies then, the
current distribution in the conductors, particularly the ground
conductor, become more and more homogeneous. This causes
changes in the magnetic-field distribution, which lead to a fur-
ther increase in .

Regarding in Fig. 3, the LIBRA results coincide with the
full-wave data only in the skin-effect range. The modified for-
mulation proposed in this paper, on the other hand, fits the ref-
erence data with good accuracy. For , the value of the
full-wave analysis is somewhat larger than that of our model.
The reason is that, for the mode-matching approach, magnetic
sidewalls had to be assumed, whereas the solution for in
(16) refers to the structure without lateral boundaries, as de-
picted in Fig. 1.

Once the equivalent-circuit elements, , , and are
given, the propagation quantities, i.e., complex characteristic
impedance , attenuation , and effective relative dielec-
tric constant can be easily determined. The superscript
denotes the respect to the equivalent circuit

(21)

(22)

(23)

D. High-Frequency Dispersion

The closed-form approximations presented thus far rely on
a quasi-TEM description. Therefore, the transverse character-
istic dimensions such as signal conductor widthand substrate
height have to be small enough compared to the wavelength

(usually, a limit of 1/10 is assumed). In order to ex-
pand the validity range of the new model to higher frequencies,

dispersion formulas known from the literature are included. As
a consequence, the new model can be used for TFMSLs, as well
as for conventional MSLs.

Regarding dispersion of the effective relative dielectric con-
stant, we refer to Kirschning and Jansen [5, p. 179], [6, p. 28],
which yields

(24)

with according to (2) and

The term translates into a similar correction factor for
characteristic impendance (see [6, p. 29])

(25)

Using (24) and (25), the corresponding dispersion corrections
for and can be derived as follows:

(26)

(27)

The dynamic values of and are calculated according to
and . For

the static quantities, the expressions forand in (18) and
(8) have to be inserted.

IV. A CCURACY AND LIMITATIONS

In developing the simplified description based on the cross
section in Fig. 1, several assumptions had to be introduced
which restrict the range of validity. These limitations are sum-
marized in the following. First, it should be mentioned that the
signal and ground conductor have the same thickness. Although
the influence of this simplification is limited because signal
conductor thickness dominates the behavior, this condition
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is not always fulfilled in practice and could be the subject of
future work.

Additional limitations for the model stem from the approxi-
mate formulas used, as there are

If these relations are violated, accuracy deteriorates.
Two further effects are to be discussed in this context, which

are related to the ground conductor width and the influence of
the substrate below the ground conductor:

Regarding ground-conductor width , one should note that
has a strong influence on at low frequencies. It may cause

changes of more than 100% in the dc limit. However, this ef-
fect can be neglected in the propagation quantities because, at
low frequencies, one has and the propagation con-
stant becomes almost independent of. The
same arguments hold for the characteristic impedance. This ap-
plies, however, only to the dc limit for , but not to the interme-
diate-frequency range (betweenand ), where one needs an
accurate description because is not fulfilled there.
Considering the line geometries of Figs. 3 and 4, for instance,
the frequency with is 6.6 GHz and, thus, located
well within the intermediate range.

In most applications, the thin-film microstrip version is
placed on top of a carrier substrate. The ground conductor
of the TFMSL shields the transmission-line against the car-
rier substrate. For nonideal conductors, this shielding effect
vanishes if the skin depthbecomes large compared to metal-
lization thickness . Following quasi-TEM theory, this affects
only the magnetic field and, consequently, line inductance
and the resistance of the ground conductor. The transverse
electric field, on the other hand, is determined by electrostatics.
Thus, capacitance and conductance remain unchanged
as far as the conductivity of the ground metal is nonzero. One
concludes that the conductivity of the carrier substrate may
have an influence on and at low frequencies, i.e., for

. In this case, a part of the ground current flows within
the carrier substrate, which causes small changes ofand
at low frequencies (around ). This effect can be neglected,
however, if conductivity of the carrier substrate is considerably
lower than that of the ground metallization.

In order to check accuracy of the new model, we compared
the resulting propagation quantities with full-wave simulation
data [7]. An example is shown in Figs. 5–7. Additionally,
the results of the microstrip model used in Libra or ADS
from HP-EEsof are included for comparison. A more sys-
tematic investigation considering various common TFMSL
structures (with m, m,

m) yields the following deviations:

The largest deviations occur in the intermediate-frequency re-
gion between dc and skin-effect range, where purely approxi-
mate formulas describe the and behavior. Overall, how-

Fig. 5. Effective relative dielectric constant as a function of frequency:
comparison of new model with results of full-wave simulations ([7]) and Libra
(for TFMSL data see Fig. 3).

Fig. 6. Attenuation against frequency (other data as in Fig. 3).

Fig. 7. Characteristic impedance (real and imaginary part) as a function of
frequency (other data as in Fig. 3).

ever, the accuracy is sufficient for application of the TFMSL
model in practical circuit design.

V. CONCLUSIONS

• Modeling of the TFMSL requires modifications of the
conventional microstrip tools available in a variety of soft-
ware packages. This is a consequence of the difference in
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transverse dimensions, particularly the fact that the ratio
between strip thicknessand substrate height is

much larger than for standard microstrips.
• What is necessary for the TFMSL is a more detailed de-

scription of nonideal conductivity and finite metalliza-
tion thickness, which influences line inductance and re-
sistance.

• Taking these effects into consideration, an extended mi-
crostrip model is presented, which includes the TFMSL
case, but of course, holds for conventional microstrip
structures as well. The model uses closed-form expres-
sions and can be easily implemented in common software
tools. The frequency range of validity extends down to dc.
For typical TFMSL dimensions, the upper limit reaches
well into the submillimeter-wave range.
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