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ABSTRACT

The definition of microstrip characteristic impedance is considered in conjunction with a rigorous frequency de-
pendent hybrid-mode approach to planar n-ports. Analytical reflections of general validity and numerical results
obtained for the nonsymmetrical gap and the microstrip impedance step provide new aspects for a proper choice of

the definition.
INTRODUCTION

The question of the frequency dependence of microstrip
characteristic impedance is of considerable interest
for microstrip circuit design at higher microwave and
at millimeter—wave frequencies. This is mirrored by
the contributions of several authors who have dealt
with the problem in the past years, see for example
refs.1-5, however, a completely satisfying answer to
this question has not been given to the present time™’
Nevertheless, with a number of rigorous hyb;ig—mode
microstrip solutions being available by now ? it
should be commonly accepted if the discussion is re-
stricted to these and if characteristic impedance is
treated as a property of microstrip itself, i.e. as-
pects of launching are excluded. Under these presump-
tions there are three preferred candidates for a rea-
sonable definition of frequency dependent microstrip
characteristic impedance, namely

z$=2P/iI|2, (12)
ZO=U/I . (1b)
zg=1U|2/2P, (1e)

with the meaning of the symbols used in analogy to
those of ref.7. I denotes the longitudinal strip cur-
rent, U the strip center voltage and P the power trans-
ported by the fundamental microstrip mode. P is eval-
uated from the transverse electromagnetic field of
microstrip according to Pointing’s theorem. Among the
above three definitions, (1a) is that which exhibits
the smallest variation with frequency in the normal
range of microstrip applications. Numerical results
obtained for the voltage/current expression (1b) show
a moderate increase with frequency which is about 10 7
for a strip of 50 Ohmg on a standard alumina substrate
in the 0-16 GHz range . For the characteristic impe-
dance defined by (1c) the increase with frequency is
approximately doubled. The characteristic impedance

of (1b) is the geometrical mean of those according to
(1a) and (1c). It should be noted further that the use
of (1a) offers some advantage for a gnified treatment
of strip and slot transmission lines”.

The results presented here have been elaborated in
conjunction with a rigorous frequency dependent spec-—
tral-domain approach to the plan?g n-port problem which
was recently developed by Jansen . With such an in-
strument available for the analysis of planar struc~
tures like microstrip, slot and coplanar discontin-
uities, the problem of the definition of characteristic
impedance in the case of hybrid-mode waveguides has to
be illuminated anew. The question arises, in which way
network quantities, like for example scattering and
impedance matrices, have to be derived from the nume-
rically computed electromagnetic field of planar
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configurations such that this promises the most accu-
rate circuit representation and is best suited for CAD
purposes. The difficulty is, that the general micro-
wave network approach, i.e. the hollow waveguide con-
cept, which is based on wave-impedance and can be ex-
tended to total cq?rﬁﬁteristic impedance in the special
case of TEM lines > 7, is not applicable to microstrip
rigorously, except for zero operating frequency. In
contrast to hollow waveguides, the transverse electro-
magnetic field distributions of microstrip modes change
with increasing frequency. The fields of microstrip
lines in a planar circuit cannot be separated strictly
from each other. With the exception of purely trans-
verse discontinuities, microstrip junctions cannot be
treated rigorously in terms of complete modal field
expansions on the encountered lines. Furthermore, even
if the numerical computation of the electromagnetic
field of simple microstrip circuits as a whole seems

to be feasible with the approach used here, CAD of this
kind would be far beyond the capability of present
computers. Also, this would not yet be able to include
active elements into the circuits considered and thus
be of limited usefulness only. With the present state
of the art, a network concept based on the segmentation
of microstrip and related planar circuits is an un~
avoidable necessity for the application of CAD. A con-
cept used for microstrip circuits should preferably be
of the quasi~TEM type in view of easy compatibility
with active and passive lumped elements and with ex-
isting measurement techniques. So, the question is
primarily, which of the characteristic impedance
formulations (1a), (1b) or (1lc) is best suited to de-
fine network analogs of microstrip structures, par-
ticularly scattering and impedance matrices, with
properties in good agreement with the properties of

the associated electromagnetic field. Besides, con-
ceptual advantages and the practicability for CAD pur~
poses have to be considered.

GENERAL CONSIDERATIONS

In the expressions (1a) to (1c) of microstrip charac-
teristic impedance three physical quantities are em-
ployed, namely I, U and P, which are related to the
hybfid-mode electromagnetic field in a definite way
independent of frequency. Only two of these can be
chosen independently in a microstrip network concept,
the third one is compatible with the two others only
at zero frequency. The power P associated with a wave
on microstrip and the longitudinal strip current I are
uniquely defined integral quantities, whereas there is
some arbitraryness in the choice of the integration
path used for the derivation of U from the transverse
electric field. The hybrid-mode electromagnetic field
of microstrip contains both a longitudinal electric
and a longitudinal magnetic component. Therefore,
neither the current I nor the voltage U can describe
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completely the associated transverse magnetic field
and transverse electric field, respectively. To illus~-
trate this clearly, consider the spectral-domain re-
lationships
an_Yanexn+Ybneyn
(2)
Jyn=Ybnexn+cheyn

linking the surface current density j and the electric
field e of a mécrostrip line in the plane of the sub-
strate surface . This shows that the transverse x-
components and the longitudinal y-components are all
coupled among each other and cannot be described sepa-
rately. As a consequence, it can be concluded that in
a microstrip network concept based on the quantities
I and U the power properties of microstrip n-ports
cannot be described correctly at high frequencies. In
other words, if from the electromagnetic field of a
lossless microstrip junction the quantities I and U
are derived and are used to construct a network matrix,
the latter cannot be expected to have the corresponding
power properties. Finally, if the wave amplitude a of
a microstrip wave propagating at higher frequencies is
calculated from I and applying the relationships of
the waveguide concept =~ it is found that

31312 311172 = Jui%/Z_ = b, (3)
So, the voltage/current definition (1b) of microstrip
characteristic impedance does not satisfy one of the
fundamental equations of the waveguide concept of mi-
crowave ﬁircuits. On the other hand, wave amplitudes
a” and a computed on the basis of the definitions (1a)
and (f1c) do exhibit the direct relationship to the
transported power P, since

2
lat|2= 311)%2l =,

(4)
1,.02,,U
=§]U| /z =P

holds. So, from the point of view considered, expres-
sions (1a) and (l1c) are potentially suited for a mi-
crostrip network concept whereas the definition (1b)
can be excluded a priori. Eq. (4) implies that the po-
wer properties of the electromagnetic field of a micro-
strip n-port are automatically conserved in the con—
struction of sBattering matrices for the wave ampli-
tudes a~ and a 1if the reference planes are chosen in
consistence with the waveguide concept. It is obvious
that this would also hold for other definitions of U,
i.e. with integration paths in the transverse plane of
microstrip but deviating from the strip center line.

SPECIAL CONSIDERATIONS

In the following it is outlined in which way network
matrices are derived from the hybrid-mode field of
planar s?guctures in conjunction with the numerical
approach used by the authors. This throws additional
light on the problem under discussion. In the approach
applied, the microstrip n~port investigated is thought
to be operated under resonance conditions in a number
of n fictitious experiments where n is equal to the
number of ports. In each experiment,resonance is in-
duced by proper choice of the length of one out of n
ideally short-circuited stubs (position of the respec-
tive shielding wall) being attached to the reference
planes of the n-port. As an example, consider the case
of a microstrip impedance step in fig. 1 and the nota-
tions indicated there.
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Fig. 1: Illustration of fictitious resonance experi-

ments for a microstrip impedance step

The numerical simulation of the experiments is perfor-
med by computing the associated eigensolutions and
three-dimensional fields from which the information
required for the construction of the n~port scattering
matrix is extracted. It has been described in the ap-
pendix of ref.lo how this is achieved. In terms of the
longitudinal strip current I and the strip center vol-
tage U (here maximum standing wave values) this results
in the two possible constructions

I I % T . -1

(s30= ~OZ )Ry TRy T QVZ ), (5a)
U, _ U . * U -1

(530= ~O/VZ_ DRy R VZ_ ), (sb)

with the left~ and right-standing impedance terms de-
noting diagonal matrices and with

I .
Rik = Iikexp(—JBilik), (6a)
U .
Rix = Uikexp( Jﬁilik). (6b)

Herein, the ports of the microstrip structure are num-
bered with i and the different resonance experiments
with k consecutively. The asterisk * denotes the com-
plex conjugate and the quantity B, is the phase con-
stant of the microstrip line attached to port i. The
matrix elements defined by (6a) and (6b) are computed
from the electromagnetic field directly and are inde-
pendent of the choice of definition of the character-
istic impedances Z ., Z .. Furthermore it can easily
be seen that the condition of resonance of the n-port
formulated in terms of the scattering matrices (5a)

or (5b), see ref.lo, does not depend on the values of
Z .2 kemployed. Therefore, a criterion for the defi~-
nltion of these cannot be derived from the degree of
accuracy to which the resonance condition is satisfied
numerically. With the voltage/current definition (1b)
the scattering matrices (5a) and (5b) become identical.
This is only a conceptual advantage and does not justi-
fy the choice of (1b) as a definition. In additionm,
identical scattering matrices are obtained too if (5a)
is used together with (1a)and (5b) together with (ic).
It would not be consistent to introduce (ia) into (5b)
or (1c) into (5a). The numerical field solutions ob-
tained for microstrip structures do not necessarily
result in strictly unitary and reciprocal matrices in-
dependent of the definition of the characteristic im-
pedance used. For a two-port scattering matrix assem—
bled according to the rule (5a) for example there re-
sults

. . _ T

Syg = *I2Ly Typsino,y=0,,)0v2g, /20, T,  (8a)
I . , T

Sy = ~12L,11y,sin(d,=0,,)72g,/24,-T, (8b)
with ¢ik = Bilik'

By construction, the magnitudes of the reflection co-
efficients of (5a) and (5b) are equal. Also, the phase
relationships there are in accordance with the



unitariness to be expected as a prq erty of the scatte-
ring matrix of a lossless two-port .However, the off-
diagonal elements, i.e. the transmission coefficients
(8a) and (8b) do not have equal magnitudes by construc-—
tion (T is a common factor). Instead, numerically com-—
puted transmission coefficients are typically seen to
exhibit a slight unbalance. This is a function of fre-
quency and of the definition of characteristic impe-
dance chosen and it vanishes as the static case is ap-
proached. With the correct choice, the scattering ma-
trices (5a) and (5b) should become unitary and reci-
procal within the numerical accuracy achieved even at
high frequencies.

RESULTS AND CONCLUSION

Numerical results have been computed for unsymmetrical
microstrip gaps and microstrip impedance steps on alu-
mina substrate (thickness h=0.635 mm, dielectric con-
stant 9.7). They confirm what has been outlined before.
A possible unbalance in the computed transmission co-
efficients is tightly related to the ratio Z ,/Z ,in
(8a) and (8b). Over a larger scale of frequencies, for
example 1-20 GHz, not only the characteristic impedan-
ces defined by (1a) to (lec) show a noticeable varia-
tion. Also, the relative change with frequency of these
increases with the width of a microstrip line as can be
seen in fig.2a for some selected cases. Thus, the im=
pedance ratio Z _/Z , decreases with frequency if 2 is
the wider one of thé"two microstrip lines. This effect
is quite noticeable too and is characterized quantita-
tively by the function Q in fig.2b.
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Fig.3: Unbalance of numerically computed transmission
coefficients for microstrip gaps and impedance steps

The unbalance itself as emerging typically in the spec-
tral-domain hybrid-mode computation of microstrip

configurations is depicted in fig.3. It is obviously in
close relation to the function Q of fig.2b. The scatter~-
ing parameters of fig.3 have been computed according to
the formula (5a). It is observed that within the numer-
ical accuracy achieved only the definition (1a) of mi-
crostrip characteristic impedance leads to unitary ma-
trices of the considered two-ports, as has been pre-
dicted. The same is valid for (l1c¢) in conjunction with
(5b). Therefore, for microstrip network concepts using
scattering matrices it is essential to include the
power P into the definition of characteristic impedance.
This is sufficient to describe the magnitudes of wave
amplitudes correctly. The phase information is then
supplied by the use of quantities like I or U which are
directly related to the transverse field. Several tests
have been made to check the validity of the computed
data. A variety of equivalent circuit data for the un-
symmetrical gap is presented in ref.13. In fig.4, some
of the computed microstrip impedance step data are com—
pared with the static results of other authors. The
agreement is found to be good and the step capacitances
of fig.4 are seen to change weakly with frequency up to
20 GHz.
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The questions remains which of the quantities I or U is
a more accurate representative of the respective trans-
verse field, magnetic or electric at high frequencies.
The answer is I which 'is evident from the weak frequen-
cy dependence of the expression (1a). As has been shown
this is not a crucial question for the generation of
scattering matrices from the electromagnetic field and
for CAD concepts based on these. However, it should be
considered if equivalent circuits or impedance matrices
shall be computed in a way which is physically realistic
as far as possible. Also this is often of interest in
measurement techniques and associated deembedding prob-
lems.Since a physically unique answer cannot be given
and the best arguments are in favour of the definition
(1a) it is recommended to use this in most microstrip
applications.
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