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Effect of Substrate Dielectric Anisotropy on the
Frequency Behavior of Microstrip Circuits

Enrique Drake, Rafael R. Boix, Member, IEEE, Manuel Horno, Member, IEEE, and Tapan K. Sarkar, Fellow, IEEE

Abstract—In this paper, we carry out a full-wave analysis of
shielded two-port microstrip circuits, in which the metallizations
are embedded in a multilayered substrate that may contain
isotropic dielectrics and/or anisotropic dielectrics. The Galerkin’s
method in the spectral domain is applied for determining the
current density on the metallizations of the circuits when their
feeding lines are excited by means of delta-gap generators, and
the matrix pencil technique is subsequently used for deembedding
the scattering parameters from the computed current densities.
Results are presented for the scattering parameters of some
microstrip discontinuities and filters printed on both isotropic
dielectric substrates and anisotropic dielectric substrates. These
results show that when substrate dielectric anisotropy is ig-
nored, errors arise when computing the scattering parameters
of microstrip discontinuities and when predicting the operating
frequency band of microstrip filters.

Index Terms—Anisotropic dielectric substrates, microstrip cir-
cuits, spectral-domain numerical techniques.

I. INTRODUCTION

M ICROSTRIP configurations fabricated in multilayered
substrates with different metallization planes offer the

advantage of greater compactness and increased versatility over
conventional microstrip configurations fabricated on one-lay-
ered substrates. These multilayered microstrip configurations
have been successfully used in the last few years for the de-
sign of passive microwave integrated circuits (MIC’s) such as
bandpass filters [1]–[3], directional couplers [1], and dc-block
high-frequency transitions [1], [4]. Aside from the applications
of multilayered microstrip structures, it has been reported that
some of the standard materials used as substrates of MIC’s ex-
hibit a certain degree of dielectric anisotropy, which either is a
consequence of the cristalline nature of the material (sapphire,
pyrolitic–boron–nitride) or is introduced during the manufac-
turing process (wovenglass PTFE, Epsilam-10) [5]. Since the
performance of both microstrip circuits and microstrip antennas
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strongly depends on the features of the substrates, dielectric
anisotropy should be fully and accurately accounted for when-
ever it is present [5], [6]. In fact, in some cases, the presence of
dielectric anisotropy has been found to have a beneficial effect
on circuit performance as it happens with the design of high-di-
rectivity microstrip directional couplers printed on anisotropic
dielectric substrates [5].

In this paper, the authors present a full-wave algorithm for
the determination of the scattering parameters of one- and
two-port shielded microstrip circuits in the case in which the
metallizations of the circuits occupy one or two interfaces of
a multilayered substrate containing anisotropic dielectrics.
Although there is an abundant bibliography concerning the
analysis of microstrip transmission lines on anisotropic di-
electric substrates (see [5], [7]), as far as the authors know,
there are few references dealing with the analysis of mi-
crostrip circuits—including microstrip discontinuities—on
anisotropic dielectric substrates [8]. As an example, in [9]
and [10], a method is presented for the determination of
the quasi-static capacitive equivalent circuits of microstrip
open-end discontinuities, microstrip gap discontinuities, and
microstrip crossover discontinuities embedded in multilayered
substrates with dielectric anisotropy. Toncichet al. [11] present
a full-wave method-of-moments approach for the charac-
terization of open-end microstrip discontinuities printed on
anisotropic dielectric layers. Chen and Becker [8] apply the
method of lines and the transverse resonance technique to the
determination of the frequency-dependent scattering param-
eters of microstrip step discontinuities printed on layers that
may exhibit both dielectric and magnetic anisotropy. Finally,
Goswamiet al. [12] use a full-wave method of moments in the
spectral domain for the characterization of single and coupled
microstrip open-ended discontinuities printed on anisotropic
dielectric layers. In this latter paper, the discontinuities are
analyzed in an open environment and radiation effects are
accounted for. In this paper, focus is placed on analyzing how
the presence of dielectric anisotropy affects both the frequency
behavior of some microstrip discontinuities and some simple
bandpass microstrip filters. In Section II of this paper, the
authors briefly describe the numerical procedure used for
obtaining the scattering parameters of the microstrip circuits
analyzed. Galerkin’s method in the spectral domain is used for
determining the current density excited on the metallizations
of the circuits by delta-gap voltage generators, and the matrix
pencil technique is subsequently applied for deembedding the
scattering parameters from the computed current densities. In
Section III, we present numerical results obtained with the
algorithm described in Section II. On one hand, our numerical

0018–9480/00$10.00 © 2000 IEEE



DRAKE et al.: EFFECT OF SUBSTRATE DIELECTRIC ANISOTROPY ON FREQUENCY BEHAVIOR OF MICROSTRIP CIRCUITS 1395

(a) (b)

Fig. 1. Side (a) and top (b) views of two-port microstrip circuit embedded in
a multilayered substrate with dielectric anisotropy.

results are compared with previously published results, and a
good agreement is found in all cases. On the other hand, original
numerical results are shown for microstrip discontinuities and
filters fabricated on anisotropic dielectric substrates, and these
results are compared in all cases with the results that would be
obtained if dielectric anisotropy were neglected.

II. FORMULATION OF THE PROBLEM AND NUMERICAL

PROCEDURE

A. Two-Port Microstrip Circuit

Fig. 1 shows the side and top views of the type of two-port
microstrip circuit analyzed in this paper. This microstrip circuit
is fed by two microstrip transmission lines, which are excited
by delta-gap voltage generators placed at the excitation planes

and [13], [3]. As shown in Fig. 1(b), the
two feeding microstrip lines are left open at the excitation ends,
as in [13]. The metallizations of the circuit and feeding lines
are considered to be perfect electric conductors (PEC’s) of ne-
glecting thickness. Without loss of generality, it is assumed that
the metallic strip of feeding line 1 is placed at the plane
and that of line 2 is placed at the plane (the study car-
ried out below in this section can be trivially extended to the case
in which the two metallic strips of the feeding lines are placed
at a common plane, which is a situation encountered in the re-
sults section), and that the metallizations of the circuit may oc-

cupy both planes and . Looking at Fig. 1(a),
this means that the metallizations of the feeding lines as well
as the metallizations of the circuit generally occupy two of the
interfaces of a stratified substrate, which is assumed to be com-
pounded of lossless isotropic dielectric layers and/or lossless
anisotropic dielectric layers [see Fig. 1(a)]. The whole multi-
layered substrate containing the metallizations is placed within
a shielding rectangular waveguide with walls that are considered
to be PEC’s, and both the substrate and shielding waveguide are
assumed to be of infinite extent all along the-coordinate (as in
[14]). Finally, it is also assumed that the permittivity tensor of
the th layer of the multilayered substrate is a
diagonal tensor of the form (in [7, eq. (1)])

(1)

Depending on the relations existing among the values of,
, and in (1), the th layer of the mul-

tilayered substrate of Fig. 1(a) will behave as any one of the
three following possibilities: an isotropic dielectric, an uniaxial
anisotropic dielectric, and a biaxial anisotropic dielectric [5].

Although the analysis of shielded microstrip circuits has been
traditionally carried out by enclosing the whole circuit inside a
metallic rectangular cavity [15], [16], in this paper, the shielded
microstrip circuits studied are placed within a rectangular wave-
guide of infinite extent in the axial direction [the-direction in
Fig. 1(a) and (b)]. By comparison with the approach followed
in [15] and [16], the approach followed in this paper has the ad-
vantage that cavity resonances do not affect the performance of
the circuits analyzed [16].

B. Determination of the Current Density Via Galerkin’s
Method in the Spectral Domain

In order to obtain the scattering parameters of the two-port
microstrip circuit of Fig. 1(a) and (b), it is necessary to obtain
the surface current density on the metallizations of the circuit
and the feeding transmission lines. Let

be the surface current density existing on the metallized
surface of the plane inside the
multilayered structure of Fig. 1(a). By imposing the boundary
conditions that the total tangential electric field is zero on
and , a set of two coupled electric-field integral equations
(EFIE’s) is obtained for the two functions
and . This set of coupled integral equations
can be written as

(2)

where is the tangential ex-
citation electric field introduced by the delta-gap voltage gen-
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erator connected to theth feeding line [17] and
is the transverse dyadic Green’s func-

tion relating the tangential electric field and current density [18]
inside the multilayered substrate of Fig. 1(a). This transverse
dyadic Green’s function is a 2 2 matrix.

In this paper, the two unknown functions
and are obtained by solving the set of two
integrals equations shown in (2) via the Galerkin’s method. As a
first step, these two unknown functions are expressed as a linear
combination of known basis functions

as follows:

(3)

where are unknown coeffi-
cients of basis functions. In order to determine these unknown
coefficients, a standard Galerkin’s procedure is followed and
the inner product is taken between every basis function of (3)
(now acting as a testing function) and the resulting equations of
substituting (3) into (2). As a consequence of this operation, a
system of linear equations is obtained for the unknown coeffi-
cients . This system of equations
can be written as

(4)

where

(5)

and

(6)

Once
and are known, the system of
equations (4) can be solved for obtaining the unknown coeffi-
cients of basis functions . In
general, the numerical determination of the four-dimensional
integrals appearing in (5) requires to determine the elements
of for
a high number of different values of, , , and . Also,
the computation of the elements of

requires to work out infinite summa-
tions of infinite integrals [see (8)–(11)] for every particular set of
values of , , , and . All this implies that the direct compu-
tation of via
(5) may lead to prohibitive central processing unit (CPU) times.
With a view to avoiding this problem, in this paper, the compu-
tation of is
carried out via an alternative expression in the spectral domain,
which is equivalent to (5). In order to obtain that expression, it is

firstly taken into account that the structure of Fig. 1(a) together
with its image through the electric wall constitute a peri-
odic structure along the-coordinate of period , and bearing
in mind this idea, Parseval’s theorem is applied to the integrals
of (5). As a result of this operation, it can be shown that the ex-
pression of
in the spectral domain used in this paper is given by (see [14]
and [19])

(7)

where is a 2 2 matrix, which stands for the
spectral transverse dyadic Green’s function. The elements of
this matrix, are related to the
elements of ,

via the following set of equations:

(8)

(9)

(10)

(11)

As stated before, the computation of the elements of
for the multilayered anisotropic

substrate of Fig. 1(a) is very awkward and has to be necessarily
carried out via (8)–(11) [14]. However, the computation of the
elements of for the substrate of Fig. 1(a) can
be carried out in a very straightforward way [14]. In this paper,
the recurrent algorithm described in [7] has been used for
computing the elements of needed in (7) in
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those cases in which the source and field points lie at the same
dielectric interface (i.e., when ). Also,
an extension of the algorithm of [7] based on the equivalent
boundary method [20] has been used for computing the ele-
ments of needed in (7) in the cases in which
the source and field points lie at different dielectric interfaces
(i.e., when ).

Concerning the functions
shown in (7), these functions stand for the spectral

versions of the basis functions
, and they can be obtained by using the following:

(12)

where is an extension of
the basis function to the
interval , which consists of that basis function
together with its image through the electric wall (i.e.,

if
and if

).
The basis functions chosen in this paper for approximating

the current density on the metallizations of the structure of
Fig. 1(a) and (b) [see (3)] are rooftop functions [21], [15]. These
basis functions make it possible to study microstrip circuits of
many different geometries [15] and have the advantage that
their spectral versions [see (12)] are simple closed-form ex-
pressions, which is very important for the efficient computation
of via (7).
The mathematical expression of the rooftop basis functions
used in this paper is

(13)

(14)

where

elsewhere
(15)

elsewhere.
(16)

One more thing that has to be specified before solving the
system of linear equations (4) is the expression of the tangential
excitation electric field on and . As suggested in [17], in
this paper, distributed delta-gap voltage generators are used for
exciting the two microstrip transmission lines of Fig. 1(b) all
along the width of the metallic strips of these two microstrip
lines (so that the current density basis functions placed at the
excitation planes are all connected in parallel, as shown in
[17, Fig. 6]). The mathematical expression for the tangential

excitation electric field introduced in and by these
distributed delta-gap generators is given by [see Fig. 1(b)]

(17)

where is the voltage across the delta-gap generator
connected to theth transmission line and is the
unit step function ( if and if ).

For the solution of the system of equations (4), the authors
of this paper have used a preconditioned biconjugate gradient
method routine [22], which has proven to be fast, stable, and ac-
curate, even in those cases in which several thousand unknowns
were involved in the system of equations.

It should be pointed out that although the com-
putational expense required for the determination of

via
(7) is much smaller than that required when (5) is used, the
CPU time involved in the brute-force numerical computation of

via (7) can
be still too high. In the cases in which the two basis functions
involved in the computation of belong to the approximation
of the current density on metallizations placed at different
planes of the multilayered substrate of Fig. 1(a) [i.e., when

in (7)], the elements of the corresponding spectral Green’s
function of (7), i.e., , ex-
ponentially decay as bothand increase. As a consequence
of this, the numerical computation of infinite summations of
infinite integrals of (7) does not usually have to be extended to
high values of and when , which leads to short CPU
times. However, the situation completely changes in the cases
in which the two basis functions involved in the computation
of belong to the approximation of the current density on
metallizations placed at the same plane of the multilayered
substrate of Fig. 1(a) [i.e., when in (7)] since, in these
cases, the elements of the corresponding spectral Green’s
function of (7), i.e., , do
not decay as both and increase. As a consequence of this
latter fact, the direct application of (7) for the determination
of requires that the numerical computation of infinite
summations of infinite integrals has to be extended to very high
values of and when , which leads to very high CPU
times. Bearing in mind all these ideas, whereas in this paper, (7)
has been directly used for the determination of in the cases
in which , a special procedure has been designed for the
quick computation of in those cases in which . In the
first step of this procedure, for every value of the summation
index , the asymptotic behaviors for high values ofof the
two matrix functions
are interpolated in terms of Chebyshev polynomials of the
variable [18], [23]. Once this interpolation has been
carried out, every infinite integral of (7) in which is split
into two integrals, one integral with finite limits containing the
matrix function or
and one integral with infinite limits containing the interpolated
version of or [see
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[23, eqn. (30)]]. The integrals with finite limits are numerically
computed within short CPU times and the integrals with
infinite limits are determined in closed form in terms of sine
and cosine integral functions, as in [23]. In the second step of
the procedure, the numerically obtained integrals of (7) are
considered to be functions of the summation index, which
either exponentially decay for high values of(thus leading
to short CPU times in the computation of the corresponding
infinite summations) or show an asymptotic behavior, which
can be approximated as the product of sinusoidal functions of

times a Chebyshev polynomial of the variable . In the
latter case, every infinite summation of (7) is split into a first
summation with finite limits amenable to computation within
a short CPU time, and a second summation with infinite limits
containing the asymptotic behavior of the integrals functions
of (i.e., containing the sinusoidal functions and Chebyshev
polynomials), which can be obtained in closed form.

C. Deembedding of Scattering Parameters

In order to obtain the scattering parameters of the two-port
microstrip circuit of Fig. 1(a) and (b), the current density on
the metallizations of the circuit and feeding lines has to be ob-
tained for two independent excitations of the circuit [e.g., for
the case in which V and V in (17), and the
case in which V and V in (17)] by using the
method described above in this section. Once the current den-
sity on the strips of the feeding transmission lines is known, it
must be integrated along the-coordinate in order to obtain the
current flowing across these transmission lines. In the regions
of these transmission lines, close to the microstrip circuit and
the delta-gap generators, the excited evanescent higher order
modes are present in the currents values . However, in the re-
gions of these transmission lines, which are far enough from
the microstrip circuit and delta-gap generators, the evanescent
higher order modes can be neglected and the currents show a
standing-wave pattern consisting of incident and reflected cur-
rent waves. According to this, if we let be the value of the
current on theth transmission line at the th exci-
tation , in the regions far from the microstrip circuit
and the generators, should admit an
expression of the type

(18)

where ( ) is the phase constant of the fundamental
quasi-TEM mode of theth ( ) microstrip transmission
line, and and are assumed to be the reference
planes [see Fig. 1(b)] in which we plan to compute the scattering
parameters of the two-port circuit of Fig. 1(a) and (b). In this
paper, the authors have made use of (18) for obtaining the com-
plex amplitudes of the incident and reflected current waves
and , and from these complex ampli-
tudes, the scattering parameters of the two-port circuit. In order
to determine and , the feeding
microstrip lines appearing in Fig. 1(b) have been taken to be
2.25 guided wavelengths long, and the regions of the microstrip
lines in which the current waves can be written as in (18) have

been assumed to be 1.25 guided wavelengths long, and have
been assumed to be separated 0.5 guided wavelengths from the
both microstrip circuit and the generators exciting those lines
(in [24, Table I], the authors show for a microstrip open-end dis-
continuity that feeding microstrip lines longer than 2.25 guided
wavelengths are not necessary since the results obtained in that
case for a feeding line that is 2.25 guided wavelengths long do
not appreciable differ from those obtained when the length of
the feeding line is increased). In the region in which (18) is as-
sumed to be valid, a set of samples of

has been obtained for different values ofby applying
Galerkin’s method, and then the complex amplitudes and

and the phase constants( )
of (18) have been fitted to these samples by means of the matrix
pencil technique, as explained in [25] and [26]. Once the com-
plex amplitudes and are known,
the scattering parameters of the two-port circuit of Fig. 1(a) and
(b) can be obtained via standard circuit theory by using the fol-
lowing equation:

(19)

where is the characteristic impedance of the fun-
damental mode of theth microstrip transmission
line. Since the two-port circuit of Fig. 1(a) and (b) is a recip-
rocal network, in (19), and, as a consequence of this
fact, the complex amplitudes and
suffice to obtain via (19) (i.e., the impedances

are not necessary for the computation of the scattering pa-
rameters).

In order to demonstrate the validity of the method followed
for the calculation of the scattering parameters, we have always
applied two independent tests. The first test has been to verify
power conservation (i.e., to verify that since
the circuits studied in this paper are lossless and nonradiating).
The second test has been to check that the values of the phase
constants and provided by the matrix pencil fitting proce-
dure coincide with those that are obtained via standard two-di-
mensional analysis [7]. It should be pointed out that these two
tests have been successfully passed by all the scattering param-
eters results that are shown in Section III.

III. N UMERICAL RESULTS

In Table I, the validity of the numerical method described
in Section II is tested by comparing our results for the
equivalent-circuit capacitances of open-end microstrip discon-
tinuities on anisotropic substrates with the results obtained
for those capacitances in [11]. Our results for every open-cir-
cuit capacitance are obtained by means of the formula

in which is the frequency,
is the phase of computed via the method of Sec-

tion II, and is the full-wave characteristic impedance of
the corresponding open-ended microstrip line (power–current
definition) computed by means of the method described in
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TABLE I
NORMALIZED CAPACITANCES OFOPEN-END MICROSTRIPDISCONTINUITIES ON

PYROLITIC–BORON–NITRIDE: � = � = 5:12, � = 3:4 AND SAPPHIRE:
� = � = 9:4, � = 11:6 (h = 1 mm, b = 11h, a = 20 mm
WHEN w=h � 2, a = 40 mm WHEN w=h = 4, a = 60 mm WHEN

w=h = 6, f = 2 GHz)

[27]. It can be noticed that the discrepancies between our
results and those reported in [11] are always within 2.5%,
which is a good check for the validity of our method. As an
additional test, our results for the frequency-dependence of the
normalized input susceptance of
an open-end microstrip discontinuity on anisotropic sapphire
have also been compared with those published in [12, Fig. 3]
in the frequency range of GHz (in this latter
case, the dimensions of the rectangular waveguide shown in
the figure of Table I have been chosen to be mm
and mm). Excellent agreement has been found
between the two set of results for frequencies up to 16 GHz.
However, it has been noticed that, as the frequency is changed
from 16 GHz to 20 GHz, our results are increasingly larger
than those of [12], and a maximum difference of 15% occurs at
20 GHz. These latter discrepancies are attributed to the effect
(growing with frequency) of radiation losses in the unshielded
discontinuity analyzed in [12], which is not present in the
shielded discontinuity analyzed with the method of Section II.
The comparison between our results and those of [12] is not
included in this paper for the sake of brevity.

In Fig. 2, the results published in [28] for the return and in-
sertion losses of a microstrip bandpass filter on an isotropic di-
electric substrate are compared with our results. In spite of the
fact that the results of [28] have been obtained for a microstrip
filter in an open environment and our results have been obtained
for a shielded microstrip filter, the agreement between the re-
sults of [28] and our results is relatively good. In fact, the dif-
ference between the center frequency of the filter predicted in
[28] and that predicted by our method is approximately 1%.
Also in Fig. 2, comparison is carried out with the results that
would be obtained for the microstrip filter if the dielectric sub-
strate were anisotropic with a permittivity value in the direc-

Fig. 2. Return and insertion losses of coupled-line bandpass filter on isotropic
pyrolitic–boron–nitride � = � = � = 3:45 and anisotropic
pyrolitic–boron–nitride:� = � = 5:12, � = 3:45 (h = 0:6 mm,
b = 11h, a = 8 mm,w = 1:36 mm, s = 0:34 mm, d = 30:8 mm). Our
results are compared with those published in [28].

tion perpendicular to the air–dielectric interface equal to that of
the isotropic substrate used in [28]. It can be checked that the
center frequency of the filter predicted by our method in the
anisotropic case is 4.5% below that predicted by our method in
the isotropic case, which indicates that an erroneous prediction
of the center frequency of the filter is made when substrate di-
electric anisotropy is neglected.

In Fig. 3, a comparison is carried out between the results pub-
lished in [4] for the magnitude of the scattering parameters of
several overlapping microstrip transitions and our results for the
same structures. As it happens with Fig. 2, the results of [4]
plotted in Fig. 3 have been obtained for microstrip transitions
in an open environment, and our results in Fig. 3 have been
obtained for shielded microstrip transitions. Since the level of
radiated power in the structures analyzed in [4] is sometimes
high (this can be easily verified by computing
for these structures), the results of [4] sometimes appreciably
differ from our results. However, the prediction made in [4] of
the value of the overlapping length for which maximum reflec-
tion is achieved ( ) matches pretty well our own
prediction. Also in Fig. 3, the authors plot the results obtained
for the overlapping microstrip transitions when one of the di-
electrics of the two-layered substrate is obliged to be anisotropic
by changing its permittivity in the direction parallel to the air–di-
electric interface. It is noticed that, in the anisotropic case, the
value of the overlapping length for which maximum reflection
is achieved is approximately 6% below the value predicted in
the isotropic case by the results of [4] and by our own method.

In Fig. 4, results are presented for the insertion losses of a mi-
crostrip gap discontinuity manufactured on an anisotropic sub-
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Fig. 3. Return and insertion losses of collinear overlapping microstrip
transition on two-layered substrate. Results are presented for isotropic
Epsilam-10 layer:� = � = � = 10:2 and anisotropic Epsilam-10
layer: � = � = 13, � = 10:2 (� = � = � = 2:2,
h = h = 0:635 mm, b = 12h, a = 10 mm, w = 1:0668 mm,
w = 1:9304 mm, f = 10 GHz). Our results are compared with those
published in [4].

Fig. 4. Insertion losses of microstrip gap discontinuity on isotropic
Epsilam-10: either� = � = � = 13 or � = � = � = 10:3

and anisotropic Epsilam-10:� = � = 13, � = 10:3 (h = 0:635 mm,
b = 11h, a = 8 mm,w = 0:57 mm,s = 0:1 mm).

strate—Epsilam-10—and these results are compared with the
results that would be obtained if the substrate were assumed
to be isotropic with both a permittivity value equal to that of
Epsilam-10 in the direction parallel to the air–dielectric inter-
face and a permittivity value equal to that of Epsilam-10 in the
direction perpendicular to the air–dielectric interface. Whereas

Fig. 5. Return and insertion losses of coupled resonator bandpass filter on
isotropic Epsilam-10: either� = � = � = 13 or � = � =

� = 10:3 and anisotropic Epsilam-10:� = � = 13, � = 10:3

(h = 0:635 mm, b = 11h, a = 12:7 mm,w = 0:57 mm, s = 0:1 mm,
d = 5 mm).

the results obtained for the gap on the isotropic substrate with
relative permittivity 10.3 are on average 13% below the results
obtained for the gap on anisotropic Epsilam-10, the results ob-
tained for the gap on the isotropic substrate with relative permit-
tivity 13 are on average 5% below the results obtained for the
gap on anisotropic Epsilam-10. In order to explain the different
percentage of discrepancy between the results obtained in the
anisotropic case and the results obtained in every isotropic case,
it is necessary to take into account that, in the case of the gap dis-
continuity on anisotropic Epsilam-10, the two microstrip lines
involved are tightly coupled (the gap is very narrow) and, as a
consequence of this, the portion of electric field in the gap region
that sees the permittivity in the direction parallel to the air–di-
electric interface is bigger than the portion of electric field that
sees the permittivity in the direction perpendicular to the air–di-
electric interface. Therefore, the results obtained in the isotropic
case using the permittivity of Epsilam-10 in the direction par-
allel to the air–dielectric interface must accordingly be closer
to the results obtained with the real permittivity tensor of Ep-
silam-10 than the results obtained in the isotropic case using the
permittivity of Epsilam-10 in the direction perpendicular to the
air–dielectric interface.

In Fig. 5, the scattering parameters of a microstrip bandpass
filter containing two microstrip gap discontinuities [29] are
computed when the substrate is anisotropic Epsilam-10 and
when the substrate is an isotropic dielectric whose permittivity
may take the value of any of the two different elements of the
permittivity tensor of Epsilam-10. Somehow, the study of Fig. 5
can be viewed as an extension of the study carried out in Fig. 4.
In the case of Fig. 5, the results obtained for the filter on the
isotropic substrate with the permittivity of Epsilam-10 in the
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Fig. 6. Return and insertion losses of coupled-line bandpass filter in suspended
substrate configuration. Results are presented for isotropic Epsilam-10 layer:
either� = � = � = 13 or � = � = � = 10:3 and for anisotropic
Epsilam-10 layer:� = � = 13, � = 10:3 (h = h = 0:635 mm,
h = 10h , a = 12:7 mm,w = 2:1 mm,s = 0:7 mm,d = 8 mm).

direction perpendicular to the air–dielectric interface are closer
to the results obtained for the filter on anisotropic Epsilam-10
than the results obtained for the filter on the isotropic substrate
with the permittivity of Epsilam-10 in the direction parallel
to the air–dielectric interface. In fact, whereas the center
frequency predicted for the filter on the isotropic substrate with
relative permittivity 10.3 is 4% above that predicted for the
filter on anisotropic Epsilam-10, the center frequency predicted
for the filter on the isotropic substrate with relative permittivity
13 is 7% below that predicted for the filter on anisotropic
Epsilam-10. This indicates that, in the case of the filter on
anisotropic Epsilam-10 studied in Fig. 5, the portion of the
electric field in the whole filter region (including the microstrip
resonator of length plus the two gap discontinuities) that
sees the permittivity in the direction perpendicular to the
air–dielectric interface is bigger than the portion of electric
field that sees the permittivity in the direction parallel to the
air–dielectric interface.

In Fig. 6, the study carried out in Figs. 4 and 5 is repeated for a
coupled-line microstrip filter in a suspended substrate configu-
ration. As it happens with Fig. 4, in Fig. 6 the results obtained for
the filter on the isotropic substrate with the permittivity of Ep-
silam-10 in the direction parallel to the air–dielectric interface
are closer to the results obtained for the filter on anisotropic Ep-
silam-10 than the results obtained for the filter on the isotropic
substrate with the permittivity of Epsilam-10 in the direction
perpendicular to the air–dielectric interface. Thus, whereas the
center frequency predicted for the filter on the isotropic sub-
strate with relative permittivity 13 is 2% below that predicted
for the filter on anisotropic Epsilam-10, the center frequency

Fig. 7. Return and insertion losses of coupled resonator bandpass filter on
two-layered substrate. Results are presented for isotropic PTFE:� = � =

� = 2:45 and isotropic Epsilam-10:� = � = � = 10:3, layers as well
as anisotropic PTFE:� = 2:89, � = 2:45, � = 2:95, and anisotropic
Epsilam-10:� = � = 10:3, � = 13 layers (h = h = 0:635 mm,
b = 12h , a = 12:7 mm,w = 0:9 mm,w = 1:6 mm, l = 6:75 mm).

predicted for the filter on the isotropic substrate with relative
permittivity 10.3 is 5.5% above that predicted for the filter on
anisotropic Epsilam-10. This indicates that, in the case of the
filter on anisotropic Epsilam-10 studied in Fig. 6, the portion
of electric field in the whole filter region (including the mi-
crostrip resonator of length plus the two sections of length

of feeding microstrip lines coupled to the resonator) that
sees the permittivity in the direction parallel to the air–dielec-
tric interface is bigger than the portion of electric field that sees
the permittivity in the direction perpendicular to the air–dielec-
tric interface.

In Fig. 7, two sets of results are presented for a microstrip
filter containing metallizations at two different levels [3].
The first set of results corresponds to a filter fabricated on a
two-layered substrate consisting of one uniaxial anisotropic
dielectric—Epsilam-10—and one biaxial anisotropic di-
electric—woven glass PTFE. The second set of results also
corresponds to a filter fabricated on a two-layered substrate
consisting of isotropic dielectrics whose permittivities coincide
with the permittivities of the aforementioned anisotropic
dielectrics in the direction perpendicular to the air–dielectric
interface. Fig. 7 clearly shows that the effects of dielectric
anisotropy are appreciable even in the case of filters with met-
allizations at two different levels. Thus, the center frequency
of the filter fabricated with anisotropic dielectrics turn out
to be 4.5% below that of the filter fabricated with isotropic
dielectrics.
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IV. CONCLUSIONS

A numerical algorithm has been developed for the full-wave
analysis of two-port shielded microstrip circuits embedded in
multilayered substrates with dielectric anisotropy. In this algo-
rithm, the Galerkin’s method in the spectral domain is used
for determining the current density excited on the metalliza-
tions of the circuits by delta-gap voltage generators, and the
matrix pencil technique is subsequently applied for deembed-
ding the scattering parameters from the computed current den-
sities. Results obtained for microstrip discontinuities and mi-
crostrip filters fabricated on anisotropic dielectrics show that
errors around 5% may be made in the computation of the scat-
tering parameters of those discontinuities and filters when di-
electric anisotropy is neglected. In the case of circuits fabricated
on uniaxial anisotropic dielectrics, it is shown that the response
of a circuit on an anisotropic dielectric is sometimes closer to
the response obtained for that circuit when it is fabricated on an
isotropic dielectric with the permittivity of the anisotropic di-
electric in the direction parallel to the air–dielectric interface,
and sometimes closer to the response obtained for that circuit
when it is fabricated on an isotropic dielectric with the permit-
tivity of the anisotropic dielectric in the direction perpendicular
to the air–dielectric interface.
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