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Effect of Substrate Dielectric Anisotropy on the
Frequency Behavior of Microstrip Circuits
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Abstract—In this paper, we carry out a full-wave analysis of strongly depends on the features of the substrates, dielectric
shielded two-port microstrip circuits, in which the metallizations anisotropy should be fu||y and accurate|y accounted for when-
are embedded in a multilayered substrate that may contain oyeritis present [5], [6]. In fact, in some cases, the presence of

isotropic dielectrics and/or anisotropic dielectrics. The Galerkin’s . . . g
method in the spectral domain is applied for determining the dielectric anisotropy has been found to have a beneficial effect

current density on the metallizations of the circuits when their ON Circuit performance as it happens with the design of high-di-
feeding lines are excited by means of delta-gap generators, andrectivity microstrip directional couplers printed on anisotropic
the matrix pencil technique is subsequently used for deembedding dielectric substrates [5].

the scattering parameters from the computed current densities. In this paper, the authors present a full-wave algorithm for

Results are presented for the scattering parameters of some the det inati f th tteri i f d
microstrip discontinuities and filters printed on both isotropic € tetermination orine SCalenng parameters o one= an

dielectric substrates and anisotropic dielectric substrates. These two-port shielded microstrip circuits in the case in which the
results show that when substrate dielectric anisotropy is ig- metallizations of the circuits occupy one or two interfaces of

nored, errors arise when computing the scattering parameters g multilayered substrate containing anisotropic dielectrics.

of microstrip discont?nuitie; a_nd when predicting the operating Although there is an abundant bibliography concerning the
frequency band of microstrip filters. ; . - o - . S
analysis of microstrip transmission lines on anisotropic di-

Index Terms—Anisotropic dielectric substrates, microstrip cir-  electric substrates (see [5], [7]), as far as the authors know,

cuits, spectral-domain numerical techniques. there are few references dealing with the analysis of mi-
crostrip circuits—including microstrip discontinuities—on

l. INTRODUCTION anisotropic dielectric substrates [8]. As an example, in [9]

nd [10], a method is presented for the determination of

ICROSTRIP _conf!guratlons fab_nca_ted in multilayere he quasi-static capacitive equivalent circuits of microstrip
substrates with different metallization planes offer th8

dvant f t ¢ di d flit %?en—end discontinuities, microstrip gap discontinuities, and
advantage otgreater compactness and increased versatiiity Fcrrostrip crossover discontinuities embedded in multilayered
conventional microstrip configurations fabricated on one-la

¥ubstrates with dielectric anisotropy. Toncadtal.[11] present

ered substrates. These multilayered microstrip configuratiogsfu"_Wave method-of-moments approach for the charac-
have been successfully used in the last few years for the &rization of open-end microstrip discontinuities printed on

sign of passive microwave integrated circuits (MIC’s) such isotronic dielectric lavers. Chen and Becker [8] applv the
bandpass filters [1]—[3], directional couplers [1], and dc-bloc ! pic d 'C Yers. [8] apply

high-frequency transitions [1], [4]. Aside from the applicationa

. . ) . : ) . ] %y exhibit both dielectric and magnetic anisotropy. Finally,
hibit a certain degree of dielectric anisotropy, which either IS @ swamiet al [12] use a full-wave method of moments in the

consequence of the cristalline nature of the material (Sapph'éﬁectral domain for the characterization of single and coupled

pyrolitic—boron-nitride) or is introduced during the manUfaCrhicrostrip open-ended discontinuities printed on anisotropic

tring processWovenglass PTFE, Epsilam-10) [5]. Since thedielectric layers. In this latter paper, the discontinuities are

performance of both microstrip circuits and microstrip antenn%ﬁalyzed 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 frequenc
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y g x cupy both planeg = dy;, andy = dy,,. Looking at Fig. 1(a),
I this means that the metallizations of the feeding lines as well
N —— g ________________ 2=z, asthe metallizations of the circuit generally occupy two of the
y : interfaces of a stratified substrate, which is assumed to be com-
Line 1 pounded of lossless isotropic dielectric layers and/or lossless
7 T ] anisotropic dielectric layers [see Fig. 1(a)]. The whole multi-
EEyolo T" layered substrate containing the metallizations is placed within
—w,—] a shielding rectangular waveguide with walls that are considered
to be PEC's, and both the substrate and shielding waveguide are
227, assumed to be of infinite extent all along theoordinate (as in
PN [14]). Finally, it is also assumed that the permittivity tensor of
theith layer of the multilayered substrate= 1, ---, N)isa
Mi((::;ost;tip diagonal tensor of the form (in [7, eq. (1)])
Ircul
—_— e, 0 0
Senasasis b I N wei=e| 0 Gy 0] e
A : * 0 0 GQZ
T Depending on the relations existing among the value$ of
g e— W, — e, andel_in (1), theith layer(¢ = 1, ---, N) of the mul-
" tilayered substrate of Fig. 1(a) will behave as any one of the
- three following possibilities: an isotropic dielectric, an uniaxial
Sty B Line 2 anisotropic dielectric, and a biaxial anisotropic dielectric [5].
z7 X @ 2222, Although the analysis of shielded microstrip circuits has been
a |J_I—_| traditionally carried out by enclosing the whole circuit inside a
] metallic rectangular cavity [15], [16], in this paper, the shielded
z a microstrip circuits studied are placed within a rectangular wave-
guide of infinite extent in the axial direction [thedirection in
(@) (b) Fig. 1(a) and (b)]. By comparison with the approach followed
Fig. 1. Side (a) and top (b) views of two-port microstrip circuit embedded it [15] and [16], the approach followed in this paper has the ad-
a multilayered substrate with dielectric anisotropy. vantage that cavity resonances do not affect the performance of

the circuits analyzed [16].

good agreement s found in all cases. On the other hand, origi |Determination of the Current Density Via Galerkin's

results are compared with previously published results, and. a
ethod in the Spectral Domain

numerical results are shown for microstrip discontinuities a
filters fabricated on anisotropic dielectric substrates, and thesdn order to obtain the scattering parameters of the two-port
results are compared in all cases with the results that wouldméerostrip circuit of Fig. 1(a) and (b), it is necessary to obtain
obtained if dielectric anisotropy were neglected. the surface current density on the metallizations of the circuit
and the feeding transmission lines. yét:, y = du;, 2)(j =
1, 2) be the surface current density existing on the metallized
surfaceS;(j = 1, 2) of the planey = dy,(j = 1, 2) inside the
multilayered structure of Fig. 1(a). By imposing the boundary
A. Two-Port Microstrip Circuit conditions that the total tangential electric field is zerosn

Fig. 1 shows the side and top views of the type of two-poﬁ”d Sa, a set of_ two coupled electric-_fiel.d integral equations
microstrip circuit analyzed in this paper. This microstrip circuEFIE’S) is obtained for the two functiongz, y = dy,, 2)
is fed by two microstrip transmission lines, which are excite@d7(#, ¥ = dar,, 2). This set of coupled integral equations
by delta-gap voltage generators placed at the excitation plaf@8 Pe written as
z = z5.andz = 22 [13], [3]. As shown in Fig. 1(b), the

Il. FORMULATION OF THE PROBLEM AND NUMERICAL
PROCEDURE

two feeding microstrip lines are left open at the excitation ends, Ey(e,y = du,,2)

as in [13]. The metallizations of the circuit and feeding lines = Eyexc(,y = du,, 2)

are considered to be perfect electric conductors (PEC’s) of ne- 2 _

glecting thickness. Without loss of generality, it is assumed that + Z ) Gi(z, o', y=du, Yy =du,, 2= 2')
the metallic strip of feeding line 1 is placed at the plgne d,, j=1 75

and that of line 2 is placed at the plape= d,;, (the study car- J(@ Y =dn,, 2)da'dy =0,

ried out below in this section can be trivially extended to the case (,y=dn,,2z) €S;; i=1,2 )

in which the two metallic strips of the feeding lines are placed
at a common plane, which is a situation encountered in the whereE; ...(x, y = das, 2)(¢ = 1, 2) is the tangential ex-
sults section), and that the metallizations of the circuit may ociation electric field introduced by the delta-gap voltage gen-
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erator connected to thih (¢ = 1, 2) feeding line [17] and firstly taken into account that the structure of Fig. 1(a) together
Gz, 7', y, ', »— #') is the transverse dyadic Green’s funcwith its image through the electric wall= 0 constitute a peri-
tion relating the tangential electric field and current density [1&]dic structure along the-coordinate of perio@a, and bearing
inside the multilayered substrate of Fig. 1(a). This transversemind this idea, Parseval's theorem is applied to the integrals
dyadic Green'’s function is a ® 2 matrix. of (5). As a result of this operation, it can be shown that the ex-
In this paper, the two unknown functiofiée, y = das,, z) pressionof(i, j = 1,2 k=1,---, Ni; I =1,---, Ny)
andj(z, y = du,, 2) are obtained by solving the set of twoin the spectral domain used in this paper is given by (see [14]
integrals equations shown in (2) via the Galerkin’s method. Asaad [19])
first step, these two unknown functions are expressed as a linear

combination of known basis functiogs;(z, 2)(j = 1, 2; [ = t
1, .-+, N;) as follows: = Z Jzk n, k. )}
: - . . 'Gt(nv y=dun, ¥ =dun,, k) Galn, k) dk.,
J(w, g =day, 2) =Y andg(e, 2), J=12 () i j=1,2 k=1, Ni.zJ:1 e Ny (7)

wherea;(j = 1,2; 1 = 1,---, N;) are unknown coeffi- whereG;(n, y, 3/, k.) is a 2x 2 matrix, which stands for the
cients of basis functions. In order to determine these unknowpectral transverse dyadic Green’s function. The elements of
coefficients, a standard Galerkin’s procedure is followed afflis matrix, Gt s, y, v, k.)(r, s = x, z) are related to the
the inner product is taken between every basis function of (@kments OfG't(aj &y 2 — 2, Ges(z, 2y, o 2 —
(now acting as a testing function) and the resulting equaﬂonsﬂj(u 5=, z) via the following set of equations:

substituting (3) into (2). As a consequence of this operation, a

system of linear equations is obtained for the unknown coeffi- G, ...(x, 2’, v, ¥/, z — )

cientsa; (7 =1, 2; I =1, ---, N;). This system of equations g ¥ ptoo i
can be written as ==> / Gy wa(ny y, o/, k) cos (—)
a
2 N; - 0/
Z Z Iha = ba, =12 k=1--,N, (4 - COS <n7rx ) cos (k=(z — 2')) dk.
j=1 i=1 a
1 [t ,
Where + - Gt, mm(n = 07 Y, Y, kZ)
anm Jo
rik = / / it )’ - cos (ka(z — ') dk. (8)
5 I Gtzw(xxvyvyvv_“l)

Gy, sy =dy, v =dyy, 2= 2)

. nmwx
-jjl(x/, 2 d' d7' dvdz, i, j=1,2; Z / Gt so(n, y, ¥, k) sin (T>
k=1,---,Nisl=1,---, N; (5) n=1
and - cos <n7ra: ) sin (k.(z — 7)) dk. 9)
a
bik = — /s FpRcs Z)]t "By exc(@, y = du,, 2) dadz, G M(a: oy Y, 2 —2")
fj— . — P— . +Oo too ~
i=1,2;, k=1 ---, N,. (6) Z / Croae(n, . o, b cos (mrx)
. a
Onceli(s,j = 1,2, k = 1,-++, Nj; 1 = 1,---, Ny) n=t
andb;, (i = 1,2; k=1, ---, N;) are known, the system of . sin <”7W7 )sin (kz(z _ Z/)) dk. (10)
equations (4) can be solved for obtaining the unknown coeffi- a
cients of basis functions,;(j = 1,2; [ = 1,---, N;). In G ooz, 2y, o, 2 — 2)
general, the numerical determination of the four-dimensional +0O foo o
integrals appearing in (5) requires to determine the elements = — Z/ Gy 2(n, y, ¥, k.)sin (—)
of Gz, o',y = dpg,, oy = dy;, 2 — 24, § = 1, 2) for @
a high number of different values of, a:’, z, and 2’ Also, . nwa! p
the computation of the elements € (x, z’, v = dy,, vV = 'Sm< cos (ks (2 — 2')) dk.. 11)

dar;, z— 2')(4, j = 1, 2) requires to work out infinite summa-

tions of infinite mtegrals [see (8)-(11)] for every particular set hS stated before, the computation of the elements of
values ofz, 2/, z, andz’. Al this |mpI|es that the direct compu- Ge(%, @', y, ¥/, = — 2') for the multilayered anisotropic
tation oﬂ‘Wk(L j=1,2k=1,---,N;l=1,---, N;) via substrate of Fig. 1(a) is very awkward and has to be necessarily
(5) may lead to proh|b|t|ve central processing unit (CPU) timegarried out via (8)—-(11) [14]. However, the computation of the
With a view to avoiding this problem in this paper, the compuglements ofG,(n, y, ¥/, k.) for the substrate of Fig. 1(a) can
tation ofrzk(t j=1,2k=1---,N;1l=1,---,N;)is becarriedoutina very straightforward way [14]. In this paper,
carried ouit via an alternative expression in the spectral domdine recurrent algorithm described in [7] has been used for
which is equivalent to (5). In order to obtain that expression, it @mputing the elements cGt( n, ¥,y , k.) needed in (7) in



DRAKE et al: EFFECT OF SUBSTRATE DIELECTRIC ANISOTROPY ON FREQUENCY BEHAVIOR OF MICROSTRIP CIRCUITS 1397

those cases in which the source and field points lie at the saexeitation electric field introduced irb; and S; by these
dielectric interface (i.e., wheq = 3/ = dy, (4 = 1, 2)). Also, distributed delta-gap generators is given by [see Fig. 1(b)]
an extension of the algorithm of [7] based on the equivalent

boundary method [20] has been used for computing the ele- E; ...(x,y = du., 2)

ments ofG,(n, y, ¥/, k.) needed in (7) in the cases in which = Vid(z — 2heo) [ule — o;) — ule — zo; — w;)]2

the source and field points lie at different dielectric interfaces

(i.e., wheny # 3'). ) 1=1,2 17)
Concerning the functiong; (n, k.)(j = 1,2; [ = h . .
. ) ). ereV;(i = 1, 2) is the voltage across the delta-gap generator
L -+, Nj) shownin (7), these functions stand for the Spec”%l)nnected to théth (¢ = 1, 2) transmission line and(e) is the
versions of the basis functiong;(z, 2)(j = 1,2; | =

unit step function®(x) = 1if x > 0 andu(z) = 0if 2 < 0).

For the solution of the system of equations (4), the authors
a0 oo of this paper have used a preconditioned biconjugate gradient
j'ﬂ(n, k.) = 1 / / j;%;d(a;, Z)ei((nm/a)%zz) dzdz,  method routine [22], which has proven to be fast, stable, and ac-

2a J_o Jooo curate, even in those cases in which several thousand unknowns

1, ---, N;), and they can be obtained by using the following:

Jj=121=1 -, N; (12)  were involved in the system of equations.
ot . _ _ It should be pointed out that although the com-
wherej 7 (z, 2)(j = 1,2; L =1, ---, N;) is an extension of pytational expense required for the determination of

the basis functio;;(z, 2)(j = 1,2; [ =1, ---, N;) to the r;‘,’;(@ j =12 k=1,---,N; |l = 1,---, N;) via
interval —a < & < +a, which consists of that basis function(7) is much smaller than that required when (5) is used, the
together with its image through the electric wall= 0 (i.e., CPU time involved in the brute-force numerical computation of

It (e, 2) = jjlng 2) = Jite(@, 2)& + Jjr (e, 2)2 100 <Pk =1 2 k=1 Njl=1---, N;)via(7) can
z < taandjiyi(z, 2) = jj,.(—2, 2)% — ju,.(—x, 2)2if  be still too high. In the cases in which the two basis functions
—a <z < 0). involved in the computation df;’; belong to the approximation

The basis functions chosen in this paper for approximatirg the current density on metallizations placed at different
the current density on the metallizations of the structure gfanes of the multilayered substrate of Fig. 1(a) [i.e., when
Fig. 1(a) and (b) [see (3)] are rooftop functions [21], [15]. Thesgx j in (7)], the elements of the corresponding spectral Green’s
basis functions make it possible to study microstrip circuits @finction of (), i.e.Geln, y = dag,, o = dar,, k)i # §), €x-
many different geometries [15] and have the advantage th@fentially decay as bothandk. increase. As a consequence
their spectral versions [see (12)] are simple closed-form €t this, the numerical computation of infinite summations of
pressions, which is very important for the efficient computatioffinjte integrals of (7) does not usually have to be extended to
of I (4, j = L2ik=1- Ny l=1 -, N;) via (7). _ high values oft, andn wheni # 35, which leads to short CPU
The mathematical expression of the rooftop basis functiofiges. However, the situation completely changes in the cases

used in this paper is in which the two basis functions involved in the computation
of F3’3 belong to the approximation of the current density on
Julw, 2) =To(w — zj1, 2 — zj1)%, Jj=12 metallizations placed at the same plane of the multilayered
l=1,---, Ny (13) substrate of Fig. 1(a) [i.e., when= j in (7)] since, in these

cases, the elements of the corresponding spectral Green’s
function of (7), i.e.Gi(n, y = dar,, ¥ = du,, k2)(i = j), do

not decay as both andk. increase. As a consequence of this
latter fact, the direct application of (7) for the determination

Jalz, 2) =Tz — zj, 2 — 21)2, i=1,2
I=Nej+1,-- Noy + Ny = N; - (14)

where of Fj’; requires that the numerical computation of infinite
| w. summations of infinite integrals hgs to be extended 'Fo very high
To(z, 2) = { 1-— o |z] < wa, |2| < - (15) values ofk. andn wheni = j, which leads to very high CPU
0 “elsewhere times. Bearing in mind all these ideas, whereas in this paper, (7)
’ has been directly used for the determinatioﬂl‘gjf in the cases
1_ m 2| < w., || < Wz in whichi # j, a special procedure has been designed for the
T, 2) = 0 Wy 7e|sewhere “ 2 (16) quick computation of %} in those cases in which= j. In the

first step of this procedure, for every value of the summation

One more thing that has to be specified before solving tH¥€x 7. the asymptotic behaviors for high valuesigfof the
system of linear equations (4) is the expression of the tangenti¥p matrix functionsy(n, y = dus,, ¥ = dng,, k:)(i =1, 2)
excitation electric field or; andS». As suggested in [17], in @r€ interpolated in terms of Chebyshev polynomials of the
this paper, distributed delta-gap voltage generators are used@iable 1/k. [18], [23]. Once this interpolation has been
exciting the two microstrip transmission lines of Fig. 1(b) afarried out, every infinite integral of (7) in whiah= j is split
along the width of the metallic strips of these two microstriff!to two integrals, one integral with finite limits containing the
lines (so that the current density basis functions placed at th@trix functionGy(n, y = dus,, ¥ = dag,, k2)(i = 1 or 2)
excitation planes are all connected in parallel, as shown and one integral with infinite limits containing the interpolated
[17, Fig. 6]). The mathematical expression for the tangentieérsion ofGy(n, v = dys., v = dps, k.)(i = 1 or 2) [see
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[23, egn. (30)]]. The integrals with finite limits are numericallypbeen assumed to be 1.25 guided wavelengths long, and have
computed within short CPU times and the integrals witheen assumed to be separated 0.5 guided wavelengths from the
infinite limits are determined in closed form in terms of sindoth microstrip circuit and the generators exciting those lines
and cosine integral functions, as in [23]. In the second step (@f [24, Table I], the authors show for a microstrip open-end dis-
the procedure, the numerically obtained integrals of (7) acentinuity that feeding microstrip lines longer than 2.25 guided
considered to be functions of the summation indexwvhich wavelengths are not necessary since the results obtained in that
either exponentially decay for high values wf(thus leading case for a feeding line that is 2.25 guided wavelengths long do
to short CPU times in the computation of the correspondingpt appreciable differ from those obtained when the length of
infinite summations) or show an asymptotic behavior, whicthe feeding line is increased). In the region in which (18) is as-
can be approximated as the product of sinusoidal functionssafmed to be valid, a set of samplesigf(z)(m = 1, 2; i =

n times a Chebyshev polynomial of the varialilé.. In the 1, 2) has been obtained for different values-oby applying

latter case, every infinite summation of (7) is split into a firsGalerkin’s method, and then the complex amplitudgs and
summation with finite limits amenable to computation withirf;, (m =1, 2; ¢ = 1, 2) and the phase constarits(: = 1, 2)

a short CPU time, and a second summation with infinite limitsf (18) have been fitted to these samples by means of the matrix
containing the asymptotic behavior of the integrals functioneencil technique, as explained in [25] and [26]. Once the com-
of n (i.e., containing the sinusoidal functions and Chebyshe@lex amplituded;t andI; (m =1, 2; i = 1, 2) are known,

T m

polynomials), which can be obtained in closed form. 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-

C. Deembedding of Scattering Parameters lowing equation:

In order to obtain the scattering parameters of the two-por -

microstrip circuit of Fig. 1(a) and (b), the current density on S11 S124/ Z_02 - I- !

the metallizations of the circuit and feeding lines has to be ol- — o l=- <Il+1 I]f)(_fl—l 11_2>

tained for two independent excitations of the circuit [e.g., fo\ S, ,/ 22 Soo T2 2 T2

the case in which, = 1 VandV, = 0V in (17), and the Zo2 (19)

case in whichv; = 0 VandV, = 1V in (17)] by using the
method described above in this section. Once the current dWPfereZ ‘
sity on the strips of the feeding transmission lines is known'&%mentgl

must be integrated along thecoordinate in order to obtain the ;. i\ .o the two-port circuit of Fig. 1(a) and (b) is a recip-

current flowing across these transmission lines. In the regiolq)%aI network,Sp» = S,y in (19), and, as a consequence of this
of these transmission lines, close to the microstrip circuit andt the complelj ameIiiuda@* :';de,_ (m=1,%i=1,2)
H} rm : _ & -

the delta-gap gener_ators, the excited evanescent hlgher 0GRk e to obtains;; (i, j = 1, 2) via (’19) (i.e., the impedances
modes are present in the currents values . However, in the

& are not necessary for the computation of the scattering pa-
gions of these transmission lines, which are far enough fr aneters) y P ap

the microstrip circuit and delta-gap generators, the evanescen, order to demonstrate the validity of the method followed

hlghe_r order modes can be_ngglecte_d f'md the currents Sho%rﬁhe calculation of the scattering parameters, we have always
standing-wave pattern consisting of incident and reflected c

Yoplied two independent tests. The first test has been to veri
rent waves. According to this, if we |&f*(2) be the value of the pRiec two Inaep ! verity

N .~ power conservation (i.e., to verify thig; 1 |> +|S12|> = 1 since
current on theth (¢ = 1, 2) transmission line at theuth exci- P ( fy thettus "+ [ 51|

ot — 1 9 inth . far f the mi ip Ci .tthe circuits studied in this paper are lossless and nonradiating).
ation(m = 1, 2), in the regions ar from thé microstnp CirCUltr e sacond test has been to check that the values of the phase
and the generatorg]*(z)(m = 1, 2;¢ = 1, 2) should admit an

. constantg’; andg, provided by the matrix pencil fitting proce-
expression of the type 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 1.

(¢ = 1, 2) is the characteristic impedance of the fun-
mode of théh (¢ = 1, 2) microstrip transmission

I (z) ZI;le_j'ﬁf(z_ZOf) + I;nej'@f(”‘_"‘m), m=1, 2;
i=1,2 (18)

whereg; (i = 1, 2) is the phase constant of the fundamental
quasi-TEM mode of théth (¢ = 1, 2) microstrip transmission
line, andz = 291 andz = zp2 are assumed to be the reference In Table I, the validity of the numerical method described
planes [see Fig. 1(b)] in which we plan to compute the scatteriirg Section |l is tested by comparing our results for the
parameters of the two-port circuit of Fig. 1(a) and (b). In thisquivalent-circuit capacitances of open-end microstrip discon-
paper, the authors have made use of (18) for obtaining the caimuities on anisotropic substrates with the results obtained
plex amplitudes of the incident and reflected current wdyges for those capacitances in [11]. Our results for every open-cir-
andI, (m =1, 2; i =1, 2), and from these complex ampli-cuit capacitance&’,. are obtained by means of the formula
tudes, the scattering parameters of the two-port circuit. In ordér,. = (1/2x fZy) tan (| £511]/2) in which f is the frequency,

to determinel;t andl; (m = 1,2; i = 1, 2), the feeding /S, is the phase ofS;; computed via the method of Sec-
microstrip lines appearing in Fig. 1(b) have been taken to bien Il, and %, is the full-wave characteristic impedance of
2.25 guided wavelengths long, and the regions of the microsttie corresponding open-ended microstrip line (power—current

lines in which the current waves can be written as in (18) hadefinition) computed by means of the method described in

I1l. NUMERICAL RESULTS
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TABLE |
NORMALIZED CAPACITANCES OFOPEN-END MICROSTRIPDISCONTINUITIES ON Our results: €, =€, = €, =345
PYROLITIC-BORON-NITRIDE: €,,, = €. = 5.12,¢,, = 3.4 AND SAPPHIRE | Zhu & Wu: €,=€, = € =345

€ra = €. = 9.4, €y, = 11.6 (h = 1 mm,b = 11h,a = 20 mm

WHEN w/h < 2,a = 40 MMWHEN w/h = 4, a = 60 mm WHEN — — — — Ourresults: £, = £.=512,8,=3.45

w/h =6, f = 2 GHz) Y
1S,
10 3
a )
e ] g
z xew— b 2 20 /
© /
f 5
C../W (pF/m) g -30 —
€,=5,=512 €,=£,,=94 2
£,=34 €,=1186 5
- - s y:
Toncich & Our Toncich & Our = 40 H g_,x
Wrh Collin results Collin results Z
0.25 43.04 42.25 80.36 82.42 I.n Skl
0.5 33.95 34.17 65.56 64.83 .50
1.0 28.27 27.90 56.38 56.68 15 2.0 25 3.0 35 4.0 45
2.0 24.84 24.58 50.95 51.20 Frequency (GHz)
4.0 22.72 23.26 47.43 46.23
6.0 21.66 21.99 45.35 45.18
Fig. 2. Return and insertion losses of coupled-line bandpass filter on isotropic
pyrolitic—boron—nitride  €,. = €,, = €.. = 3.45 and anisotropic
pyrolitic—boron-nitride:e,,, = €.. = 5.12,¢,, = 3.45 (h = 0.6 mm,

[27]. It can be noticed that the discrepancies between duF !1%.@ =8 mmw = 1.36 mm,s = 0.34 mm,d = 30.8 mm). Our
results and those reported in [11] are always within 2.5076?”“5 are compared with those published in [28).
which is a good check for the validity of our method. As an
additional test, our results for the frequency-dependence of ti@ perpendicular to the air—dielectric interface equal to that of
normalized input susceptange f Z,C,. = tan(|ZS11|/2) of the isotropic substrate used in [28]. It can be checked that the
an open-end microstrip discontinuity on anisotropic sapphicenter frequency of the filter predicted by our method in the
have also been compared with those published in [12, Fig. @&j}isotropic case is 4.5% below that predicted by our method in
in the frequency range df < f < 20 GHz (in this latter the isotropic case, which indicates that an erroneous prediction
case, the dimensions of the rectangular waveguide shownoirthe center frequency of the filter is made when substrate di-
the figure of Table | have been chosen todoe- 54 = 5 mm  electric anisotropy is neglected.
andb = 6h = 6 mm). Excellent agreement has been found In Fig. 3, a comparison is carried out between the results pub-
between the two set of results for frequencies up to 16 GHighed in [4] for the magnitude of the scattering parameters of
However, it has been noticed that, as the frequency is changegeral overlapping microstrip transitions and our results for the
from 16 GHz to 20 GHz, our results are increasingly largefame structures. As it happens with Fig. 2, the results of [4]
than those of [12], and a maximum difference of 15% occurs @lotted in Fig. 3 have been obtained for microstrip transitions
20 GHz. These latter discrepancies are attributed to the effgctan open environment, and our results in Fig. 3 have been
(growing with frequency) of radiation losses in the unshieldegbtained for shielded microstrip transitions. Since the level of
discontinuity analyzed in [12], which is not present in theadiated power in the structures analyzed in [4] is sometimes
shielded discontinuity analyzed with the method of Section Ihigh (this can be easily verified by computing|? + |S12|?
The comparison between our results and those of [12] is rfet these structures), the results of [4] sometimes appreciably
included in this paper for the sake of brevity. differ from our results. However, the prediction made in [4] of
In Fig. 2, the results published in [28] for the return and irthe value of the overlapping length for which maximum reflec-
sertion losses of a microstrip bandpass filter on an isotropic @ien is achieved /Ao ~ 0.15) matches pretty well our own
electric substrate are compared with our results. In spite of theediction. Also in Fig. 3, the authors plot the results obtained
fact that the results of [28] have been obtained for a microstfipr the overlapping microstrip transitions when one of the di-
filter in an open environment and our results have been obtairfigctrics of the two-layered substrate is obliged to be anisotropic
for a shielded microstrip filter, the agreement between the fey changing its permittivity in the direction parallel to the air—di-
sults of [28] and our results is relatively good. In fact, the difelectric interface. It is noticed that, in the anisotropic case, the
ference between the center frequency of the filter predictedvalue of the overlapping length for which maximum reflection
[28] and that predicted by our method is approximately 1% achieved is approximately 6% below the value predicted in
Also in Fig. 2, comparison is carried out with the results thafe isotropic case by the results of [4] and by our own method.
would be obtained for the microstrip filter if the dielectric sub- In Fig. 4, results are presented for the insertion losses of a mi-
strate were anisotropic with a permittivity value in the direcerostrip gap discontinuity manufactured on an anisotropic sub-



1400 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 8, AUGUST 2000

€,=€,=13 ,€,=103
Our results: e2-¢2_€ 102 3.5
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Fig. 5. Return and insertion losses of coupled resonator bandpass filter on
Fig. 3. Return and insertion losses of collinear overlapping microstripotropic Epsilam-10: eithet.. = €,, = €.. = 13 0l €. = €, =
transition on two-layered substrate. Results are presented for isotropi¢ = 10.3 and anisotropic Epsilam-1@;.. = e.. = 13,¢,, = 10.3
Epsilam-10 layersZ, = €2 = ¢2_ = 10.2 and anisotropic Epsilam-10 (h = 0.635 mm,b = 11k, a = 12.7 mm,w = 0.57 mm,s = 0.1 mm,
layer: 63:3: = 63; = 13, eiy = 10.2 (631_l = E_llw = Eiz = 2.2, d=>5mm).
hy = hy = 0.635 mm,b = 12h,a = 10 mm, w; = 1.0668 mm,
wy = 1.9304 mm, f = 10 GHz). Our results are compared with those ) ) ] )
published in [4]. the results obtained for the gap on the isotropic substrate with
relative permittivity 10.3 are on average 13% below the results
0.40 obtained for the gap on anisotropic Epsilam-10, the results ob-
€,=€,=13, €, =103 tained for the gap on the isotropic substrate with relative permit-
———— Eu=Ey=E,=13 , tivity 13 are on average 5% below the results obtained for the
— e . . . . .
035 [~ v €u= €,= €,= 103 g gap on anisotropic Epsilam-10. In order to explain the different
a R percentage of discrepancy between the results obtained in the
o 030 IL g, // anisotropic case and the results obtained in every isotropic case,
% zXx_. b e itis necessary to take into account that, in the case of the gap dis-
g T // continuity on anisotropic Epsilam-10, the two microstrip lines
2 025 = S g involved are tightly coupled (the gap is very narrow) and, as a
§ //,.w""' consequence of this, the portion of electric field in the gap region
= 020 - gt that sees the permittivity in the direction parallel to the air—di-
o electric interface is bigger than the portion of electric field that
o5 // sees the permittivity in the direction perpendicular to the air—di-
ol electric interface. Therefore, the results obtained in the isotropic
case using the permittivity of Epsilam-10 in the direction par-

0.10 ' ' ' : allel to the air—dielectric interface must accordingly be closer
5 7 9 1 13 15 . . o
Frequency (GHz) to the results obtained with the real permittivity tensor of Ep-
silam-10 than the results obtained in the isotropic case using the

Fig. 4. Insertion losses of microstrip gap discontinuity on isotropigerl’mttlvIty of Epsilam-10 in the direction perpendicular to the

Epsilam-10: eithet,, = €,, = c.. = 13 0re,e = €,, = ¢.. = 10.3 air—dielectric interface.
and anisotropic Epsilam-1€;, = e.. = 13,¢,, = 10.3 (b = 0.635 mm, In Fig. 5, the scattering parameters of a microstrip bandpass
b=11h,a = 8 mm,w = 0.57 mm,s = 0.1 mm).

filter containing two microstrip gap discontinuities [29] are
computed when the substrate is anisotropic Epsilam-10 and
strate—Epsilam-10—and these results are compared with thieen the substrate is an isotropic dielectric whose permittivity
results that would be obtained if the substrate were assummdy take the value of any of the two different elements of the
to be isotropic with both a permittivity value equal to that opermittivity tensor of Epsilam-10. Somehow, the study of Fig. 5
Epsilam-10 in the direction parallel to the air—dielectric intercan be viewed as an extension of the study carried out in Fig. 4.
face and a permittivity value equal to that of Epsilam-10 in thie the case of Fig. 5, the results obtained for the filter on the
direction perpendicular to the air—dielectric interface. Wherea®tropic substrate with the permittivity of Epsilam-10 in the
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Fig.6. Returnand insertion losses of coupled-line bandpass filter in suspendec
substrate configuration. Results are presented for isotropic Epsilam-10 layer:
eithere,, =¢,, = ¢.. = 130re,. = €, = .. = 10.3andfor anisotropic rjg 7 Return and insertion losses of coupled resonator bandpass filter on

Epsilam-10 layere,,, = €.. = 13,€,, = 10.3 (hy = ho = 0.635 mm,

two-layered substrate. Results are presented for isotropic RFEE: ¢! =
hs = 10k, a = 12.7 mm,w = 2.1 mm,s = 0.7 mm,d = 8§ mm). vy

el = 2.45 andisotropic Epsilam-1@7 = €2 = €2 = 10.3,layers aswell
as anisotropic PTFEL,, = 2.89, ¢} = 2.45, ¢l = 2.95, and anisotropic
Epsilam-10:, = ¢2_ = 10.3,¢7 = 13 layers ¢ = hy = 0.635 mm,
b=12hy,a = 12.7 mm,w; = 0.9 mm,w, = 1.6 mm,! = 6.75 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 parallelpredicted for the filter on the isotropic substrate with relative
to the air—dielectric interface. In fact, whereas the centpermittivity 10.3 is 5.5% above that predicted for the filter on
frequency predicted for the filter on the isotropic substrate witinisotropic Epsilam-10. This indicates that, in the case of the
relative permittivity 10.3 is 4% above that predicted for thélter on anisotropic Epsilam-10 studied in Fig. 6, the portion
filter on anisotropic Epsilam-10, the center frequency predicted electric field in the whole filter region (including the mi-
for the filter on the isotropic substrate with relative permittivitycrostrip resonator of lengtti plus the two sections of length
13 is 7% below that predicted for the filter on anisotropid/2 of feeding microstrip lines coupled to the resonator) that
Epsilam-10. This indicates that, in the case of the filter asees the permittivity in the direction parallel to the air—dielec-
anisotropic Epsilam-10 studied in Fig. 5, the portion of theic interface is bigger than the portion of electric field that sees
electric field in the whole filter region (including the microstripthe permittivity in the direction perpendicular to the air—dielec-
resonator of lengthd plus the two gap discontinuities) thattric interface.
sees the permittivity in the direction perpendicular to the In Fig. 7, two sets of results are presented for a microstrip
air—dielectric interface is bigger than the portion of electrifilter containing metallizations at two different levels [3].
field that sees the permittivity in the direction parallel to th&he first set of results corresponds to a filter fabricated on a
air—dielectric interface. two-layered substrate consisting of one uniaxial anisotropic
In Fig. 6, the study carried out in Figs. 4 and 5 is repeated fodéelectric—Epsilam-10—and one biaxial anisotropic di-
coupled-line microstrip filter in a suspended substrate configalectric—woven glass PTFE. The second set of results also
ration. As it happens with Fig. 4, in Fig. 6 the results obtained faorresponds to a filter fabricated on a two-layered substrate
the filter on the isotropic substrate with the permittivity of Epeonsisting of isotropic dielectrics whose permittivities coincide
silam-10 in the direction parallel to the air—dielectric interfaceith the permittivities of the aforementioned anisotropic
are closer to the results obtained for the filter on anisotropic Egielectrics in the direction perpendicular to the air—dielectric
silam-10 than the results obtained for the filter on the isotropicterface. Fig. 7 clearly shows that the effects of dielectric
substrate with the permittivity of Epsilam-10 in the directiomnisotropy are appreciable even in the case of filters with met-
perpendicular to the air—dielectric interface. Thus, whereas thllizations at two different levels. Thus, the center frequency
center frequency predicted for the filter on the isotropic sulof the filter fabricated with anisotropic dielectrics turn out
strate with relative permittivity 13 is 2% below that predictedo be 4.5% below that of the filter fabricated with isotropic
for the filter on anisotropic Epsilam-10, the center frequendlielectrics.
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IV. CONCLUSIONS

(8]

A numerical algorithm has been developed for the full-wave
analysis of two-port shielded microstrip circuits embedded in [9] J. Martel, R. R. Boix, and M. Horno, “Static analysis of microstrip dis-
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{10]
tions of the circuits by delta-gap voltage generators, and the
matrix pencil technique is subsequently applied for deembed[ll]
ding the scattering parameters from the computed current den-
sities. Results obtained for microstrip discontinuities and mi-
crostrip filters fabricated on anisotropic dielectrics show thaf o
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 fabricategb]
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 ap 4
isotropic dielectric with the permittivity of the anisotropic di-
electric in the direction parallel to the air—dielectric interface,[15]
and sometimes closer to the response obtained for that circuit
when it is fabricated on an isotropic dielectric with the permit-[16]
tivity of the anisotropic dielectric in the direction perpendicular
to the air—dielectric interface.
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