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Eq. (5)-8) 0.1320 0.0433 5.703 2.788
MoL 125 40 0.1338 0.0307 6.082 1.808
Eq. (5)-(8) 0.1320 0.0308 6.143 1.867
MoL 12.5 80 0.1339 0.0156 6.693 0.880
Eq. (5)-(8) 0.1320 0.0146 6.820 0.849
MoL 37.5 138 0.0835 0.0069 11.07 0.990 . .
Eq. (5)-(8) 0.0838  |0.0061 1113 0.872 Comparison Between Theoretical and Measured

Microstrip Gap Parameters Involving
Anisotropic Substrates
VII. CONCLUSION AND PHYSICAL IMPLEMENTATION
We have shown that the proposed method using the simplified Jedis Martel, Francisco Medina, Rafael R. Boix,

parameter dependence of the inverted capacitance coefficient matrix and Manuel Horno

to generate capacitance values is applicable to very general con-

figurations of parallel lines. Shielding effects from inserted lines _ _ _
and proximity effects on ground capacitance are taken care of ayAbstract—In this paper, experimental results are presented for mi-

. . . .crostrip symmetrical-gap discontinuities. The experimental technique
tomatically. The assumptions do not necessarily hold for overlappi based on the measurement of the resonant frequencies of several

microstrip lines, i.e., when the ground plane is shielded. gap-coupled rectangular microstrip resonators. In particular, gap dis-
For an IC process with a semiisolating substrate, both accuratetinuities on anisotropic dielectric and two-layer composite substrates

numerical and experimental determination of parametrized look-fipve been investigated. Reasonably good agreement has been found in

; ; ; ; st cases between theoretical data [obtained by means of the excess
tables is a straightforward task. Test structures with two coupled Ilngrl%rge technique in the spectral domain (EC-SDA)] and experimental

of standard width{1¥";) and covering a range of distanags; ) could  gata even though the theoretical results have been obtained by using a
be experimentally characterized in a network analyzer at frequencig@si-static approach.
IQW enough to ensure pure capacitive behavior, but high enough t(?ndex Terms—Anisotropic media, microstrip discontinuities, microwave
yield accurate results (usually 50-500 MHz). measurements.

When the bulk substrate is resistive, as with Si, things get more
complicated. Inductance is calculated with line distance to ground
equal to the full chip thickness as long as skin depth in the bulk is I. INTRODUCTION

much greater than bulk thickness, i.e., for frequencies below a valuerhe correct characterization of the microstrip gap effect is essential
proportional to bulk resistivity divided by bulk thickness squaregbr accurately predicting the frequency response of filters based on
(about 6 GHz for 1-mm-thick 10*-cm Si). For most practical cases,end-to-end coupled rectangular resonators [1]. In a former paper,
the frequency is low enough. Capacitance consists of a series confgg-authors used the excess charge technique in the spectral domain
tion of an oxide layer and a lossy bulk. Below the frequency, whe{gC-SDA) in order to obtain numerical results for the equivalent
wzzo equalss, the bulk capacitor tends to be short circuited. Aboveijrcuit parameters of some microstrip gap discontinuities [2]. This
that frequency, the displacement current dominates the space dq@éhnique is electrostatic in nature, but it has been reported that the
to ground; in between there is a lossy region. Fort20m Si, this equivalent-circuit parameters of microstrip gap discontinuities show a
dividing frequency is 15 GHz, but for 106@cm itis 150 MHz. Thus, very slight variation with frequency [3]. In this paper, the quasi-static
a 1042-cm Si process may safely be characterized at 50-500 Mifgsults obtained with the technique presented in [2] are compared
and yields values typical for the oxide layer. A 1006m Si  with measured results. In particular, emphasis is placed on testing

process intended for applications at gigahertz frequencies will woglap discontinuities printed on anisotropic substrates and composite
with lower capacitance to ground corresponding to the full substra{go-layer substrates.

thiCkneSS, and characterization should be made at 500-1000 MHz. In this paper, a resonance technique is used for measuring the

equivalent lengths of symmetric microstrip gaps. This type of ex-
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circuits in which the discontinuities under test are embedded. One A

advantage of our experimental procedure is that it makes it possible to _ 1
remove some of the error sources related to uncertainties in physice[la) ) = E I

dimensions. This is achieved by using the same physical circuit for 1 ; 1

the two resonant systems involved in the measurement of the gaps’
equivalent lengths.

Il. EXPERIMENTAL SETUP AND PROCEDURE ) §
The experimental techniqgue we have employed is a modified
version of the resonance method proposed by Geptal. in [5].
The basic resonant structure is shown in Fig. 1(a). It consists of
g’;g iga[;gehtn:sztsir:gslath::gn;t,?)rsrecsounp;gr;h:r);gfz dthgyst)\/gémse '8 1. (a) Basic measurement block. (b) Circuit representation of (a).
microstrip lines coupled through two identical asymmetric gaps. The
5042 lines are connected to the coaxial ports of an HP-8510-B ANA. Note that (3) and (4) are a couple of equations ,mrg(") and
The equivalent circuit associated to the structure in Flg 1(a) is shom;(") where the errors arising from uncertainties in the measure-
in Fig. 1(b). ment of ! have been removed, which is because the two resonant
The circuit in Fig. 1(b) will present both even and odd resonancegnfigurations involved in the measurements hatrietly the same
In the even (odd) resonances, the symmetry pldn€ [Fig. 1(@)] value of .
behaves as a magnetic (electric) wall. lebe the actual physical  According to (3) and (4) the key step in the experimental deter-
length of the resonators. LéIlP(") (Al“(" ) be the equivalent length mlnatlon of AI™ — AL and AI5™) is the measurement g™,
of the feeding gap andklf(") (Al?(”)) the equivalent length of £{™, and ff"). These frequencies can be measured to a very high
the symmetric gap to be measured at ttte even (odd) resonant precision (around 0.005% error) by using the HP-8510-B ANA. In
frequencyfﬁ”) (fﬁ")). Thus, the total equivalent length of eachthis paper, the measurements were carried out 40 times at different

resonator at that frequend)?(") @™y is moments and with different calibrations in order to account for
random experimental errors [8] (see error bars in the experimental
v ) v ; : : 2)  (n)
l:(n) _ Alzf(n) +I+Allq(n) _ izeo (U re(gg)lts presented in the following sec}:g)n) On{%%), fo ea(\n)ol
: ‘ are known, the determination iy Al and Al

L(n )’
fi V|a (3) and (4) requires the experimental evaluatiorriél?. In this

) o (n) / o(n)y - paper 1) was obtained by fitting our measured data f6t’, 7™,
where c is the speed of light in vacuum and;"’ (¢;™) is the andf'*™) with numerical data extracted from the computer-simulated
effective dielectric constant of tr(]f) resop)ant transmision-line sectioRgponse of the circuit of Fig. 1(b). In order to generate these latter
of Fig. 1(b) at the frequencyfe™” (fo"). Since dispersion for n,merical results, the characteristic impedance of the microstrip lines
microstrip lines is weak, the small difference betwg@ and £ Fig. 1(a) was computed by using a full-wave spectral-domain
makes it possible to assume thaf" = =7 = [} In addition, analysis (SDA) [9] and the gap capacitances were computed by means

since the field configuration around the feeding gaps is almost thethe quasi-static numerical technique reported in [2].
same in bothth even and odd resonances, we can also assume that

Al = Al = Al

By filling the nonmetallized symmetrical-gap area in Fig. 1(a) with [ll. EXPERIMENTAL RESULTS
conducting ink, it is possible to obtain a second measurement blockn this section, the experimental results obtained for the equivalent
consisting of a single straight resonator of physical lergth 2/+s.  |engths of several microstrip gap discontinuities are presented and
Let f(Z") be the2nth resonant frequency of this resonator. The totaJompared to quasi-static results computed by the EC-SDA [2].

equivalent length at this frequency is given by When the EC-SDA is applied to the analysis of microstrip gap
discontinuities, the parameters that are obtained are the capacitances
lf‘ﬁ“) — 945+ ZAIJf(Q“) - ne @) Cug and‘Cm of Fig. 1(b) [2]. The computation OAIZ(") — AIZ(”)
e L(Zfl)f(m) andA75"™ in terms ofC,, andC,,, can be carried out in two different

ways. The first possibility is to use quasi-static models to characterize
both the gap discontinuities [2] and the microstrip lines involved in

; will be roughly twice the value of; ™ or those discontinuities [10]. In this case, we simply have
, the2nth resonant frequency of the new resona‘tﬁf will be

close tof(,") and fﬁ'l) and, therefore, we can assume that effective

Since the value of*™)

o(n

. . . . S Aem _ Aze(m) :20'”‘9
dielectric constant and feeding-gap equwalent length appearing in g ‘g >
(2) coincide with those appearing in (1), |ec,t en) = ”if) and va

®)

AZL(Z") Al (") Bearing in mind this latter assumption from (1) NP( )=

and (2), we can derive the following expressions: !

where(C't° is the capacitance per unit length of the microstrip lines

AP _ A — € 11 @) [10]. Note that (5) implies that\3™ and AI5™ are frequency
g g 9\/T gl independent, which is only an approximation. The second possible
TV e way to obtainAZ5™ — A75™ and AI5™ in terms ofC., andC,,
AF 8 n ne 11 @ is to employ_a hybrid mod_el in w_hic_h' static-analysis EC-SDA _is usgd
9T 9 9\/71) fé") ff") to characterize the gap discontinuities, but full-wave analysis [9] is
SV et used to characterize the microstrip lines. When we use this hybrid
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Fig. 3. Theoretical and experimental valuesf, ™ — A15™) andAr5(™

. . . A(2) A ge(2) NS for two microstrip gaps on two-layer E-10/PTFE woven glass substrate
Fig. 2. Theoretical and experimental values'ofy" ™’ — Al,*™" andAly %@% =13,c] = 10.2,¢2 = 2.53) as a function of the order of the resonance

for microstrip gaps on E-10 substrate as a function of gap spacing. Theoreti . PR —
values have been calculated by considering E-10 both as isotropic dielec i and of the gap spacir(g). Geometry%; = 0.635 mm, 3 = 0.135 mm,

; . . . . ; o= 1.23 mm, ! = 15 mm, s; = 0.3 mm. The resonance frequency bands
material (dashed lines) and as an anisotropic dielectric material (solid IlneSS;. 9.12-9.55 GHz fon = 2, 13.3-14.2 GHz fom = 3, and 17.4-18.3

The measured resonance frequencies are in the band 6.72-6.93 GHz. Ge S or . = 4
try: h = 0.635 mm, wg = 0.61mm, w; = 1.38 mm, ! = 15 mm, s; = 0.2 "=
mm.

discontinuities printed on a double-layer substrate: the upper layer
model in Fig. 1(a), theoretical values 6f", ™, andff”) can be is polytetrafluorethylene (PTFE) woven glass material and the lower
computed and then introduced into (3) and (4) to obtain the theoretié&yer is E-10. Note that the agreement between theoretical and exper-
values of 15 — AIE™) and AIL™ that will be checked against iImental results is good (worst cases correspond to differences ranging

the experimiental values. between 10%-15%). It should be pointed out that in the frequency

In Fig. 2 we plot theoretical (static model) and experimental valué8Nge swept in Fig. 3 (roughly 9-18 GHz) the equivalent lengths
of Alg(Z) _ Alf,@) and Al;(z) for four different microstrip gap of the gaps ana!yzed p_resent a V\_/eak frgq_uency deper_1dence and,
discontinuities. The discontinuities are printed on E-10 substrate. THgrefore, theoretical static and hybrid predictions do not differ much.
nominal relative dielectric constant provided by manufacturer for this
material iss. = 10.2. However, E-10 has been reported to present IV. CONCLUSION
dielectric anisotropy [11]. Apparently, E-10 behaves as an uniaxial|y this paper, the authors have presented an experimental tech-
anisotropic dielectric material having different dielectric constants Fﬂque for the measurement of the equivalent lengths of microstrip
the directions perpendiculde, = 10.2) and parallel(s, = 13.0)  symmetrical-gap discontinuities. The experimental technique is based
to the metallic surfaces. We have made theoretical estimations $f the measurement of the resonant frequencies of two microstrip
the equivalent lengths of the gaps analyzed in Fig. 2 by assumiRgonator configurations, and it is designed in such a way that
that the substrate is isotropic as well as anisotropic. Both theoretigalnakes it possible to remove inaccuracies due to uncertainties
predictions have been included in the figure in order to compage the measurement of the resonator lengths. Measurements of
with measured results. Notice that the influence of the anisotropy fficrostrip gaps on anisotropic and double-layered substrates have
the theoretical results foaZ,®’ seems to be very small. This factbeen carried out. The experimental results have been compared with
can be easily explained if we consider that;'> is related to the theoretical predictions based on EC-SDA, and agreement has been
capacitance’,,; [see (5)]. Since this capacitance mainly accounts fdound to be satisfactory. In particular, it has been shown that the
y-directed fringing electric fields, its value will essentially dependffect of substrate dielectric anisotropy should not be neglected in
on g,, which has been taken to be the same in both the isotromiharacterizing microstrip gap discontinuities.
and the anisotropic models of E-10. On the contrary, there are
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