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Fig. 6. Propagation of an asymmetric pulse for the example rnicrostrip line.

frequency components which travel faster and catch up with the

high frequency components in the rising edge.

V. CONCLUSION

Dispersion in a microstrip fine has been analyzed numerically.

The calculated output pulse shapes show how the pulses are

distorted in the time domain. These give ideas in what to expect

in picosecond electrical pulse generations. The approximate ana-

lytical formula shows the separation of the high and low frequency

components and is useful in a qualitative sense. Application of

this analysis to a pulse with practical parameters shows an

interesting sharpening effect of the dispersion.

REFEMNCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

W. J. Getsinger, “ Ivhcrostrip dispersion model,” IEEE Trans. MLcrouIa”e

Theory Tech,, vol. MTT-21, pp. 34-39, 1972.

E. J. Denlinger, “A frequency dependent solution for microstrip transmis-

sion lines,” IEEE Trans. M~crowaoe Theoiy Tech,, vol. MTT- 19, pp.
30-39.1971.
E Ya&ashita, A. Atsnki, and T, Ueda, “ASI approximate dispersion

formula of rnicrostrip lines for com~uter-mded desien of microwave in-

tegrated circuits,” IEEE Trans. Mlcr;wave Theoy Te;h., vol. MTT-27, pp.
1036-1038.1979.
R, L. Kaut’z, “Miniaturization of normal-state and superconducting strip-

lines,” J. Res. Nat. Bur Stand., vol. 84, no, 3, 1979.

D. H. Auston, P. LavAlard, N. Sol, and D. Kaplan, “An amorphous

silrcon photo detector for picosecond pulses,” App[, Phys. L,ett., vol. 36,

no. 1, Jan. 1, 1980.

F. J. Leonbeger and P. F. Moulton, “High-speed InP optoelectronic

switch,” Appl. Phy. L.&,, vol. 35, no. 9, Nov. 1, 1979.

D. H. Auston, A. M. Johnson, P. R. Smith, and J, C. Bean, “Picosecond

Optoelectronic detection, sampling, and correlation measurements in

amorphous semi-conductors; Appl. Phys. Lett., vol. 37, no. 4, Aug. 15,

1980.

The Equivalent Circuit of the Asymmetrical Series

Gap in Microstrip and Suspended Substrate Lhes

NORBERT H. L. KOSTER, MEMBER, IEEE, AND ROLF H.

JANSEN, MEMBER, IEEE

,Ostract —The microwave properties of the series gap in microstrip and

suspended substrate lines with unequal widths of the involved lines are

Mamrscrlpt received January 8, 1982; revised April 5, 1982,

The authors are with Duisburg Umversity, FB 9 ATE, Department of

Electrical Engineering, Bismarckstrabe 81, D 4100 Dmsburg, West Germany.

described by means of suitable equivalent circuit data. These data have

been computed using a rigorous tbree-dimensionaf spectraf domain hybrid-

mode approach developed by Jansmr for the numerical characterization of

the frequency-dependent scattering parameters of a wide class of strip and

slot discontinuities. The results presented extend considerably the range of

published gap data. In particular, they show that the stray-susceptances in

the equivalent pi-network of the asymmetric series gap exhibit an inductive

behavior for the case of tight coupling.

I. INTRODUCTION

Due to its importance for the end-to-end coupling of resona-

tors in stnpline and tnicrostnp measurement configurations and

filter structures, the strip series gap and its equivalent circuit have

been treated repeatedly in the microwave literature of the past

years (see, for example, references [1 ]-[ 11]). With the exception

of a few selected results recently presented by the authors of this

paper [12], the gap data available, however, have been derived by

quasi-static computational methods or by measurements and are

all restricted to the symmetric gap, i.e., the gap between the ends

of strips of equal width [13]. For this type of symmetric strip

discontinuity, it is commonly accepted that it can be modeled by

a purely capacitive equivalent pi-circuit, independent of the de-

gree of coupling, at least as long as the gap dimensions are small

compared to wavelength. Physically, this means that the effect of

the stray field at the ends of the coupled strips is dominant

compared to the inductive current density disturbance created

there, if strips of equaf width are considered.

The paper presented here directs attention to the asymmetric

series gap discontinuity which is shown to behave differently. The

equivalent circuit data given in this contribution have been

computed employing a rigorous three-dimensional spectral do-

main approach developed by Jansen [14] and recently proposed

by Jansen and Koster as a unified CAD basis for the frequency-

dependent characterization of MIC components [12]. The

numerical approach used reduces the solution of the gap hybrid-

mode problem to the satisfaction of electromagnetic boundaxy

conditions in a small region around the gap. All other boundary

conditions-for example, those on the exciting microstrip lines—

can be satisfied in advance in preliminary phases of the computa-

tion, as is described in detail in [14]. The two-dimensional in-

tegraf operator equation representing the boundary value prob-

lem is solved by Galerkin’s method [12], [ 14].

It should be noted explicitly that the results achieved by the

before-mentioned numerical approach are in terms of frequency-

dependent scattering parameters and do not rely on the assump-

tion of a special kind of equivalent circuit. Nevertheless, although

the information inherent in scattering parameters satisfies the

requirements of circuit design completely, there is a definite need

for equivalent circuit data since in design considerations the use

of these is much more convenient to microwave engineers. More-

over, suitably chosen equivalent circuits have the advantage that

they are tightly related to physical interpretation and, therefore,

numerically computed scattering parameters have been trans-

formed into equivalent pi-circuit elements in this paper. The

reference impedances used for the transformation, i.e., the char-

acteristic impedances of the involved strip transmission lines, are

also given for reasons of clarity and uniqueness. For the limiting

case of equal widths, the computer program used here has been

tested successfully by comparison with measurements and the

results provided by other authors (see [12]).
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II. RESULTS

The numericaf results reported have been generated on a

Control Data Cyber 76 computer which is installed at the Univer-

sity of Cologne computer center. Their accuracy, with respect to

converged values, is estimated to be in the order of magnitude of

2 percent, at least as far as the elements are concerned which

dominate the behavior of the respective equivalent circuit. How-

ever, it should be clear that accuracy is lost in the case of very

loose gap coupling for the coupling element and in the case of

small gap width for the stray element of the narrower line

encountered. The reported data all refer to the geometry of the

asymmetrical gap formed between the ends of strip transmission

lines on a two-layer substrate as depicted in Fig. 1. In the

microstrip case, the height h ~ at which the carrier sheet of

dielectric constant e, is thought to be suspended above the

bottom ground plane is reduced to h,= O.

Fig. l(a) shows the planar strip metalization pattern defining

the geometry of the asymmetrical series gap on the surface of the

substrate carrier sheet. The metalization is assumed to have zero

thickness and infinite conductivity. The configuration involves a

lateraf shielding of width s = max( WI, W2) + 10h, that can be

expected to have only a weak influence on the electrical proper-

ties of the gap two-port, the reference planes of which are located

at the ends of the strips of unequal widths. In Fig. 1(b), a

longitudinal-section view of the structure under consideration is

given. The dielectric constants ct and c ~ of the layers of media

below and above the substrate carrier sheet (c,) are assumed to

be c,= ~~ = 1. The distance of the top shielding at height k.

above the plane of metalization is set to have only negligible

influence, i.e., h” = 10h ~. If the case of suspended substrate lines

is considered, h,= h, prevails. Fig. l(c) shows the equivalent

pi-circuit associated with the described thin-film gap structure

and its embedding between the adjacent transmission lines.

It should be clear that the gap equivalent pi-circuit of Fig. l(c)

consisting of a gap capacitance Cg and the stray susceptances jB,l
and jB$2 is only a formal representation of the complex

frequency-dependent hybrid-mode electromagnetic field excited

in the surrounding of the end-to-end coupled lines. Therefore, the

gap equivalent circuit elements are frequency-dependent quanti-

ties.

However, it is well known that the equivalent circuit parame-

ters of the symmetric gap are only weakly dependent on the

operating frequency up to about 18 GHz on the common com-

mercially used substrates. From investigations made by Easter,

Gopinath, and Stephenson [8], it can be concluded that changes

with frequency in the gap equivalent length, similar to the open-

end effect, are comparable with measurement errors within the

range up to 18 GHz. Rizzoli and Lipparini [11] have determined

the frequency dependence of the equivalent capacitances of the

symmetfic microstrip gap explicitly by accurate resonance mea-

surements. Their results also show that gap capacitances indeed

exhibit only a weak variation with frequency up to 18 GHz.

Furthermore, the theoretical symmetric gap data given by Jansen

and Koster [12] in a previous paper also confirm the fact that the

change with frequency of the gap parameters is not very strong,

even if frequency dependent characteristic microstrip impedance

is taken into account in contrast to [11] where a static characteris-

tic impedance is used. Finally, all these results have again been

confirmed in principle by the computations made here for the

characterization of the asymmetrical series gap, even if the extent

of frequency dependence is, of course, a function of the specific

geometry considered. For this reason, the results presented have
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Fig. 1, (a) Planar strip metalization pattern, (b) Iongitudind-section view,

and (c) equivalent pi-circuit of the asymmetrical series gap.
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Fig. 2. Characteristic impedances used for the conversion of scattering

parameters into equivalent circuit elements (~= 4 GHz). A: c,= 10.4, h,, =

0.635 mm, hl=h$, w = 0.635 mm (see Fig. 3). B: e, = 10.4, h. = 0.635 mm,
h, = O., w, = 0.635 mm (see Fig. 4). C: c,= 2.35, h,= 0.635 mm, h, = O.,

WI = o.635 mm (see Fig. 5). D: ~, = 2.35, h, = 0.790 mm, h, = O., wl = 2.360
mm (see Fig. 6).

all been limited to a single operating frequency, namely ~= 4

GHz.

The characteristic impedances used for the conversion of

scattering parameters into equivalent circuit element values in

this paper are given in Fig. 2. They are generated in the gap

computer program as a by-product of the numerical algorithm

[14]. The definition of characteristic impedance employed is

based on the electromagnetic power transported along the consid-

ered strip transmission lines in conjunction with the associated

longitudinal strip current (see, for example, [15] and [16]). With

the knowledge of these impedances available, it is possible to

recalculate in a unique way the gap scattering parameters from
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Fig, 3. Equivalent pi-circuit elements of asymmetrical gaps in suspended substrate line at ~ = 4 GHz.

c, = 10.4, /Z$ =0.635 mm, k, = h., WI = 13.635 mm. (a) COupling capacitance. (b) Stray element on
side 1. (c) Stray element on side 2. —capacitive; --- inductive.

which the equivalent circuit data given here were derived.

Computed element values of the equivalent circuit of asymmet-

rical series gaps are given in Figs. 3–6 for several representative

cases which will be specified in detail below. In all of the

configurations investigated, the width w, of one of the strips is

kept constant at w, = h ~, respectively, w, = 3h ~, with h, denoting

the thickness of the substrate carrier, whereas the width Wz of the

other strip transmission line involved is varied between Wz/ w, =

0.1, and Wz/ WI = 10.0. Also, a wide range of gap spacings g is

considered and the value of g serves as a parameter of the curves

presented. In this way, the electrical data of the asymmetrical

series gap are provided as a function of the planar geometry. In

order to allow for an accurate reading of the graphs despite the

wide range of widths and spacings discussed, a double logarith-

although the numericalmic scale has been chosen. Nevertheless,

values associated with the cases examined in Figs. 3–6 are quite

different, the generrd tendency of the curves depicted there is the

same. Therefore, most of the characteristic features describing the

gap behavior can be discussed beginning with the suspended

substrate case of Fig. 3. Further insight into the gap behavior is

then provided by the subsequent discussion of Figs. 4–6.

In Fig. 3(a) the gap coupling capacitance Cg is graphically

displayed as a function of strip width Wz and gap spacing g for

the asymmetric series gap between suspended substrate lines on a

substrate of dielectric constant c,= 10.4 and thickness h,= 0.635

mm (RT-Duroid 6010). Starting from low values, the gap capaci-

tance Cg increases monotonically with increasing values of W2. In

the limit of large widths Wz, the function Cg( Wz) shows an
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asymptotic behavior
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and saturates at values which for the case

are in the order of magnitude of approxi-

mately 0.1 pF. Thip is understandable since the electric field

emerging from the end of strip 1, which has a constant width of

w], cm interact essentially only with that fraction of the strip
width W2 which is positioned in the direct neighborhood opposite

to the end of line 1. The concentration of theelectnc field to the

surrounding of the end of line 1 ispronounced for tight coupling,

i.e., small gap spaciqgs g. Therefore, if the value of g is small the

slope of the curves Cg( W2) has a maximum near W2\ w, =1.

For larger gap sp~cings g, this maximum is shifted to higher

values of W2 as a result of spreading of the end-to-end coupling

field. The saturation-like behavior of the curves is also present for

small widths W2 of the encountered strip 2. This is due to the

—

—

.

—

logarithmic scale and the fact that there is interaction even with a

strip of vanishing width W2. The reason for the increase of the

coupling capacitance with vanishing gap spacing g should be

obvious from quasi-static physical considerations. The numerical

value of Cg varies by about one order of magnitude, i.e., a factor

of 10, in the range of technologically and practically meaningful

gap spacings g.

In Fig. 3(b), the results computed for the stray element value

associated with the end of strip 1 of constant width w] (sus-

pended substrate lines on RT-Duroid 6010) are represented as a

function of the variables W2 and g.

The capacitive behavior of the stray susceptance assigned to

the end of strip 1 changes to an inductive one if the width of strip

2 increases more and more. The change-over to inductive values
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can be seen to occur for linewidth ratios slightly higher th~ element which can be assigned to the end of the other strip of

W2/ WI =1, in tie case of tight coupling and a~ I&her”values of

W2>if the gap spacing g is larger.
This justifies the interpretation that the asymmetric series gap

exhibits some characteristics of an impedance step at the same

time. Indeed, in the limit of vanishing gap spacings g and with

the impedance of the gap capacitance Cg ap~roaching a series

short circuit at microwave frequencies this is understandable and

should be expected. The asymmetry of the structures under

investigation is responsible for the interesting effect that the

current density disturbance created near the end of the narrow

strip involved may supersede the effect of the open-end electric

stray field, especially for tight coupling and a high degree of

asymmetry. The same is obvious from Fig. 3(c) for the stray

variable width W*, however: in a much less accented way. In both

cases, Fig. 3(b) and Fig. 3(c), the inductive element is present on

that side of the asymmetric gap which is characterized by the

smaller width of the two strips incorporated. This is in agreement

with the microwave behavior of impedance steps where the larger

inductive contribution can be associated with the line of smaller

strip width, too [13]. If coupling is loose, Fig. 3(b) and (c) are also

in agreement with physical understanding. Then, the stray capaci-

tance C,l of Fig. 3(b) saturates near the open-end value of strip 1.

Furthermore, the stray capacitance C,2 of strip 2 increases lin-

early with the strip width W2 as can be seen from Fig. 3(c).

Fig. 4(a)–(c) refers to the microstrip case and the same sub-

strate (RT-Duroid 6010, e, = 10.4, h, = 0.635 mm) as that prevail-
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Fig. 6. Equivalent pi-circuit elements of asymmetrical gaps in microstrip line at ~= 4 GHz.

c, = 2.35, h, = 0.790 mm, h, = O, w, = 2360 mm. (a) Couphng capacitance. (b) Stray element on

side 1. (c) Stray element on side 2.

ing for the suspended substrate configuration of Fig. 3. As a

consequence of higher concentration of the electric field in the

substrate below the microstrip lines considered, the resulting gap

series capacitances Cg of Fig. 4(a) have lower values compared to

their suspended substrate counterparts of equtif planar geometry.

For the same reason, the change-over of the stray element C,, to

inductive values L,l hardly becomes visible in Fig. 4(b) except for

a very high degree of asymmetry near W2/ w, = 10.0 and only for

the smallest va3ue of gap spacing g = O.15h~. For the lowest

degree of coupling considered, i.e., for g = 2h,, the stray capaci-

tance C,l associated with the end of strip 1 stays approximately

constant near its open-end effect value independent of the change

of width of strip 2. From the curvature of the function C,l ( W2)

with different values of g, it can be concluded that even for a

high asymmetry of widths the inductive effect of the respective

stray-field is over compensated by the capacitive end-effect un-

less the gap spacing reduces to g< 0.5h,. As can be seen from

Fig. 4(c) and the results of Fig. 3, the stray element representing

the field disturbance at the end of strip 2 itself can be modeled as

a capacitance of value C,z which increases nearly proportional to

the strip width Wz.

The effect of a lowering of the dielectric constant can be

extracted from Fig. 5(a)–(c) for the asymmetric series gap in

microstrip lines. This set of graphs provides results for a plastic

substrate of low dielectric constant, namely e, = 2.35, md a

thickness of h,= 0.635 mm. Since the tendency of the curves is

the same as for the configuration discussed in Fig. 4, a detailed

interpretation of the results is left to the interested reader. The

numericaf values of the gap and stray capacitances are, at least

for tight coupling, considerably lower than for the substrate of
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of high dielectric constant which has been discussed in Fig. 4.

Finally, for completeness, a somewhat different case is treated

in Fig. 6. The substrate again is of the plastic type with low

dielectric constant of t,= 2.35. The substrate thickness is now

h,= 0.79 mm. In contrast to the cases investigated before, the

width w, of strip 1 is kept constant at WI = 3h, which is equiva-

lent to a characteristic impedance of strip 1 of approximately 50

Q. With the width w, of strip 1 increased by a factor of 3

compared to Fig. 5, the gap capacitance Cg and the stray capaci-

tance C,l should be larger by about the same factor as is indeed

confirmed by inspection of the figures. The change-over of the

stray element C,, to inductive values does not occur in the range

of widths W2 examined in Fig. 6(b) due to the reduction of the

line inductance of line 1 with increased width, and as a result of

the larger line capacitance. Likewise, the pronounced capacitive

behavior of the structure is clearly visible from the relatively high

values of stray capacitance C,z in Fig. 6(c).

111. CONCLUSION

The elements of the equivalent pi-circuit of the asymmetrical

series gap in microstnp and suspended substrate lines have been

computed numerically for a wide range of geometries and two

representative substrate materials. The results show a behavior of

the asymmetric gap which is different from the case of equaf

widths of the involved strips and which is seen to tend towards

that of the impedance step if end-to-end coupling between the

strips is tight. Physical understanding, agreement with the results

of other authors for the case of equal widths, as well as the

asymptotic behavior and values of the computed equivalent cir-

cuit data confirm their validity. The information presented in

graphical form was not available up to now and is thought to be

useful for MIC design and measurement purposes.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[lo]

[11]

[12]

[13]

REFERENCES

J. K. Richards, “Gap spacing for narrow-bandwidth end-coupled sym-

metric striphne filter,” IEEE Trans. Mw-owaoe Theory Tech., vol. MTT-

16, pp 559-560, Aug. 1968.

M. Maeda, “An analysis of gap in mux’ostrip transmission hnes,” IEEE

Tram M/crowaoe Theo~ Tech., vol. MT1-20, pp. 390-396, June 1972.

A. Farrar and A. T Adams, “Matrix methods for mmostrip three-di-

mensional problems.” IEEE Trans. Microwutx Theoq Tech., vol. MTT

20, pp. 497-503, Aug. 1972

P Sdvester and P. Benedek, ‘“ Equwalent capacitances for mlcrostnp gaps

and steps,” IEEE Tran ~. M1crowvroe Theory Tech , vol. MT’T20, pp.

729–733. Nov 1972.

Y Rahmat-Samil er al., “A spectral domam analysis for solving mlcro-

strip discontinuity problems,” IEEE Tram Mm-owrzoe Theo~v Tech., vol.

MTT-22, pp 372-378, Apr. 1974.

E. Costamagna, “Some notes on a method of calculating gap capaci-

tances m mlcrostrip structures,” A ha Frequenza, vol. XLIII, no 6, pp.

362-364, June 1974,

B Easter. “The equivalent cmuit of some microstrlp discontmuihes,”

IEEE Trans. Mw-owa.e Theo~ Tech., vol. MTT-23, pp. 655-660, Aug.

1975.

B. Easter et al., “Theoretical and experimental methods for evaluating

dncontmmties m mlcrostnp,” Rcxho Electron. Eng,, vol. 48, no. I /2, pp

73-84. Jan. /Feb 1978

A Gopinath and C. Gupta, ‘$Capacitance parameters of dlscontmuitles

in microstriplines,” IEEE Trans. M1crowaoe Theory Tech,, vol MT1-26,

pp 83 1–836, Ott 1978

E Hammerstad, “Computer-aided design of mlcrostnp couplers with

accurate discontinuity models,” in Pmt. 1981 IEEE MTT..S Int, Micro.

wme $,mp. LXg. (Los Angeles), 1981, pp 54-56

V. Rizzoh and A Lipparnu, “A resonance method for the broad-band

characterization of general two-port mlcrostrip dlscontmultles,” IEEE

Tram. Mlcrowuoe Theo~ Tech., vol. MTT29, pp. 655-660, July 1981.

R H. Jansen and N, H. L. Koster, “A unified CAD basis for the

frequency dependent characterizahon of strip, slot, and coplanar MIC

components,” m Proc. 11th Europ. Mlcrowaoe Conf, (Amsterdam, The

Netherlands), 1981, pp. 682-687.

T. C. Edwards, Foundations for Mwrostnp Cm’urt Desrgn Chlchester,

[14]

[15]

[16]

England: Wiley, 1981, chs. 5 and 7

R. H. Jansen, “Hybrid-mode analysis of end effects of planar microwave

and millimetrewave transmission lines,” m Inst. Elec. Eng. Proc Pt. H.,

vol. 128. p. 77-86, 1981,

J B Knorr and A. Tufekcioglu, “Spectral-domain calculation of micro-

strip characteristic impedance,” IEEE Trans. Mlcrowaoe Theo~ Tech.,

vol. MT1-23, pp. 725-728, %@, 1975,

R. H. Jansen, “ Umfled user-oriented computation of shielded, covered,
,,. .

and open planar microwave and millimeter-wave trnnsnusslon-hne cha-

racteristics,” in Inst. Elec. Erzg. J. MOA, vol. 3, pp 14-22, 1979,

Evaluation of the Integrals Occurring in the Study of

Circular Microstrip Disk

KOHEI HONGO AND MASARU TAKAHASHI

Abstract — We have derived rigorous series expressions for the integrals

which appear in the study of a circular microstrip disk separated from the

grounded dielectric substrate when the problem is formulated by the

method of dual integral equation or using Kobayashi potentials. The

validity of the approximate expression of the integrals for small separation

is verified numerically.

I. INTRODUCTION

Recently, the electrostatic problem of a circular parallel plate

condenser filled with dielectric has been of interest again because

it has application as components of microstrip and antenna

circuits. Bokar and Yang [l] studied this problem using the dual

integral equation, and shortly later, Chew and Kong [2], starting

from a similar approach, have derived the limiting values of

capacitance as the separation approaches zero. The method of

dual integral equation is closely related with the method

of Kobayashi potentiaf [3] developed by Kobayashi and Nomura

[4]. The basic idea of these methods is to reduce the problem to a

set of linear equations, and the crucial point of the methods is to

calculate the matrix elements which are given by infinite in-

tegrals, including Bessel functions, as integrands. An analytical

calculation of these kinds of integrals was first carried out by

Nomura associated with a circular parallel capacitor located in an

empty space [5]. But it is found that his result was incomplete,

although his approach is very general. Recently, Chew and Kong

[2] met with similar integrals which give matrix elements and

tried to derive approximate solutions using much mathematical

manipulation. However, their calculation was restricted to the

first two terms of the power series expansion of the integrals.

The purpose of this article is to show that the infinite integrals

can be calculated analytically through a rather straight-forward

manner, which are valid for both large separation and small

separation. When the separation is very small, approximate ex-
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