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Fig. 4. Effective dielectric constant versus frequency for different dielec-
tric substrates. Solid lines show results obtained with SDA, whereas aster-
isks are Yamashita’s results [2].

narrow strips the number of spectral terms necessary to obtain an
accuracy of 0.1% in both e and Z,, is of the order of at least 250
terms for the effective dielectric constant and 350 terms for the
characteristic impedance. On the contrary, for wider strips the
number of only 150 spectral terms ensures the same order of ac-
curacy (0.1%) for both e.; and Z,. Now, it is worth noting the
behavior of the solution for €4, which is obtained using the set
numbered 1 in Table 1. In the case of wide strips it converges to a
value that deviates from the reference one by about 0.3%. This
behavior states the fact that even at the lower frequencies of the
millimeter-wave band the zero order approximation leads to an er-
ror in the computation of e.; when wider strips are considered.

Finally, in order to evaluate the accuracy of our analysis and the
proper functioning of the computing program, a comparison is made
between our results and those found by Yamashita [2] for frequen-
cies up to 30 GHz. It is assumed that the suspended substrate mi-
crostrip line is placed in a shielding with outer dimensions 4 = 20
mm and B = 10 mm. The strip width is 2 mm, and the dielectric
substrate has a thickness of 1 mm. Three different dielectric sub-
strates are considered, that is, three different dielectric constants:
€, = 2.55, ¢, = 9.35 and ¢, = 20, respectively. The results, as
shown in Fig. 4, are obtained using the set of basis functions num-
ber 4 in Table I with 350 spectral terms. In the same figure the
results obtained by Yamashita [2], who employed the method of
non-uniform discretization of integral equations, are also shown.
Clearly, a good agreement exists between our results and those
reported by Yamashita.

1V. ConcLusioN

The comparison of various basis functions that can be used in
the study of the shielded suspended substrate microstrip lines, and
the convergence behavior of their solutions have shown that the
longitudinal current component on the strip is essential for an ac-
curate analysis of these lines, especially in the millimeter-wave
region. It is concluded that the set of basis functions number 4 in
Table I should be used in order to obtain fast and accurate results.

However, the sets 3 and 5 may be also used if less accuracy is
acceptable.
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18-42 GHz Experimental Verification of Microstrip
Coupler and Open End Capacitance Models

Andrew J. Slobodnik, Jr., Richard T. Webster, and
George A. Roberts

Abstract—A cavity resonance technique is used to experimentally
verify microstrip coupler and open end capacitance models over the
frequency range 18-42 GHz. In addition, these results are confirmed
using an alternative version of the technique which directly determines
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open end discontinuity capacitance. In the second case knowledge of
substrate dielectric constant is not required and the method also yields
microstrip relative effective dielectric constant.

I. INTRODUCTION

The need for accurate microstrip discontinuity models for the
design of monolithic microwave and millimeter wave integrated
circuits has motivated considerable work in this area [1]-[8]. Much
of this effort has been theoretical in nature. The objective of the
present paper is to experimentally verify the model for microstrip
open end [9], [10] fringing capacitance over the frequency range
18-42 GHz. This paper therefore complements the lower frequency
(8-12 GHz) work of Uwano [11]. Since a microstrip coupler [12],

[13] is used as part of the measurement technique, verification of

this model is also obtained.

II. CaviTy TECHNIQUE

Precise measurement of microstrip discontinuities is difficult. To
determine what is typically a 2% effect to within 20% accuracy
requires an overall precision of 0.4 %. Since frequency can be very
accurately measured, a.cavity resonance technique [11], [14], [15]
provides a good approach. Therefore a number of cavities of the
type illustrated in Fig. 1 were constructed. Resonance character-
istics were measured using a calibrated automatic network analyzer
and curve fitting to the data was performed to obtain f,, to within
0.005% . These experimental resonant frequencies were compared
to the predictions of Touchstone® [16] using their models for mi-
crostrip, parallel coupled lines and open end capacitance. Results
for ( fnod — fexp) /finod = AS/finoa using both impedance dispersion
options [17], [18] are shown in Fig. 2. Agreement between theory
and experiment is good thus confirming the models to within the
level of uncertainty. The measure of uncertainty illustrated in Fig.
288 AL faod = B (AFLD)Y2/froa. The four major sources
of error are included: accuracy of dispersion in the relative effec-
tive dielectric constant used for the microstrip model [19], accu-
racy of the odd- and even-mode effective dielectric constants used
for the coupler model [13], uncertainty in substrate ¢, [14], [20],
and accuracy of cavity length as measured by laser interferometer.
To illustrate the influence of open end capacitance on the resonant
frequencies, the Touchstone® (Getsinger) results of Fig. 2 are re-
peated in Fig. 3 which also includes results for the model with
fringing capacitance set to zero. Clearly open end discontinuity
capacitance is a measurable effect. Average dimensions corre-
sponding to Figs. 2 and 3 are line width W = 0.218 mm, coupler
gap § = 0.313 mm, coupler length /. = 1.394 mm for f, < 30
GHz and 0.784 mm for f, > 30 GHz. Overall cavity length, /y

+ I, + lLug, is varied to achieve the different center frequencies. -

Quantities are defined in Fig: 4(a) and (b). Alumina substrate av-
erage thickness is 0.272 mm with a cover height of 1.524 mm.
Nominal metallization is 4.1 pm gold.

III. - MuLTtIPLE CAVITY TECHNIQUE

The previous analysis used a dielectric constant value of ¢, =
9.9 which is within the accepted range [14], [20] for 99.6% alu-
mina. The good agreement between theory and experiment indi-
cates that this ¢, value is reasonable for the particular substrates
used. However, an alternative version of the cavity resonance tech-
nique which does not depend on prior knowledge of ¢, would be
useful to confirm the previous results. Such a technique was de-
vised and is described below.

For the simple cavity shown in Fig. 4(a) there are three primary

Fig. 1. Photograph of typical open end cavity in test package. Cavity itself
consists of two outer sections of microstrip plus an inner section of mi-
crostrip coupled lines.
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Fig. 2. Comparison of open end cavity resonant frequency theory and ex-
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stone® using indicated impedance dispersion option. Uncertainity interval,
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Fig. 3. Comparison of open end cavity resonant frequency theory and ex-
periment using the quantity (fros = fexp)/finoa- fmoa cOmputed by Touch-
stone® (Getsinger) both with and without open end fringing capacitance.

quantities that determine the frequency. These are the sought after
open end capacitance, Cp, the relative effective dielectric constant,
e%ﬁ( £), and the length, I. The effect of the loosely coupled feed
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Fig. 4. (a) Schematic representation of simple microstrip cavity. (b) Cav-
ity with coupler as used throughout this paper. (c) Transmission line equiv-
alent circuit of cavity with coupler.

line shown in Fig. 4(b) can be represented by using a different
relative effective dielectric constant, €7z(f,), in this region. The
transmission line equivalent circuit is shown in Fig. 4(c).

The main feature of the alternative technique is that multiple
cavities at slightly different frequencies f, are used. Relative dis-
persion between these frequencies, although in essence a second
order effect, must be accounted for. While dispersion correction to
the average frequency f; could be accomplished experimentally
[21], theory [15], [19], [22], [23] was used according to (7) since
the relative correction is less demanding of the theory than a re-
quirement for an absolute value. In similar manner, impedance (a
second order effect with respect to resonant frequency) was taken
directly from theory [17], Ziyc = Z¥ 2. e,eﬁ( f) and e,eff( 1o
become unknowns along with Cg. In addition, it was found that
improved solutions could be obtained by using four cavities, two
open and two shorted. This introduces a fourth unknown, via in-
ductance to ground, and results in four transmission line resonance
equations (1) to be solved numerically for the unknowns. These
resonance equations represent the condition for natural oscillation
[24] in a transmission line system. That is, the sum of reactances
looking to the left and to the right at any reference plane must equal
zero. Our particular reference plane is shown in Fig. 4(c).
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Fig. 5. Results of statistical analysis of 13 cavities with capacitance in pF.
Resonant frequencies were in the range 18.24-22.73 GHz. Theoretical val-
ues are from Kirschning, Jansen, and Koster [9], [19].
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IV. ANALYSIS

Results from thirteen (18.24-22.73 GHz) cavities were analyzed
by solving for the four unknowns for 108 combinations of four
cavities. After elimination of eight obviously bad cases, the statis-
tical results for Cr and e%ﬁ are as shown in Fig. 5. The comparison
of theory and experiment also provided in Fig. 5 supports the ear-
lier conclusion of model accuracy.

In addition to values for Cg and e%ﬁ, 0.044 nH nominal induc-
tance to ground for an average 0.325 mm diameter via hole was
also determined. This inductance value can be used with the pre-
vious basic cavity technique as a final check for self consistency.
The results shown in Fig. 6 further confirm model correctness. Av-
erage dimensions corresponding to Fig. 6 are similar to those pro-
vided for Figs. 2 and 3.

V. SUMMARY

Microstrip, coupler and open end capacitance models used in
Touchstone® have been checked experimentally over the frequency
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range 18-42 GHz. Center frequencies of open end cavities using
0.218 mm wide lines on 0.272 mm thick alumina can be predicted
to within 0.45%. In addition, a four cavity technique for measuring
open end discontinuity capacitance and e%ﬁc( f) has been de-
scribed.
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Scattering at an Offset Circular Hole in a
Rectangular Waveguide

C. Sabatier

Abstract—A solution is given for the problem of scattering at an off-
set circular to rectangular junction and at a thick diaphragm, with an
offset circular aperture, in a rectangular waveguide. The method used,
is mode matching for computing one discontinuity. The difficulty aris-
ing from the fact that the eigenmodes of the two waveguides are known
in different coordinate systems is overcome by simple transformation
for the evaluation of overlap integral between the eigenmodes of each
waveguide. Experimental results validate this method.

INTRODUCTION

Waveguide diaphragms with circular apertures are frequently
used as matching elements in microwave circuits (cavity filters,
waveguide to cavity coupling, etc). While centered holes have been
investigated by many authors [1]-[3], the case of offset holes has
not been addressed to our knowledge.

The discontinuity, presented Fig. 1, is investigated with the
method of field expansion into eigenmodes [4], where the three
types of overlap integrals are Vhh (TE modes in the two wave-
guides), Vee (TM modes in the two waveguides), Veh (TE modes
in the first waveguide, TM modes in the second). The fourth over-
lap integral between TM modes in the first waveguide and TE
modes in the second is zero [5].

The field expansion is performed on all TE and TM modes in the
two waveguides because there is no symmetry in this problem.

ANALYSIS

Since the common section between the two waveguides is cir-
cular (b = 2R), the three overlap integrals have been computed in
the first coordinate system noted O, in polar units (r|, 6,). Thus,
all of the electric fields of the two waveguides must be written in
this system. In fact, we write all fields in Cartesian units (x;, y;)
and we take the Jacobian when we compute the different overlap
integrals. For this reason, all field expressions given below are
written in function of r, and 6, even in the Cartesian coordinate
system, This method was given in [3] for a centered hole.
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