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The results of analyzing the railroad track as a lossy
waveguide illustrate the usefulness of the numerical method
developed. In addition, the proposal to use the track as a
waveguide was shown to warrant further investigation as a
viable alternative for collision avoidance or headway con-
trol in future rapid-transit systems.
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Aperture Coupling Between Microstrip and
Resonant Cavities

DAVID S. JAMES, MeEMBER, 1IEEE, GUY R. PAINCHAUD, MEMBER, IEEE, AND WOLFGANG J. R. HOEFER,
MEMBER, IEEE ‘ :

Abstract—This paper presents a simple analysis for the coupling
between microstrip and a cavity through an aperture located in the
substrate ground plane. The analysis is based on Wheeler’s equivalent-
energy concept for small-hole coupling and an approximate parallel-plate
waveguide model for the microstrip. The theory appears adequate for
most design purposes, and has been used successfully in the design of
stabilizing cavities for experimental 12-GHz low-noise FET oscillators.

1. INTRODUCTION

HE PURPOSE of this paper is to present an analysis
and experimental data on the performance of a novel
microstrip-to-cavity transition, so that high Q cavities can
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be made compatible with existing MIC techniques. Previous
authors [1]-[5] have described empirically designed
microstrip and stripline-to-waveguide transitions; how-
ever, with the exception of [4], none of these papers describe
coupling to a resonant cavity.

The transition stundied is shown in Fig. 1. The ground
plane of the microstrip substrate forms one of the cavity
end plates. In particular, we have investigated coupling to
cylindrical cavities resonating in the TE,,, mode. Coupling
is by means of an aperture located in the ground plane at
the point of maximum radial H-field in the cavity. The
microstrip line terminates in an open circuit 31,/4 beyond
the aperture. This length of line maximizes the coupling
through the aperture [6]-[8]. This configuration is quite
practical, as the cavity can be machined into the substrate
holder.

Unfilled cavities can readily yield values of unloaded
0(Q,) of at least 25 000. This value is much greater than
that of both planar resonators (@, < 500) [9] and “open”
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/— MICROSTRIP & SUBSTRATE

Fig. 1. Coupling arrangement between microstrip and a TE,,, cavity.
Coupling is by means of an aperture of diameter d located in the
substrate ground plane.

dielectric resonators (Q, < 5000) [10] used in current
MIC designs. Furthermore, the coupling coefficient is
casily calculated for our coupling arrangement; this is not
so in the case of an open dielectric resonator coupled to a
microstrip line [ 10]. Suitable choice of a temperature-stable
cavity material [7], [8] can simultaneously provide long-
term frequency stability unattainable from other forms of
resonators used for MIC’s.

The technique has been successfully applied to the design
of stabilizing cavities for experimental low-noise 12-GHz
FET oscillators. [7], [8].

II. ANALYSIS OF THE TRANSITION

A rigorous analysis of the transition shown in Fig. 1 is
quite formidable, as the microstrip is an inhomogeneous
structure, and no closed-form solution is available. Since
in most applications cavities are undercritically coupled to
conserve a high Q factor, Wheeler’s equivalent energy con-
cept [11] for calculating the coupling through small aper-
tures is employed. The assumption is made that the field
is uniform over the aperture. The analysis yields a simple
expression which we have experimentally verified and
found useful for design purposes.

Wheeler has shown that the coupling between a wave-
guide and a resonant cavity can be evaluated by considering
two symmetrical coupling problems. a) The coupling be-
tween two waveguides due to a small aperture of normalized
reactance x in a common wall. In our case, the waveguides
consist of two microstrip lines, each terminated at one end
by an open-circuit stub an odd number of quartet-wave-
lengths from the aperture. b) The coupling between two
identical cavities by the same aperture, characterized by a
coupling factor k.

The loading power factor p is then given as [11]

1

p= = kx,  witherror 0(p). ¢))

ext
In the following text, Q.,, is calculated by employing the
equivalent-energy concept and a simplified parallel-plate
waveguide model for the microstrip. The ground plane is
assumed to have negligible thickness.

A. Aperture Coupling Between Two Identical TE,, Cavities

The cavity used is cylindrical, with a radius R and length
L resonating in a TE,,, mode at frequency f, (see Fig. 1).
The TE,;, modes are used, as they yield the highest Q for a
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given volume [12], and good electrical contact is not neces-
sary between the cavity walls and end plates.

As the E-field is zero everywhere near the cavity walls for
the TE,,, modes, only magnetic coupling can be used. The
coupling factor k,, for such coupling between two identical
resonant cavities is [11]

Here V,,. is the effective volume of the coupling aperture as
defined by Wheeler and V,, is the effective volume of the
cavity. The effective volume is that volume which, when
uniformly filled with the field existing at the position of the
aperture, stores the same amount of energy as the actual
cavity.

The cavity effective volume then satisfies the following
relation:

uH2V, = I f H? dv.. 3
cavity

The quantity H, is the field that is tangential to the cavity
wall at the location of, butin the absence of, the aperture. The
location of the aperture (distant S from center in Fig. 1) is
chosen to coincide with the position of maximum radial
H-field. This choice gives the strongest coupling for a given
aperture. From [12], the tangential H-field at the ends of
the cavity for the TE,;, modes is

k
H, = — =2 Jy(kyr) “
ko
where ko2 = w?ue, ky = ry4/R, k3 = nrn/L, and r,; is the
first root of J;(&) = 0.
The value of § satisfies the following:

0 (—ks )
——=Jkyr
2 (G2
Thence S = 0.481R and the value of H, is found by sub-
stituting r = S into (4).

Taking the expressions for H from [12], the effective
volume is obtained using (3):

= 0. ®

r=S§

2
% [Jote R)T?

V — jcavity H2 dV —
" H}? [—k3

0

(6)

Jl(le)]2 .

For a circular aperture of diameter d, the value of V,, is

[11]
Ve = %ds Y

The value of k,, is obtained from (2), (6), and (7):
[ niks)]
k

0

”"2" [Jolki BT

®

B. Aperture Coupling Between Two Identical Microstrips

An expression will here be derived for the normalized
reactance x of a small aperture coupling two microstrips
together that share a common ground plane, as shown in
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Fig. 2. (a) Aperture coupling between two identical microstrips.
(b) Aperture coupling between two identical parallel-plate waveguides
with magnetic side walls.
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(a) Cross section of a microstrip transmission line. (b) Equiv-
alent parallel-plate waveguide with magnetic side walls.

Fig. 3.

Fig. 2(a). For this purpose, the microstrip coupling con-
figuration of Fig. 2(a) is modeled by that shown in Fig. 2(b),
which illustrates the coupling between two parallel-plate
guides due to an aperture in a common wall.

The equivalence between microstrip and a parallel-plate
waveguide with magnetic side walls was used for discon-
tinuity calculations by Leighton and Milnes [13], based on
earlier work by Oliner [14] for stripline. As shown in Fig. 3,
the parallel-plate guide is assumed to be uniformly filled
with dielectric of relative value ¢.; this value includes the
effect of dispersion. The width W’ and guide wavelength A
of the parallel-plate guide are

)

h 7

w=—_1 (9)
Zy \/seff

A ——}—9:_ (10)

g =3
\/ Eefr

where 4, is the free-space wavelength and n, = 377 Q.
The field components for the TEM mode in the parallel-
plate waveguide model are

Ho .27
E, = ( _) H, exp (]—z)
’ \/Seff A

H, exp (ji—nz).

g

(1D

H, (12

The normalized reactance of a small aperture is given in
terms of the transmission coeflicient 7' [15] as

T
x ==

3 (13)
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From [15], the transmission coefficient T through an aper-
ture as shown in Fig. 2(b) is
= 2 (M\HoH, + MyHouH, + PEyE) (14)
So,

where the variables are as defined in [15].

In our particular case [Fig. 2(b)], the last two terms of
(14) are equal to zero, and Hy,H, = 2H,2. For the circular
aperture used here the value of M, is well known [15]:

M, = 1, (15)
Also, the normalizing factor S is found to be [15]
So = HOZhW,. (16)

Combining equations (13)-(16), the value of the normalized
reactance is then found to be

nd3
3W'hA,
C. Aperture Coupling Between Microstrip and a TE,,, Cavity

amn

The external Q of the cavity due to the loading of the
microstrip is finally obtained from (1), (8)-(10), and (17) as
(MKS units)
fOLBDZhZ

oxt = 5.423 x 1076 L7 7 | 18
Q t nzzOGeff d6 ( )
The coupling coefficient is then given as
B = &_, (19)
Qext

The approximation that the H-field is constant over the
aperture deteriorates as the e, of the substrate increases and
Ay decreases. To account for this, a first-order correction
was applied to the expression for the external Q by using the
average value of the H-field over the aperture in the cal-
culation of (1). This normalized average value is

f cos (M z) dA
Havg — Yaperture /lg — 2_)'!1 J
H aperture area

nd
max nd"! (Tg)
(20)

The corrected value for Q.,, is obtained by dividing (18)
by a correction factor ¢. The latter is obtained from (20) as

_ (2J1<e>)2 _ dfoeu
g=\—), 0=
0 9.55 x 107

A similar correction factor could be applied for the trans-
verse variation in the H-field. However, the field variation
in this direction is not as rapid as that in the direction of
propagation and we believe that it is sufficient to include
a correction for the first case only. From ground-plane
current-density distributions obtained by finite-difference
computations [16], we estimate the correction for the
H-field variation in the x-direction is less than 10 percent,
even for the largest anticipated apertures.

In a practical design problem, the microstrip parameters
would normally be chosen first. The aperture diameter
required to yield a particular f would then be determined
from (18) and (19). It should be noted, however, that for

@D
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TABLE 1
PARAMETERS FOR S-BAND MICROSTRIP-COUPLING CIRCUITS ON OVERSIZED REXOLITE AND STYCAST SUBSTRATES
Substrate €, off Z‘j Q) W(in) h(in) S(in)
Rexolite 2.6 2.27 50 0.541 0.200 1.354
Stycast 10.0 9.45 23 0.626 0.200 1.354

relatively high values of Z,, (18) can lead to values for the
aperture diameter d much greater than the microstrip line-
width W. If this occurs, a wider line (lower Z,) should then
be chosen. It is often convenient to use other shapes of
aperture. For example, compared to a circular aperture of
diameter d, a rectangular one of length d/2 and width d
yields a coupling coefficient only 11 percent less for small
apertures [11]. The corresponding correction factor g is
now (sin 0/8)2 for large apertures.

I11. EXPERIMENTAL VERIFICATION OF THE TRANSITION

The expression for the external Q derived in the previous
section was experimentally verified using a transmission
cavity. The measurements were made at S-band in order to
reduce the effects of dimensional tolerances.

A cavity was designed to resonate in the TE,;, mode at
3.333 GHz. The dimensions were obtained from [12] and
are D = 5.628 in and L = 5.517 in.

The cavity was machined from brass and silver plated.
An end plate was also made with a small coupling loop that
terminated into a 3-mm coaxial connector. The loop was
oriented to couple to the maximum H-field of the TEy,,
mode. The theoretical Q, of the plated cavity is approx-
imately 64 000. A lossy mode supressor in the form of a
gasket was machined from Synthane and served to effec-
tively suppress the companion TM,,, mode.

Two microstrip circuits were made, one on a Rexolite
(s, = 2.6) substrate and the other on Stycast (g, = 10.0).
At first it seemed desirable to make the characteristic im-
pedance Z; equal to 50 Q on both substrates; however, for
the Stycast substrate, this gives a linewidth that is smaller
than the aperture diameter at critical coupling (see Section
II-C). A lower Z, (wider line) was consequently used;
Z, = 23 Q was found convenient. The microstrip param-
eters were calculated with a computer program based on
Getsinger’s model [ 17] (which we have found accounts well
for dispersion) and are given in Table I. The physical length
of the 34,/4 stub includes a correction for the end-effect
[18]. Anomalous behavior can often be observed when the
stub is 4,/4 rather than 31 /4, 51,/4, etc. This is thought to
be due to the interaction between the stub end and the
coupling region, and leads to measured values for f§ lower
than expected. The Stycast substrate and S-band cavity are
shown in Fig. 4. The mode suppressor is located between
the bottom plate and the cavity walls.

A. Experimental Results

The cavity was measured under transmission ; this reduces
the effects of launcher discontinuities and simplifies the Q

Vi i i A R ¥ i : 5 i
Fig. 4. The S-band cavity with the Stycast substrate in place. The
3-mm connector for the output couplmg loop is mounted in the
bottom plate (not visible).

measurement. The aperture in the microstrip ground plane
formed the input coupling port and the small coupling loop
in the end plate was the output (detector) port. For measure-
ment convenience, the coupling loop in the end plate was
initially adjusted to make its coupling coefficient approx-
imately unity. The aperture diameter was then increased in
steps and the insertion loss and 3-dB bandwidth, Af, were
measured each time [19]. The results are given in Fig. 5 for
both substrates.

It can be seen from Fig. 5 that for small values of 8 (i.e.,
small aperture diameters), the insertion loss is more sensitive
to a change in f§; whereas, for values of § about critical
coupling or higher the bandwidth measurement is more
sensitive. The coupling coefficient can be measured quite
accurately over several decades using both sets of measure-
ments.

Fig. 6 compares theoretical and measured values for the
coupling coefficient . The experimental values were ob-
tained using the equivalent circuit and (27) and (28) pre-
sented in the Appendix. The theoretical curves represent
values of B obtained from expressions (18) and (19) with
and without the correction factor (21).

As a consequence of the simple cutting method used to
enlarge the aperture diameter, the circumference usually
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Fig. 5. Measured insertion loss and bandwidth Afas a function of the
normalized aperture diameter for coupling with Rexolite and
Stycast substrates.

had a ripple of a few mils. Error bars on Fig. 6 show the
change in § due to an estimated worst case peak-to-peak
error of 0.010-in in the aperture diameter.

At critical coupling, the aperture diameter is 0.191,
for the Rexolite substrate and 0.384, for the Stycast sub-
strate. This explains why the measured values of f for the
Stycast substrate seem to depart more from the simple the-
ory than do those for the Rexolite substrate for large
apertures.

We consider that the corrected expression is adequate for
most design purposes.

IV. APPLICATIONS

This section describes some further implementation of the
coupling structure at 12 GHz which has successfully been
incorporated in a stabilized FET oscillator.

A silver-plated cavity was designed to resonate at 12 GHz
in the TEy;, mode, and three different microstrip circuits
were fabricated to fit on top of the cavity. The physical
arrangement is depicted in Fig. 7.

The circuits were photoetched onto Ti:W-Au sputter-
coated 2 x 2 x 0.025-in alumina substrates. Each circuit
had two identical microstrip coupling ports with the cavity.
For the reasons given in Section II-C, relatively wide lines
(Zo < 50 Q) were used for the transitions. Suitable tapers
were included between the 50-Q lines and the wider sections.
The mode suppressor used in this case consisted of a dis-
continuous circular slot etched into the substrate ground
plane, as shown in Fig. 8. The arrangement of the slot is
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Fig. 6. Comparison of theoretical and measured values of the
coupling coefficient f§ using (a) the Rexolite substrate and (b) the
Stycast substrate.

such as to suppress modes other than those of type TEq,;
the slot is suitably interrupted in order not to perturb the
two microstrip lines. It can be seen from Table II that
agreement between theory and experiment is again quite
good.

The previously mentioned cavity was successfully em-
ployed in an experimental phase-shift oscillator using a
FET amplifier module; this same transmission cavity was
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TABLE 1I
DATA AND PARAMETERS FOR 3 DIFFERENT 12-GHZz MICROSTRIP CIRCUITS ON # = 0.025-IN ALUMINA SUBSTRATES, &, = 10
Aperture B-theory, | B-theory,
Diameter Zo Insertion Q without with
Circuit (mils) Q) Loss (dB) B-measured (] correction | correction
MIC-026 34.4 35 37.1 2.85 x 10* | 7.0 x 107" | 2.89 x 10" | 7.1 x 10™° —
MIC-033 67.5 25 9.0 1.87 x 10" [ 0.28 2.90 x 10" [ 0.29 0.27
MIC-034 68.8 25 8.4 1.81 x 10* | 0.30 2,92 x 10" | 0.32 0.29
STUB TUNER b
I LAUNCHER |
T COUPLING APERTURE
|_—CAVITY
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Fig.7. Microstrip coupling to a TE,; cavityat 12 GHz (D = 1.667 in, a THESE TWO REFERENCE PLANES o
L = 1.416 in). The cavity is machined into the substrate holder. Sub- (b)
strate ¢, = 10.
c ______
| A
S B2
Yozl S Yoz 2 |
< e Y
iR T
i | —— I
¢! | I/B |
Lo
Q,8
()

Fig. 8. Microstrip ground plane of the circuit shown in Fig. 7 illus-
trating the two coupling apertures and mode-suppressing slot.

also used to stabilize a one-port FET oscillator [7], [8].
The FM noise characteristics of these oscillators were com-
parable to that of a crystal-oscillator/multiplier source.
Both types provided sufficient power for most LO applica-
tions.

V. CONCLUSION

An expressioni has been developed for the coupling co-
efficient of a TE,,, cavity coupled to a microstrip by means
of an aperture in the microstrip ground plane. The theory
was experimentally verified and found adequate for design
purposes.

The configuration has been employed in the design of
cavity stabilized FET oscillators.

Fig. 9. (a) Schematic of the S-band cavity and associated coupling
structures. (b) Equivalent circuit valid about the resonant frequency
of the TE,;, mode. (c) Simplified equivalent circuit viewed from
¢-¢’ with the terminated detector port (b-b’) transformed into the
cavity. .

APPENDIX
CHARACTERIZATION OF THE S-BAND CAvITY

The equivalent circuit used to interpret the measurements
and the physical structure it represents are shown in Fig. 9.
This equivalent circuit represents the coupled cavity about
the resonant frequency of the TE,,, mode. The symbols
used are defined as:

Y01, Y02 the characteristic admittances of the
measurement setup and microstrip line;

ny,jBy the transformer and. susceptance repre-
senting the tuner;

JjB, the discontinuity susceptance of the
coaxial-to-microstrip transition;

n,,jBs,ns,jB, these parameters characterize the aperture
and the output coupling loop;

L,C,G the parallel-tuned circuit represents the

TEy; , resonance.

The tuner was adjusted to match the admittance seen. at
the microstrip transition to that of the system. The shunt
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susceptances jB; and jB, shift the resonant frequency
slightly. As the resultant frequency shift is small (less than
600 kHz) and does not affect the measurements, these
susceptances are neglected.
The input and output coupling coefficients as defined in
[15] are
o=t -

n,’G

Yo1
132G

22

In order to evaluate the coupling between the microstrip
and the cavity, the latter is considered as a one-port struc-
ture at reference planes c¢—¢’ with the detector port -5’
transformed into the cavity. The unloaded Q and coupling
coefficient for the cavity as a one port at c—’ are

r wC — QO
ST R @
B — YOZ — ﬁl (24)

CnGBy+ 1) B+ 1

The insertion loss [IL in (25)] measured between g
and b-b' in Fig. 9(b) is equivalent to that measured between
c—c' and the transformed detector impedance Y,,(8,/8,) in
Fig. 9(c) and can be expressed as

Lo % B
B+D*@B,+ 1

The minimum insertion loss occurs when port ¢—¢’ is
critically coupled to the microstrip (8 = 1).

The ratio r between the insertion loss and the minimum
insertion loss is .

(25)

4
r = (ﬁ—fl—)z' (26)

The value of f obtained from the relative insertion loss is

T BT

From a measurement of the loaded Q,0;,B is inde-
pendently obtained as

27

B=Q_0’_1:

L = fol A,
0, Q1 = folA.

(28)
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