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Abstract —A lumped equivalent circuit model for both series and
double-shunt (butterfly) connected radial stub has been developed. The
model—simple and effective—not only includes conductor and dielectric
losses but also radiation ones, which play an important role in microstrip
circuit elements. Experiments widely demonstrate its suitability for imple-
mentation in available CAD programs. Furthermore, a synthesis procedure
for using radial stubs in circuit design is described. An application of the
above design procedure and simulation tools in the development of very
broad-band’ nongroqnded terminations is also presented.

I. INTRODUCTION
N MICROWAVE CIRCUITS an alternate approach

for the design of biasing, filtering, matching, and virtual-

grounding structures by resonant straight stubs is the use
of radial lines. Broad-band behavior and well-defined low
impedance levels are required in both hybrid and mono-
lithic microstrip circuits. Use of radial stubs is a solution
for both of these requirements. This structure overcomes
the limitation of low-impedance points, where line widths
are a significant fraction of a wavelength, particularly at
high frequencies. Furthermore, with respect to straight
stubs, radial lines have about the same impedance level at
frequencies lower or equal to the so-called resonance
frequency, while maintaining the lower impedance level
over a wider range [1}. Radial stubs are also space-saving
and usually present a smaller outer dimension with respect
to quarter-wave straight stubs at the same frequency.

Successful circuits adopting these structures have al-
ready been demonstrated [2]-[5]. Using a formula which
provides the radial line input impedance [6], quite good
results have been achieved at low frequencies with low-
dielectric-constant substrates [7]. Characterization of radial
stubs using effective dimensions and dielectric permittivi-
ties instead of actual quantities has extended to higher
frequencies and substrates with higher €, techniques previ-
ously developed [8].

A complete characterization of the radial behavior is
achieved with the latter method in terms of not only the
conventional resonance frequency, but also the equivalent
characteristic impedance presented by the radial structure.
Furthermore, an accurate characterization of the inner
radius has been derived, pointing out the insertion-depen-
dent behavior of the radial stub [1], [8].
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Nevertheless, the key point for a more accurate and
predictable use of radial lines in microwave circuits is the
availability of a complete theoretical model which is easily
adapted to available CAD programs, leading to fully auto-
mated design procedure. An equivalent lossless lumped
circuit model of the radial stub has been previously devel-
oped in the case of double-shunt connection [9]. The
effectiveness of this model, Wh_lCh is easy to 1mplement in
CAD programs, has now been ‘extended to the case of
series connection. The new model includes losses for both
double-shunt and series insertion.

An extended CAD-oriented circuit is presented together
with the supporting theory and 'an example illustrating its
implementation on the Touchstone™ program. Further-
more a synthesis procedure which quickly determines the
geometry of a radial stub corresponding to given require-
ments of a conventional straight one is described. Applica-
tion of the above design procedure and simulation tools in
the development of a very broad-band nongrounded
termination is also shown.

II. THEORETICAL CHARACTERIZATION

The input impedance of a lossless microstrip radial stub
has been previously derived by an electromagnetic (¢.m.)
field expansion in terms of resonant modes, assuming that
only TM,, modes be excited [1]. The extention of this
theory to the case of lossy microstrip radial stub—in both
series (Fig. 1(a)) and double-shunt connection (Fig. 1(b))
—is the basis of this characterization, leading to a more
accurate description of the radial line behavior.

A previous approach [10] dealt with the lossy nature of
this structure, taking into account only losses due to the
conductor finite conductivity and, thus, resulting in a less
accurate model. In fact, the main attenuation factor is
usually related to the radiation of the e.m. energy, due to
the open nature of microstrip components.

The different kinds of losses can be taken into account
by introducing appropriate quality factors [11] in the
above-mentioned formula of the radial input impedance.
Therefore, the complex impedance of a lossy radial stub
can be expressed as
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Effective shape

Feeding line

. ®
Fig. 1. (a) Series-connected radial stub. (b) Shunt-connected (butterfly)
radial stub.
where
Q,0=1/tané
and
K, wavenumber of the feeding line,
K =wjpse, free-space wavenumber,
€4 n dynamic effective permettivity of the
TM,,, mode [12],
K,, eigenvalue of the TM,,, mode (see Ap-
pendix),
Py, coupling coefficient between the quasi-

TEM mode traveling on the feeding line
and the TM, mode excited in the stub
(see Appendix).

0, o, Tepresents the global quality factor and its expression
is as follows:

Qron=1/Quont1/Qc0,+1/0,,0n) " (2)

where
Q4.0n quality factor related to losses in the dielectric,
¢.0n quality factor related to losses in the conduc-

tor,
quality factor related to radiation losses.
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Fig. 2. Sectoral radiating structure.

Fig. 3. Annular radiating structure.
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Fig. 4. Lossy lumped equivalent circuit.

The above characterization thus takes into account the
three main factors of losses in the radial structure. The Q
factors related to ohmic and dielectric losses are the same
as those of a circular sector bounded within an angle a.
They can thus be easily derived [13] for the generic TM,,
mode by means of the following expressions:

2R,V 5
Qc,on—(m) (3)
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where R is the surface resistivity of the conductor, and

Qd,On = 1/tan8 (4)

where tand is the loss tangent of the dielectric substrate.

The Q factor related to radiation losses is more difficult
to evaluate. A simple approach is to consider the energy
related to TM,, modes to be propagating in the radial
direction. As a consequence, side walls can be assumed to
not radiate; thus radiation losses are due only to the outer
surface.

This simplifies the analysis because, for the TM;,, mode
considered, both the power radiated from the outer surface
and the stored energy inside the ring sector of angle a
(Fig. 2) are equal to a/360° the power and energy of a
ring (Fig. 3) having the same dimensions and supporting
the same e.m. field on the outer radiating surface, assumed
to be the only radiating one. In fact, even if the spatial
e.xn. field distribution sustained by the radiating sectoral
aperture and the complete ring aperture is different, the
starting hypothesis makes it possible to consider the total
amount of power radiated by the radial stub as a fraction
of the same quantity radiated by the outer surface of a ring
structure. Therefore [11], the Q, ,,, factor related to radia-
tion losses can be expressed as follows:

-1
onPy B o€o 1y
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Qr,On = (5)
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where J; ; and N, ; are the Bessel and Neumann functions
of order 0 and 1, respectlvely

I

The above theoretical characterization of a lossy radial
stub can now be put into the form of a CAD-oriented
equivalent circuit, utilizing frequency-independent lumped
elements (Fig. 4). The model is valid for both double-shunt
and series connection, with proper values assigned to the
lumped elements.

In fact, starting with the same physical dimensions,
different effective geometries for the shunt and the series
connection are obtained, mainly resulting in a variation of
the effective inner radius (7,,). This represents a significant
improvement over previously developed characterization
(e.g. [7].

The lumped model in Fig. 4 quite completely and accu-
rately characterizes radial stub behavior. In fact it has a
predictable range of validity; it adopts lumped elements;
and it is substrate and insertion dependent.

The lumped elements of the equivalent circuit can be
derived from the above-defined Q,4, Q, ; and @, o, (m >
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Fig. 7. Experimental and theoretical plots of input impedance for a
series-connected radial stub (r,=0.5 ¢ m, a=60°) realized on a
0.635-mm-thick alumina substrate (e, =10). (a) Imaginary part of
input impedance. (b) Real part of input impedance.
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The R value is quite small and can be neglected, while R,
and R, influence the radial stub behavior. Fig. 5(a) and
(b) displays the variation of L,(i =1,2), C,(j =0,1) versus
the radial stub geometry (angle, radii) for double-shunt
connection, also known as the “butterfly” structure. The
variations of R; and R, versus the same parameters are
shown in Fig. 5(c) and (d). The same four plots of the
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series-connected radial stub are shown in Fig. 6(a), (b), (¢),
and (d). Starting from the physical geometries of a radial
stub and going through the above plots, the corresponding
lumped elements are quickly derived. Experiments on
alumina (e, =10) 0.635 mm thick have fully confirmed the
effectiveness of the above model. In Fig. 7 the theoretical
and experimental values of the real and imaginary parts of
the impedance for a series-connected radial stub are com-
pared, displaying them in a restricted range of significant
values.

Good agreement between theory and experiment is
achieved at least up to a frequency (f,) corresponding to
the frequency of the first resonant mode of the radial
structure (f, =1/2a/L,C;), the TMy, in this approxima-
tion. The agreement can be extended in frequency by
adding to the equivalent structure resonant cells corre!
sponding to higher order TM,, modes. Thus, a compro-
mise between frequency effectiveness and model simplicity
has to be reached. The lumped model is a complete and
accurate way to represent the several dependences of the
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(a), (b) Design charts for shunt connected radial stub. (c) Flow chart of the synthesis procedure.

radial stub behavior. Insertion, substrate parameters, and
losses can be taken into account through the lumped
elements. The result is a circuit easy to implement in the
available CAD programs, leading to quick and accurate
analysis of the radial structure.

IV. AN APPLICATION EXAMPLE

In parallel to the development of lumped models to
implement in CAD programs, a synthesis procedure for
radial stubs has also been developed [14]. It consists of
deriving the geometrical dimensions (angle «, outer radius
r,), for a fixed insertion depth (P), of a radial stub
presenting the same resonance frequency (f,) and equiv-
alent characteristic impedance (Z,) as a conventional
straight stub. The method, here outlined for a shunt con-
nection, utilizes two sets of curves (shown in Fig. §(a) and
(b)) where (w,~w)/2 is the widening presented by the
effective width of one side of the feeding line, with respect
to the actual width, and Z, represents the characteristic
impedance of the feeding line. The first curve provides the
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Fig. 9. Schematic of the 3 X 60° termination.

« and r, value corresponding to the desired f, and Z,, for
a given substrate and P, assuming a 50-Q feeding line for
the shunt radial stub. The second gives the actual insertion
depth (P,) to be provided with a different feeding line
width.

The procedure (Fig. 8(c)), which can be fully automated,
streamlines designing circuits with radial stubs. It has been
successfully adopted in the development of both a two-
octave stopband microstrip low-pass filter [14] and a novel
termination suitable for very broad-band MIC and MMIC
application [15].

The structure (Fig. 9) utilizes three radial lines and no
direct grounding. The circuit has been simulated by
Touchstone™ adopting the above lumped equivalent
model for the radial stubs. Several samples have been
developed (Duroid 6010, €, =10.5, A= 25 mils).

In particular, it is found that the bandwidth over which
return loss is better than 20 dB, achievable with a 3 X 60°
termination, is theoretically 20 percent wider than that
achieved with a 180° “half-moon” structure. This can be
explained observing that—once the resonance frequency
and the total angle of the termination are fixed— proper
inner and outer radius values can be found in order to
improve the return loss figure of the termination itself.
Actually the half-moon bandwidth is further narrowed,
due to the excitation of circumferential modes. In fact,
these may occur if the radial stub transverse dimension is
comparable to the longitudinal one, therefore when the
angle is large enough (i.e., 180°) and under particular
feeding conditions.

A very good agreement between theory and experiment
has been obtained for the 3 X 60° structure (Fig. 10). Also,
the improvement of the above termination with respect to
the theoretical and experimental performance of a conven-
tional 180° half-moon [16] can be derived by Fig. 11. The
bandwidths achieved are also wider than the ones reported
for similar structures, adopting either straight [17] or single
radial stub [18]. It is worth noting that 3 X 60° configura-
tion has to adopt different geometries to achieve the same
effective ones, thus taking into account the different inser-
tions—butterfly and series—presented by the three radial
stubs of the termination. Three radial stubs with the same
actual geometries, in fact, result in a configuration with a
much narrower bandwidth [15]. The sensitivity of circuit
response versus the resistor value has also been checked.
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termination.

The circuits have been analyzed and optimized by Touch-
stone™, introducing in it the equivalent models.

V. CONCLUSIONS

The possibility of using radial étubs as broad-band and
low-impedance elements has been enhanced by providing a
complete set of lumped circuits modeling their electrical
and insertion-dependent lossy behavior. Also, a synthesis
method based upon design charts has been developed for
an easy implementation of the radial stub in circuit design.
The models developed have been adopted in the design of
very broadband non-grounded terminations. These designs
use the Touchstone™ program, in which the lossy lumped
equivalent circuit for both double-shunt and series-con-
nected radial stubs have been developed. The agreement
between simulation and results is very satisfactory.

APPENDIX

In planar circuits, the e.m. field expansion in terms of
resonant modes has already been applied to circular [19]
and angular [20] structures.
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First, the following eigenvalue equation has to be solved
for the radial structure:

szm,n+ Kr%t,nEm =0

" (A1)
expressing the Vv operator in circular coordinates. The
solution of (A1) for the TM;,, modes can be written in the

form
Ey, = CJy(Ky,r)+ DNy(K,,r) (A2)

where J,, and N, are, respectively, the Bessel and
Neumann functions of order 0. Imposing the boundary
conditions at r=r,, and r=r,,, K, is found as the nth

root of the followmg equation:

JO/(KOnroe)NO’(KOnrie) + JO/(KOnrie)NO,(KOnroe) =0.

| (A3)
P,,,, which is the coupling coefficient between the quasi-

TEM mode traveling on the feeding line and the TM,,

mode in the radial stub, can be expressed, according to
[19], as

POn = \/w_g: [AOnJO(KOnrie)_ + BOnNO(KOnrie)]

(A4)

[Jo(Kontoe) + KuNo(Koutoe)]®

-1,2

X
A0n= —(; {
rt%[JO(KOnrie) + KnNO(KOnrie)]2}

J (K, 1,
Bon - KnAOn Kn - 1( On oe)
Nl(KOn )

where J,, J;, N,, and N, are the Bessel and Neumann
functions of order 0 and 1.
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