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TABLE I
TERMS TO DERIVE THE S-PARAMETER

MODULES FROM THECHARTS IN FIGS. 3–6

TABLE II
EXAMPLE OF AMPLIFIER DESIGN

edges of the frequency band are shown (arrows in Figs. 3–6 indicate
the corresponding values). Finally, in Table II(d), the various gains and
stability factor calculated by theS-parameters in Table II(c) are listed.

The stability of the MESFET is assured as reported in Table II(d).
A Gma = 9:25 dB at 14 GHz is obtained. A two-stage amplifier can
theoretically provide a transducer gain of about 18.5 dB in the whole
frequency band. The simulation of the circuit using Touchstone shows
a gain of 19�0.3 dB. In particular, a gain of 18.7 dB at 14 GHz results,
very close to the value predicted by this method.

III. CONCLUSION

A set of new, simple, and accurate expressions for computing FET
S-parameters as a function of the circuit elements of the FET complete
model has been presented in this paper. The fast calculation of theS-pa-
rameter modules by four charts permits straightforward evaluation of
the main definitions of FET power gain. The accuracy of this simplified
procedure was demonstrated by comparisons with the results from sim-
ulation of the FET complete model. This method permits the designer
to evaluate the FET performance by using only a pocket calculator.
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Dual-Mode Helical Resonators

R. S. Kwok and S. J. Fiedziuszko

Abstract—High performance and compact size are the most important
criteria in filter-based products for satellite communication systems. Suc-
ceeding the superconducting and dielectric resonators, the conventional
single-mode helical resonator ranks favorably on its high unloaded- per
volume. Improvement of the performance has been demonstrated by oper-
ating the helical resonator at a higher order( 0) mode. In addition,
these resonators can also be fabricated onto a high dielectric-constant ma-
terial to further reduce the size of the filter structure. Detailed design con-
siderations of the dual-mode wire-wound helical resonator filter, as well
as implementation of the dual-mode dielectrically loaded helical resonator
filter structure, are presented in this paper.

I. INTRODUCTION

Helical filters have been used extensively in RF and low microwave
frequencies in which the conventional lumped-element filters are too
lossy and the quarter-wave coaxial resonators are too large. These
helices are designed to operate in their cylindrically symmetric
fundamental mode(n = 0). Details of such technology have been
reviewed by a number of authors [1]–[3]. To further reduce the size of
the single-mode helical filters, dielectric-loaded helices have recently
been introduced [4]. At the same time, a higher order dual-mode
helical filter was also proposed. Design of this higher order helical
resonator is very complicated and not yet fully understood, mainly be-
cause of the absence of an analytical solution. In this paper, we present
the design concept, the approximation used, and the experimental
realization of a half-wavelength dual-mode helix loaded cavity filter.
Similar to the single-mode resonators, the dual-mode helices can also
be fabricated onto a high dielectric-constant material. Results of these
newly developed dual-mode dielectric-loaded helical resonators will
also be discussed.
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Fig. 1. Dispersion relation and phase velocity of a sheath helix operating at
n = 1 mode.

Fig. 2. Oscillating electric-field pattern for the two orthogonal modes of an
n = 1 half-wave helical resonator.

II. SHEATH MODEL

The sheath model is a popular mathematical description of a helix
because of its simplicity and ability to account for many helical prop-
erties. A sheath helix is basically a cylindrical tube assumed to have in-
finite conductivity in the direction of the original helical winding and
zero conductivity in a direction normal to the turns of the winding.
Excellent literature on the sheath model [5]–[8] are readily available,
including a detailed 1995 review by Sensiper.

Following the derivations outlined by Collin [5] and Sensiper [6] for
an nth-order sheath helix, one would obtain a transcendental eigen-
value equation
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whereko is the free-space phase constant(=!=c), � is the axial phase
constant(=!=v), v is the phase velocity of the wave,h is the radial
phase constant defined by�2 = h2 + k2

o
, � is the pitch angle,In and

Kn are the modified Bessel functions of ordern, and the primes are the
derivative of the Bessel functions with respect to the argumentha. The
guided wavelength can then be approximated by numerically solving
this eigenvalue equation. Similar to the dielectric resonator, the lowest
order eigenstate of a helical resonator that displays the duality nature

Fig. 3. Spectrum forn = 0, 1, and 2 modes of a helical resonator
approximated by the sheath model.

Fig. 4. Dual-mode helical resonator loaded cavity filter (copper helix on
Teflon core in bare aluminum cavities).

Fig. 5. Measured quasi-elliptical response of a dual-mode helical resonator
loaded cavity filter (four pole 10-MHz bandwidth, 1.8-dB insertion loss, realized
unloadedQ of 1400).

of the electromagnetic-field pattern is then = 1 mode, even though
the field distributions of the two cases are quite different.

For a helix of 4.5 turns, 2-in diameter, and 1-in height, (1) has been
solved numerically for the case ofn = 0, 1, and2. The resulted disper-
sion relation and the phase velocity forn = 1 mode (shown in Fig. 1)
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Fig. 6. Measured response of the same filter in Fig. 4 with silver-plated
elements and new coupling probes (quasi-elliptical response, 15-MHz
bandwidth, 0.96-dB insertion loss, realized unloadedQ of 1800).

Fig. 7. Helical patterns fabricated onto dielectric resonators of 1-in diameter
and 0.8-in height.

is similar to those of the fundamental mode [5]–[8]. For largekoa, the
wave can be thought of as spiraling along the helix and, consequently,
the phase velocity is reduced by the geometric factor ofsin�.

The corresponding field distributions obtained is similar to that of
theHE11 hybrid mode of a dielectric resonator with the following no-
ticeable differences.

1) The field intensity is mostly concentrated around the circumfer-
ence and is minimal at the center.

2) The field direction spiral along the helix.
3) The radial electric field inside and outside of the helix are oppo-

site in direction.

By imposing a reflective boundary at each of the two ends, a spiral
standing wave is formed as illustrated in Fig. 2 for the case of using
perfect magnetic walls. One can see that two independent sets of solu-
tions exist (solid and dashed lines) in Fig. 2 corresponding to the two
orthogonal modes. Depending on how the boundaries are physically
implemented, electric walls can also be used provided a 180� phase
shift is included upon reflection. Nevertheless, the following discus-
sions apply to either condition.

Finally, spectrum of thenth-order helical resonator mode can be ap-
proximated by equatingL to an integer multiple of�g=2. The esti-
mated resonant frequencies of the sheath helix forn = 0, 1, and2

Fig. 8. Measured response of the dual-mode dielectric loaded helical resonator
in Fig. 7 (single resonator, 12-MHz bandwidth, 2.2-dB insertion loss, realized
unloadedQ of 500).

Fig. 9. Realized unloadedQ of the dual-mode cavity resonators with various
loading (open circles:r=a = 1:3, solid squares:r=a = 2:0).

modes are shown in Fig. 3. The fundamental spectrum(n = 0) is
similar to those recently reported [9], in which the frequency-depen-
dent transverse impedance was explicitly taken into account. Utilizing
this result, dual-mode helical resonators were discovered. Cavity filters
loaded with such resonators were built and tested. Details of the exper-
iment are described in the following section.

III. D UAL-MODE HELICAL RESONATORLOADED CAVITY FILTERS

The helical resonators used for the dual-mode filters (Fig. 4) and its
measured response of a four-pole Chebyshev filter was previously re-
ported [4]. The quasi-elliptical response of the modified filter is shown
in Fig. 5. The center frequency of the filter is around 1.65 GHz, which is
somewhat lower than the 2 GHz estimated from the spectrum in Fig. 3.
This is due to the oversimplification of our model, in which neither the
loading of the cavity, dielectric holder, and coupling mechanism nor
the fringing effects are taken into account. The realized unloadedQ of
the filter is measured to be 1400. When silver-plated housing, wire, and
tuning screws are used, the realized unloadedQ factor is enhanced to
1800 (see Fig. 6).

Fig. 3 suggests that there are many spurious around the desired fre-
quency, which was observed in a dual-mode resonator. However, with
an increased number of resonators, most of the spurious are suppressed.
Furthermore, helices with different geometry can be mixed together in a
way that the unwanted resonant frequencies of each helix are not co-lo-
cated. Altogether, the spurious can be managed to an acceptable level.
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Fig. 10. Maximum strength of the unperturbed electric field components of a
n = 1-mode sheath helix.

IV. DUAL-MODE DIELECTRIC LOADED HELICAL RESONATORS

To further reduce the size of the helical resonator, we fabricated
helical patterns onto dielectric resonators, as demonstrated in Fig. 7.
This can be achieved by using chemical or laser etching, thick silver
painting, or electroplating processes. A dielectric resonator of"r = 20,
1-in diameter, and 0.8-in height, with four turns of metallic strip was
placed inside a cavity of 1.3-in diameter. The first detectable dual-mode
resonant is at 1.7 GHz. The realized unloadedQ is about 500–680, as
shown in Fig. 8. For a comparison, various types of dual-mode res-
onators [10]–[13] with the same overall dimensions were measured in
the same cavity and the realized unloadedQ are displayed as open cir-
cles in Fig. 9. Although this might not be the best way to compare the
different technologies because theQu is also a function of frequency,
it does provide a good reference and is certainly the most economical
method. The empty cavity and dielectric resonator loaded cavity have
aQu of over 10 000. The conductor-loaded cavity is about half of that,
and for a four-turn wire-wound helix of 1-in inside diameter, aQu of
850 is obtained, which is much too low for that frequency.

In reviewing the electric-field intensity of the sheath model (Fig. 10),
we realized that the first filter built has ar=a ratio of 1.6 and aQu of
1800. This smaller helix has a ratio ofr=a = 1:3, where the unper-
turbed electric field is still quite substantial and, consequently, theQu

is much lower(=850). Fig. 10 then implied that the cavity should be
chosen such thatr=a is almost equal to or greater than two. The above
experiment was repeated with a larger cavity of 2-in diameter (denoted
as solid squares in Fig. 9). TheQu of the same wire-wound helix was
increased to 2880. Note that both the air cavity and conductor-loaded
cavity had improved theirQu to 16000 and 8700, respectively, while
the dielectric resonator and dielectric loaded helix varied only slightly
in Qu and resonant frequency because the electric field is mostly con-
centrated inside the dielectric. Since theQu is not limited by thetan �
of the dielectric, one could, in principle, use a higher dielectric con-
stant and a smaller cavity to significantly further reduce the size of the
helical resonator.

TheQu of the resonators reported here are not optimized to their full
potential. The realizedQu is measured by the filter response, which
includes all the losses from the structure and coupling mechanisms.
With an increased coupling, the measuredQu can be reduced substan-

tially. The helical resonators under study required very strong coupling,
which, in turn, limited theQu. Different coupling mechanisms should
be investigated to maximize the availableQu of these filter structures.

V. CONCLUSION

Novel configurations for dual-mode wire-wound and dielectric
loaded helical resonator filters have been demonstrated. Excellent
experimental results have been obtained in this initial work and
substantial improvement is expected. However, significant theoretical
work needs to be completed to explore the full potential of the helix
structures.

To include the helical symmetry explicitly in our approximations, a
tape model [6], [7] was also considered. A periodic dispersion relation
was resulted from this periodicity imposed. Nonetheless, our prelimi-
nary study indicated that this model does not offer more critical infor-
mation than the simpler sheath model. Full-wave analyses of more pre-
cise representations are needed to fully understand the observed prop-
erties such as the helix-orientation dependence of the measurement.
Much of the helical resonator characteristics are still not well under-
stood; this opens a new area for theoretical and experimental investi-
gation of these very promising microwave structures.
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