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Abstract—A structure consisting of dielectric-loaded feed
lines (such as surface-wave lines similar to Goubau lines) and
below-cutoff air-filled cavities can be used to form essentially.—C
sections. The capacitance is due to electric-field coupling from
the feed-line dielectric medium into the below-cutoff section. The
inductance results from combining the inductors in the inductive
tee equivalent circuit for such below-cutoff sections. Dielectric
loading is used to shorten the guide wavelength at the input to
the evanescent section, increasing the effective input inductance.
The dielectrically loaded feed lines can comprise microstrip,
coplanar waveguide (CPW), coplanar stripline (CPS), Goubau
lines (surface-wave structures), waveguide, etc. The resulting
resonant elements are usable at frequencies below 1 GHz, with
small dimensions. If connected to the common ground plane,
these L-C sections act as a transmission zero. If “floated,” i.e.,
connected in the “hot” line rather than to the ground plane, the
sections form bandpass circuits (transmission poles). The air-filled
below-cutoff sections (evanescent mode) are placed in a supporting
low dielectric-constant medium (air, Teflon, or similar) with the
open end in proximity to the dielectric portion of the feed line and
are, thus, termed “suspended.” The individual L—C sections can be
coupled together using microstrip, surface-wave line, CPW, CPS,
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The values of Zo & from [2], and guide wavelength from the
dielectric constant in the surface wave feed lines. Derivation of C is

finline, waveguide, or lumped elements. Such combinations can be
chosen to implement Chebychev, Butterworth, quasi-elliptic, etc.
responses. These applications will be covered at a later time.

presented in the Appendix.

Index Terms—Bandpass, bandstop, below cutoff, dielectrically C= 2me g rydd” 4-4)
loaded, evanacent, Goubau line, resonators, surface wave, sus- INNd? +17 =7

pended line.

r = radius of cylinder, d = thickness of dielectric layer in surface wave
line structure, C is effective total circuit static capacitance.

. INTRODUCTION

N AN interesting paper [1], Papapolymeretal.present the

possibility of exciting a resonant cavity micromachined into
a silicon substrate. This cavity supports a dominant-mode r&4ll be presented for operation as low as 1000 MHz. The reso-
onance for the particular cross section and length employed n@nce effect results from what will be called the “equivalent fre-
[1], the operating frequencies were in tReband. In this paper, duency” principle, by which it is recognized that a below-cutoff
we present the possibility of exciting mechanically similar cagection is below cutoff, not to a given frequency, but to the wave-
ities, but at much lower frequencies. The cavities will operate kgth of energy incident upon it. Table I, (4-1) illustrates that
evanescent-mode inductors, and will be shown to resonate wia® reactance of the below cutoff section is dependent on the
combined with capacitance effectively resulting from electri¢atio of the wavelength of the incident energy ) to the cutoff
field coupling between the open end of the evanescent sectiavelength for the sectior)(). Thus, shortening that incident
and the high dielectric-constant material forming a portion dfavelength through the use of dielectric loading enables the

the lines feeding the evanescent section. Particular examplWw cutoff section to be effectively closer to cutoff and, thus,
more easily excited. The tee-equivalent series inductance is in-

creased [see Table I, (4-1)], enabling resonance with a smaller

Manuscript received April 1, 2002; revised August 21, 2002. capacitor for a particular resonant frequency. The basic struc-
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Note; Item (a) and (b)

comprise surface wave . l
(a) Metal strip

(Goubau-like line)

v
Gap (for DC isolation) sl Z, tanh7 2
(b)High L
& dielectric sinh(y£)
constant y4 |:> =X
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Low dielectric
constant substrate

support(er =2.2) Bottom Metalization

Hollow air filled metalized Fig. 4. (a) Metallized wall and bottom below-cutoff cross section. (b) For a
cylinder (open on top, single-mode below cutoff, the equivalent circuit is a short-circuited tee.

closed bottom) resonator

Gap between
the cylinder
and ground
plane

e — 1 Ve o1

Side view

~ High-K substrate(dielectric constant >10)
Thickness D

Width of conductor W1

Fig. 1. Evanescent suspended bandpass resonator (series transmission po
Width of substrate is at least W1.

Dielectric support medium with
low dielectric constant typically about 2.
Support medium thickness is H.

No gap H is typically grater than W1

between

cylinder and

ground plane Fig. 5. Surface-wave line configuration. Enclosure widthiig, line and
and no gap in dielectric widths arell’y, high dielectric-constant substrate thicknessdis
top, surface (er > 10), support thickness i&, andsr = 2. For surface wavel{ > W;.
wave

{ir::smm'o" theory and contained in the Appendix . The closed cup sus-

pended above the ground plane provides a series resonant cir-
/ cuit and, thus, a transmission pole, while the cup directly con-

nected to the ground plane implements a transmission zero. The

Fig. 2. Evanescent suspended bandstop resonator (shunt transmission zeegmbinations of series and shunt resonant circuits can be used
to implement the usual variety of bandpass and bandstop filter

Hié;f: Etr Metal \s‘tn‘p (gap) circuits, with the shunt circuit used for additional transmission
subst® zeros, as required by the desired topology.
Low Ei 1
substrats d> T T [I. EXCITATION AND INTERCONNECTION OFRESONATORS
T T The feed lines used for exciting the evanescent resonators
= @ ) are termed “Goubau like” in honor of G. Goubau who first de-
HighEr  Metal strip (no gap) scribgd the phe'nome.non whereby RF energy propagates close
substrate AN T—< to an isolated dielectric-coated conductor [3]. In this paper, we
use a microstrip-like configuration, but with the ground plane
stg;:%. C:> far from the isolated conductor. This conductor is supported on
) a high dielectric-constant substrate and, thus, most of the energy

is bound by the dielectric, with the wavelength set by the dielec-
tric constant of the substrate. The relatively high dielectric con-
Fig. 3. Equivalent-circuit elements for both: (a) bandpass and (b) bands@ant (10) essentially eliminates radiative losses from the line
cases; values of capacitanCegiven from Table I, (4-4). and, thus, ensures low-loss transmission of energy. The config-
uration is illustrated in Figs. 1, 2 and 5, with typical impedance
shape would work (e.g., rectangular, elliptical, etc.,open on@dta in Fig. 6. It can be seen that, as the distance of the line to the
least one end). The equivalent circuits are also shown in thegeund plane decreases, the line approaches microstrip. How-
figures, with the values of the elements shown. Inductances stewer, as the line moves away from the bottom, the impedance
from the single-mode tee equivalent circuit of [2] and are prés primarily a function of the ratio of the enclosure widtt,
sented in Figs. 3 and 4 [as shown in Table 1, (4-1)—(4-3)], witto the line/dielectric widti¥, and energy is essentially bound
the capacitance value givenin Table |, (4-4), derived from imadpgy the conductor and retained in the dielectric layer. It has been
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found that the lineZ displays essentially the same dependence 350
on H for a wide range oi¥; and is, thus, primarily a function 00 [
of the ratioW,/W; for H > Wj. Thus, Fig. 6 can be used 00 10 20 30 40 50
in the design of interconnecting lines for implementing various Frequency(GHz)

filter topologies, as well as for excitation of the resonators. |
polog Ft . 8. Bandstop casél, = 1.82 GHz (measured), 1.65 GHz (simulated),

. |
has beer} foun(_j that, as Ion_g_ as the guide wavelength has b@é@ctric constant 25 in simulation, 20 actual, 0.004 in thick.
reduced in the immediate vicinity of the below cutoff resonator

with a short length of high dielectric-constant surface-wave . . .
( 9 9 easured data are shown for a typical series and shunt case in

line), the majority of the interconnecting lengths of the tran.'qn:jigs. 7 and 8. In the frequency range between 1-2 GHz, the ef-

mission line can be approximated with a lumped low-pass net="". . .
PP P P ?ectwe unloaded) for these resonators is approximately 400.

work. Thi ivalent network is requir rovide th : ; . :
work. This equivale t netwo 'S requ edto pro _det_ ©sa fhe loss tangent for the dielectric material used is measured as
input impedance and phase shift as the transmission line thatfb

sulted from the original synthesis. This lumped equivalent net- 02, thus, the majority of the resonator loss is dissipation in
work has another significant advantage: it does not display age— . . N

riodic response and, thus, the stopband of the bandpass or bgr%i_lumped interconnects is shown in Fig. 9.
stop structure also does not display periodicity.

e dielectric. A physical comparison of the transmission line

IV. OPERATIONAL COMMENTS

[Il. RESONATORS Thus, the dielectric loading has the effect of allowing

- egonance at lower frequencies without using large resonatin
As shown in Figs. 1 and 2, the resonators can be connec{ea : que . . g larg nating
apacitors. Further, the dielectric loading does not sacrifice a

to implement either series or shunt resonant equivalent circults ;
Mmajor advantage of evanescent resonant structures, i.e., very

The effective inductance of any below cutoff section (round Wide stopbands, because spurious passbands do not occur until

this paper, but also possibly rectangular, elliptical; any cross St quencies exceed the cutoff frequency for the below-cutoff

tion displaying dispersion and a high-pass cutoff charactenstgc ction. The cutoff frequency of the below cutoff section is

results from the fact that the cutoff wavelength for the sectlonl{lsfDT affected by the dielectric loading of the feedlines. At

shorter than the incident signal wavelength. With this new ap- R o :
) . . A : me point, it is intended to use ferroelectric dielectrics for

proach, high dielectric-constant loading is used to modify thren lementation of electrically tunable resonators

incident signal wavelength, reducing the difference between P y '

cutoff wavelength and incident signal wavelength. Without the
reduction in signal wavelength resulting from dielectric loading,
the effective series inductance in the equivalent circuit would A large number of filters have been built, including two to
be lower and more resonating capacitance would be requireix-pole designs, both ladder and cross-coupled topologies,
in either the series or shunt case, for a particular resonant fi®m approximately 400 MHz to 4 GHz. It is believed that the
guency. The equivalent series inductance is proportional to thgproach is applicable down to 100 MHz. Given the technology
square root of the substrate dielectric constant. Simulated dodabricate very small closed surfaces, the approach could also

V. FILTERS AND CONCLUSIONS
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0.25" Diameter c
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IN ouTt
T A T
&;:";UD::""“";:; 8 TEST RESONATORS
0.4 AND 0.25" DIAMETER, WITH 50 OHM OR —
' 200 OHM SURFACE WAVE FEED LINES
(a) CASCADE STRUCTURE

WITH EIGHT TRANSMISSION LINES
INDUCTOR

TWO SECTION BANDPASS FILTER USING
A PI CONFIGURED LOWPASS NETWORK
FOR INTERCONNECTION OF THE TWO

BEROHATHRS Fig. 10. One proposed multiresonator connection.
7.0 e N
TWO SECTION Cc I I c
BANDPASS FILTER (a) = =
USING A TRANSMISSION (b)
LINE INTERCONNECT
o
C:=
Mo,Z,
TRANSMISSION LINE
b Z
() L=20—"
Fig. 9. (a) Bandpass and bandstop resonators. (b) Two resonator bandpas @

types using either transmission line or lumped inverters.

Fig. 11. Transformation of a series transmission line shown in (a) into a
] o ) ) low-pass pi-equivalent shown in (8)is in radiansw, is filter center frequency
be applied to “on-a-chip” filter configurations from 100 MHz toin radians. Final values are adjusted via optimization.

at least 10 GHz. In some cases, the individual resonators have
been connected with lengths of the surface-wave line, with each
length representing an inverter, as required by basic synthesis
more recent implementations, the interconnecting transmissi
lines have been replaced with lumped equivalents, as descriﬂ
above. Many topologies are possible, including cross-coupli
of the bandpass resonators, individual transmission zeros pla
with the bandstop resonators, etc. Two resonator networks
shown in Fig. 9 (one with a transmission line and one with
lumped interconnect) with one possible higher order interco
nection in Fig. 10. The low-pass equivalent techngiue is descri
in [4] with the transformation equations summarized in Fig. 1
The wavelength-shortening effectis shownin Fig. 12. The filtefs
will be fully described in a future paper. Fig.12. Propagating wave comparison. Equivalent frequency principle: higher

K shortens wavelength and has same effect as higher frequency witR low
increases reactance of below cutoff resonator.

Wave_animz

APPENDIX
LOWER ORDER CAPACITANCE TERM DERIVATION

The cylindrical resonator of radiusand height is made of * The finite width of the strip line is assumed to be infinite.
an electrical conductor. The top is covered by a dielectric layer * The induced charge on the cylinder is confined only to the
with permittivity e = e,e, and thicknesg, whered < a. The rim due to its metallic nature.
metal strip line on top of this layer is used to excite a surface The image theory is used based on the above assumptions and
wave. Generally, the width of the strip line exceeds the diametée equivalent image diagram is obtained. Fig. 13(b) is based on
of the resonator when impedance matching is considered. the original geometry of Fig. 13(a).

In determining the lowest order term for the capacitance be-In order to solve the image geometry in Fig. 13(b), consider
tween the strip line and resonator, the following assumptions aesingle circular filament of charge densijty located on the
made. xy-plane, as shown in Fig. 14.
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Fig. 13. Surface-wave excitation of a cylinder resonator. (a) Original

geometry. (b) Equivalent image.
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Fig. 14. Circular line charge density.

The position vectors are = zz and7’ = ap. The corre-
sponding distance is given as

R=|r—7|= (2 +a2)". (A-1)
The differential electric field is given as
=/ ! (= _ =
dE(F):Lpl(r)adl (F—17") (A-2)

dre |7 — 77/|3

and the total field along the-z-axis ( any other observation
point off the axis will require formulation in terms of elliptical
functions) is

1

)

T 47e

27 / 5 __ A
E (0/ 07 Z) plad(/) (ZZ ap)

(22 + a2)3/2

(A-3)

Note thatdl’ = ad¢’.
The evaluation of the above integral yields only-aompo-
nent of theF-field along the+z-axis as

Ez (0/ 07 Z) = %Pl

> (A-4)

-
(22 +a2)3/2'
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image yields for the’-field between the rings as

a(z + d)p;
2¢[(d + 2)? + a?] 3/2
(A-5)

—a(d — 2z)p B

E
2e[(d — 2)? + a?] 3/2

P

and the resulting potential difference between the two rings can
be obtained as

VO:—/:E-dl_: il %—m (A-6)
Since the total charge on any ring is
Q| = pi2ma.
The equivalent capacitance is then
o @ _ 2mea [4d2 + a2]1/2 (A7)

V, T (e +a)i2—q
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