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Dielectric Ring-Gap Resonator for
Application in MMIC’s

Wei Ke Hui and Ingo Wolff, Fellow, IEEE

Abstract —A new dielectric resonator—the dielectric ring-gap
resonator—is introduced and analyzed. The dielectric ring-gap
resonator is obtained by sawing a narrow gap into a dielectric
ring resonator. Resonant frequencies and unloaded Q factors of
quasi-TE,,, modes in the ring-gap resonator have been calcu-
lated by an appropriate equivalent circuit starting from the
resonant frequencies and the field distributions of the TE,,
modes in the ring resonator. The calculated resonant frequen-
cies of the fundamental quasi-TE,;; mode show an accuracy of
'<1% compared with the experimental results. New coupling
techniques to couple the ring-gap resonator to e.g. a microstrip
line on a thin substrate, using the electric fringing field near the
gap, have been experimentally investigated. A new rigorous
method of determining resonant frequencies and field distribu-
tions of TE modes in a multicomposite multilayered cylindrical
dielectric resonator is presented. This resonator consists of
numbers of cylinders, which are arbitrarily layered in axial
direction.

1. INTRODUCTION

T IS well known that dielectric resonators have not

only the advantages of a small size and a small weight,
but also these of a high unloaded Q factor and a high
temperature stability of resonant frequencies [1]. They
have brought significant improvement in the design of
microwave oscillators [2] and filters [3]. Often used struc-
tures of the dielectric resonators are dielectric disc and
ring resonators. In this article a new dielectric resonator
—the dielectric ring-gap resonator—is introduced and
analyzed. The dielectric ring-gap resonator is obtained by
sawing a very narrow vertical gap (or slit) into a dielectric
ring resonator. Its configuration and the field pattern of
the fundamental quasi-TE,,; mode are shown in Fig. 1.

The desired, technically applicable resonant mode in
the dielectric ring-gap resonator has a similar field distri-
bution to the TE;; mode in the corresponding dielectric
ring resonator except the fringing fields in the vicinity of

the gap and the electric field in the air gap, as shown in.

Fig. 1. This mode will be named quasi-TE,;; mode. When
the gap is sufficiently narrow, the magnetic fringing field
near the gap is very weak and can bé neglected. The
electric fringing field near the gap edges can be much
- stronger than the electric field anywhere else outside the
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Fig. 1. Dielectric ring-gap resonator and the field pattern of the fun-

damental quasi-TE;; mode.

ring. The electric field in the air gap is €, times (e, is the
relatively permittivity of the ring material) stronger than
that in the dielectric ring.

Besides the advantages of dielectric disc and ring res-
onators, the dielectric ring-gap resonator has four follow-
ing important properties:

1) If the gap in the dielectric ring resonator is suffi-
ciently small, some lower order TE,,, modes of the ring
resonator are disturbed by the gap only in the vicinity of
the gap and the resonant frequencies of the modes are
raised a little. They will be named quasi-TE,,, modes.
Furthermore the fundamental quasi-TE,,;; mode can be
excited effectively suppressing other undesired higher or-
der modes at the same time. The best experimental result
shows that the desired fundamental mode can be excited
dominantly over a measured frequency range from 45
MHz to 40 GHz in a proper designed ring-gap resonator.

2) The dielectric ring-gap resonator may be coupled
directly to a microstrip line, to a slotline or to a coplanar
waveguide on a MMIC chip by the electric fringing field
near the gap edges.

3) The resonant frequency of the dielectric ring-gap
resonator can be tuned by a dielectric slice in the gap
besides the tuning techniques used in the dielectric ring
resonator.

4) The dielectric ring-gap resonator has a higher di-
electric Q factor due to some of the electric field energy
stored in the lossless air gap, but a lower conductor Q
factor than the dielectric ring resonator. The total Q
factor may be higher or lower compared to the ring
resonator dependent on the geometrical structure.

0018-9480,/91$01.00 ©1991 IEEE
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Fig. 2. Multicomposite multilayered cylindrical dielectric resonator

structure.

In 1981, a rigorious analysis method based on the mode
matching technique to determine resonant frequencies
and field distributions of various modes in a shielded
dielectric ring and rod resonator was first introduced [4],
[5]. Later, this method was developed to study a compos-
ite multilayered cylindrical dielectric resonator [6], [7],
which is composed of two or three concentric cylinders
filled with different dielectric layers in axial direction. In
this paper, it is further extended to study TE modes in a
more generalized dielectric resonator. This resonator con-
sists of a number of concentric cylinders, which are arbi-
trarily layered in axial direction, and will be named multi-
composite multilayered cylindrical dielectric resonator, as
shown in Fig. 2.

II. THEORETICAL ANALYSIS

A. Quasi-TE,,, Modes in the Dielectric Ring-Gap
Resonator

A dielectric ring-gap resonator structure used in prac-
tice is usually composed of a dielectric ring-gap sample
and some dielectric concentric cylinders or plates, which
are together placed between two parallel conducting plates
perpendicular to the sample axis or concentrically en-
closed in a cylindrical conducting cavity. For example,
Fig. 3 shows a dielectric ring-gap resonator composed of a
ring-gap sample, a substrate and a tubular dielectric spacer
together placed between two parallel conducting plates.
In the following analysis, it is assumed that a generalized
dielectric ring-gap resonator consists of N (N =4 in Fig.
3) different dielectric materials enclosed in a metal shield.
€,, and tan 8, represent the relative permittivity and the
loss tangent of each dielectric material, respectively. R,
represents the surface resistance of the metal shield. The
material “1” is the ring-gap sample and has a much
higher relative permittivity than the others. The sample
cut by a vertical slot (or gap) has a fan-shaped horizontal
section, whose two radial sides divide the space of the
resonator into two volumes ¥V, and V, as shown in Fig. 3.

g
V, represents the small wedge-shaped slot volume in-
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cluded the gap and V, is another part of the resonator. ¢,
is the circular angle of the gap in radian and s is the
average gap distance.

Though a ring-gap resonator can be considered as a
ring resonator cut by a vertical gap in the ring sample, the
field distributions of various resonant modes in the ring-
gap resonator cannot directly be derived from those in the
ring resonator. This is due to the fact that an influence of
the gap on the field distributions of the ring resonator is
strongly dependent on the gap size and the field structure
of various modes. For a sufficiently small gap and some
modes, e.g., some lower order TE modes, the field distri-
butions in the ring resonator are distorted only in the
vicinity of the gap. They will be named quasi-TE,, modes.
The quasi-TE,,, mode in the ring-gap resonator has
similar field distributions to the TE,,, mode in the ring
resonator except the electric field in the air gap and the
fringing fields in the vicinity of the gap. The magnetic
fringing field near the gap is very weak and can be
neglected. The electric fringing field near the gap edges
can be much stronger than the clectric field anywhere
else outside the sample. The electric field in the air gap is
€,, times stronger than that in the dielectric part of the
sample.

Therefore, the field distributions of the quasi-TEg,,
modes in the ring-gap resonator to a first approximation
can be described by those of the TE,, modes in the ring
resonator except the gap fringing fields.

Fig. 4(a) shows an appropriate equivalent circuit for
each quasi-TEg,, mode in the dielectric ring-gap res-
onator and its simplified circuit in Fig. 4b). The equiva-
lent circuit (Fig. 4(a)) is composed of an inductor L,,
whose value is equal to that for the case of the ring
resonator, and two parallel RC circuits. One of the RC
circuits (C,, ., R, ,,, and R_,, ) is used to characterize
the stored electric energy and the dissipated power, leaded
by dielectric and conductor losses respectively, in the
volume V, of the resonator outside the slot region (Fig. 3).
Another (C,, ,, C;, Ry, , and R_,, ) characterizes
those in the small slot volume V,. C; is an equivalent
additional capacitance due to existence of the electric
fringing field near the gap. The equivalent circuit in Fig.
4(a) can be derived from that for the TEOpq mode of the
corresponding ring resonator under following assump-
tions:

1) Magnetic induced currents I, through any longitudi-
nal section of ring-gap resonator are equal, because of
neglecting the magnetic fringing field of the quasi-TE,,
mode.

2) An additional inductance and an additional conduc-
tor loss resistance, leaded by existence of the magnetic -
fringing field, can be neglected.

3) An additional dielectric loss resistance by the elec-
tric fringing field can be neglected, because most of the
electric fringing field is distributed in lossless air spaces.

4) The equivalent fringing capacitance C, should be
much smaller than the capacitance C,, , of the slot vol-
ume V.
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‘ Fig. 3. Shielded dielectric ring-gap resonator structure.

All equivalent capacitances except Cf and resistances can
be derived from those of the ring resonator and are
presented by '

27 o @,
Crg,r = :’:_Cr? Rd,rg,r = E;Rda
¢,
c,rg,r=;7: c?
2o (C N
rg, 8 =‘ - rl + E Crn i
Ps €1 =2

2

2
Rc’rg=( Crg,r + Crg,g ) Rc,rg’r'f'( Crg,r + Crg,g ) R

c,rg, 8
(D

where ¢, is the circular angle of the gap in radian as
shown in Fig. 3, ¢, = 27 — ¢,. All equivalent elements of
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Fig. 4. (a) Equivalent circuit for the quasi-TEOpq mode in the dielec-
tric ring-gap resonator. (b) Simplified circuit of Fig. 4(a).

the ring resonator can be expressed by

L e C IXV: C R 1 T
re - ’ re run? da= . B
Ir2 n=1 n=1 Rdn
BwiW? ‘
Ro=—5—, \
I°P, /
with
” S R T /s
e_n=1 o ”"‘_4(0’2‘14162’ n IrZPdn ’

(2)

where w, is the resonant angular frequency of the ring
resonator. W,, and P, represent the stored electric
energy and the dissipated power in each dielectric mate-
rial, respectively. P, represents the dissipated power in
the conducting shield and I, is the total current through
any longitudinal section of the resonator. They can be
obtained by integrating the field distributions of the con-
sidered TE,, mode:

%n = -}eoemffdenlEqplz dv, P, =W, tand,,,

Pc=—;-Rsf[46|ﬁ|2dA, I,=fCZIHZ(p=0,z)|d§,

3)

where V,, represents the volume of each dielectric mate-
rial, 4, the inner surface area of the metal shield and C,
the z-axis of the symmetry. The resonant frequencies and
the field distributions of the TE,, modes in the dielectric
ring resonator will be accurately determined by a rigorous
analysis method (see following).
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The resonant frequency and the unloaded Q factor,
leaded by dielectric and conductor losses, of each quasi-
TE,, mode in the dielectric ring-gap resonator can be
evaluated by neglecting C; in the equivalent circuits,
because C; is much smaller than C, ..

In (1), the dielectric loss resistance R, ,, , of the
ring-gap resonator in the slot volume ¥, can be very large,
the conductor loss resistance R, ,, , is equal to that for
the case of the ring resonator, and the volume capaci-
tance C,, , is about ¢,, times smaller than that of the
ring resonator, Therefore, the ring-gap resonator has a
higher dielectric Q factor, but lower conductor Q factor
than the ring resonator.

B. A Multicomposite Multilayered Cylindrical Dielectric
Resonator

A multicomposite multilayered cylindrical dielectric
resonator consists of numbers of concentric cylinders,
which are arbitrarily layered in axial direction, as shown
in Fig. 2. The resonator is divided into J complementary
annular regions with radii of r, (j=1~J,r;=0). Each
partial region is filled with [, different dielectric layers
with heights of %,, (i=1~1, h, (=0, h, ,=H). ¢,,,
represents the relative permittivity of the material of the
ith layer in the jth region. It is assumed that all dielectric
materials are lossless and the metal shield is perfectly
conducting.

For the TE axial symmetric modes, the electric field
has only one E_(p, z)-component and two magnetic field
components H (p,z) and H,(p,z) can be expressed by
E(p,z). The electric field in each partial region can be

Il(an,jrj)Kl(an,jp) - Kl(an,]rj)ll(an,jp)
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represented' in terms of a series of the TE modes in a
dielectrically-loaded waveguide filled with [, different di-
electric layers {Z, ,(z)} by

Egp(p7z) = Z Rn,j(p)Zn,j(Z)7

n=1

(ro1<p<r), (4)

where radial functions {R, (p)} and orthonormal eigen-
functions {Z, (2)} in each partial region are represented
by
Rn,](p) = Rn,/(r]—l)Pn,j(p) + Rn.j(r])Qn,j(p)’
(j=1~],r]_1<p<r]), (5)
Zn,](z) = Zn,](h},l)Fn.j.l(z) + Zn,](h],z—l)Gn.].l(Z)7
(6)

where P, (p) and Q, (p) are given by lincar combina-
tions of appropriate cylinder functions, and F, , (z) and

n, 1t

G, N(z) of trigonometric functions. In this paper, they

(i=1~1I,h, ,_ <z<h,,),

are so selected that at the surfaces p=r,_;, 7, and z =h,
i-1,h, , they are equal to 0 or 1:
Fn.],z(zzhj,t—l)zo’ Fn,].l(z=h],t)=1’
G, (z=h, D=1, G, (z=h, )=0,
ij(p=r]_1)=1, Pn,J(p=rJ)=O’
Q, (p=r_)=0, Q, (p=r)=1, (7N

and presented by
Fn,],t(z) = sin [Bn,],l(z_h],t—l)]/Sin [Bn,].l(hj,z - h},z—l)] s
Gn,].i(z) = sin [an,],z(h],i - Z)] /Sin [Bn,].l(hj,l—*h],l*l)] ’

11(%.]”]')1(1(%.;’}'—1) - Kl(an,jrj)ll(an.jrjfl) ’
N1(7n,jrj)J1(3’n,jP) = J1(Yp ;7)) Ni(Vn,,P)

P, (p)=

Nl(')/n,Jr])Jl(’Yn,]r)—l) - Jl(Yn,jrj)Nl('Yn,jr]—l) ’

Kl(an,]p)/Kl(an,]r]—l)’

forr,—>w, P,

]1(an,jp)K1(an.jr]71) - Kl(an,]p)ll(an,jrj—l)

Il(an,jrj)Kl(an,jrj—l) — Ky( an,jr;)11(“n,,r]—1) ’
Nl(‘)’ll.jp)Jl(‘Yn_jrjfl) - Jl(yil,]p)Nl(yn.]r]—l)

0,,(p)=

Nl(yn,}’})Jl(Yn,]r]—l) - Jl(Yn,]r])Nl(yn,jrj—l) ’

for r]*1=0’ Qn,](p)z

JJ(?’n,,P)/Jl(Yn,jr;)a (Vn,]:\/Tn,J’)‘n,J<O)‘

(8)
and
(@0, =20 s Au, > 0),
(Yn,j vV Auys A,y < 0)’
(an,] =vAu, A, > O),
HP(%,,0)/HE (o 1,21 (Yo, =/ = Ay > An, <0),
(@, =X, - 10, >0),
(Yoo =V =2y > Any <0),
Ii(e, ;p)/1(e, ;1;), (an,j =V Ay A, > 0):

(9
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The unknown values B, ;; in (8) and A, ; in (9) have the

relationship

Br%,j,i=An,j+(277fr)260/"'06r,j,i' (10)

If the field components E,(p,z) and H,((p,z) are
“matched” at each surface of adjacent regions to satisfy
the continuity condition, 2X{(J —1) equations are ob-
tained in terms of the series {Z, j(z)}:

; nj(rj)Zn,j(Z)= > Rn,j+1(rj)Zn,j+1(Z)’

n=1

g{ n](rj 1)P }(r)+an(r)Qn}(r)} n,j(Z)

- ;{ i) By

+ Rn,f‘*'l(rj+1)Qn,j+1(rj)}Zn,j+l(2)’

(j=1~7-1), (11)
with "
d
n,(p)—- p{p n,(p)}
R d
QnJ(p)z__E;{anJ(p”'

If the equations are “tested” with testing functions
{Z,(2)}, which are the TE modes in an air-loaded paral-
lel-plate waveguide and can be presented by

Zm‘(z) = \/—%' sin(

an infinite homogeneocus system of simultaneous linear
equations is obtained for the unknown expansion coeffi-
cients R, (r;_)) and R, (r) (j=1~J, R, (ry=0)=
R, ,(r;)=0). This system has nontrivial solutions only if

its determinant vanishes. Hence, the resonant frequencies
of the TE,,, modes can be found by searching for the
zeros of the determinant. In practice, the system is trun-
cated to a finite size of {2X(J —1)xX N} x{2x(J —1)X N}
(N is the number of the terms of the series (4)).

The above-mentioned numerical field analysis has four
following advantages:

1) The method can be used to analyze a more complex
structure of cylindrical dielectric resonators, because the
orthogonal eigenfunctions {Z, ,(z)} can represent the TE
modes in dielectrically-loaded waveguides, which are arbi-
trarily layered in axial direction, the testing functions

mirz

(12)

{(Z, (z)} are the air-loaded waveguide modes and the

radial functions {R,, (p)} are valid to all partial regions.

2) Fewer unknown coefficients (Z,, {h; ), i=1~1,—1)
are included in the orthoniormal elgenfunctlons {Z,,, ](z)}
Hence, an eigenvalue problem of a homogeneous system
of I;—1 simultaneous linear equatlons with 1; —1 un-
known coefficients Z,(h ) (=1~1[—-1is solved for
determining the eigenfunctions.
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Fig. 6. Resonant frequencies and unloaded Q factors versus the gap

size (s).

3) Contributions of nth TE mode in jth dielectrically-
loaded waveguide to the electric field E (p,z) are di-
rectly connected to the unknown coeff1c1ents R, ](r] N
R, (r). Therefore, a more accurate result can be ob-
talned by reducing the rounding error of the computer
calculation.

4) This method can further be extended to analyze TM
and hybrid modes in the multicomposite multilayered
cylindrical dielectric resonators.

III. NuMERICAL AND EXPERIMENTAL RESULTS

Some dielectric ring-gap resonators have been theoreti-
cally and experimentally investigated. They are composed
of ‘different dielectric ring-gap samples placed on a tubu-
lar dielectric spacer (D, = 4.14 mm, d, = 1.3 mm, L= 0.50
mm, €, =4.45) over a substrate (h =0.635 mm, e =10)
and between two parallel conducting plates (H = 10 mm),
as shown in Fig. 3. It is assumed that all dielectric
materials have the same di¢lectric loss tangent of tan s, =
0.0001 and the metal ‘enclosure has a conductivity of

o =2-10° (Qem) L. Because the dielectric ring-gap sam-

ples have different diameters from the tubular dielectric
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TABLE 1
COMPARISON OF CALCULATED AND EXPERIMENTAL RESULTS OF THE
RESONANT FREQUENCIES (f,) AND THE UNLOADED O FACTORS (Q,)

D, d, L, s f, (GHz) o,
No. (mm) (mm) (mm) €, (um) Theo. Exp. Theo. Exp.
1 6.23 2.18 2.80 29.57 190 10.757 10.861 4030 3130
2 6.23 2.18 2.80 29.57 270 11.087 10.980 3600 2780
3 6.23 2.18 2.80 29.57 280 11.128 11.011 3550 2550
4 6.74 2.11 2.51 28.07 270 11.017 10914 3330 2850
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Fig. 7. Field pattern in a ¢ = const. plane of the TE;;; mode of a
dielectric ring resonator. Resonant frequency f, = 10.156 GHz.

spacer, the corresponding ring resonators must be divided
into five complementary annular regions (Fig. 5), so that
the permittivity €, in each region is independent on the
radial coordinate p. They have theoretically been ana-
lyzed as multicomposite multilayered cylindrical dielectric
resonators.

In Table I and in Fig. 6, the calculated values of
resonant frequencies and unloaded Q factors of the fun-
damental quasi-TE;, mode for different ring-gap sam-
ples and for samples with different gap sizes (s), respec-
tively, are compared with the experimental results. The
calculated resonant frequencies show an accuracy of < 1%
compared with the experimental results, though the fring-
ing capacitance oF and the additional inductance by
magnetic fringing field are neglected. The error in Q
factor calculations (Fig. 6) for the case of the ring res-
onator is relatively smaller than that for the ring-gap
resonator, because the dielectric spacer below the ring-gap
resonator has a small height, the conductor losses of the
ground plane, excited by the gap fringing field, are high
and are not included in calculations.

magnetic field pattern

Fig. 8. Field pattern in a ¢ = const. plane of the TE,;, mode of the
resonator of Fig. 7. Resonant frequency f, = 17.444 GHz.

Figs. 7-9 show the field pattern of the first three
non-leaky TE,, modes in a ring resonator, which has the
ring sample shown in Fig. 6 with s=0 and a smaller
enclosure height H = 6 mm. The smaller H is selected so
that the first three resonant modes are not leaky. The
first resonant mode (TE;, mode) has the resonant fre-
quency f,=10.156 GHz, the next (TE,, mode) f, =
17.444 GHz and the third (TE,, mode) f, = 18.437 GHz.
All higher TE,,; modes of this resonator are leaky modes,
i.e., 1n the field solution equations (9) the H fZ)—functions
(Hankel-functions) must be used in region p > r, =3.115
mm.

The experiments show that the fundamental quasi-TE
mode can be excited only if the gap in the sample is
sufficiently small, e.g., s <400 um for the case of Fig. 6.
The gap should be smaller if a higher order quasi-TE,,
mode is excited. Furthermore the ring-gap resonator has
the advantage that the fundamental quasi-TE,, mode
can be excited dominantly suppressing other higher order
modes at the same time. The best experimental result
shows that no undesired modes can clearly be observed
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Fig. 9. Field pattern in a ¢ = const. plane of the TE,,; mode of the
resonator of Fig. 7. Resonant frequency f, = 18.437 GHz.
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Fig. 10. Frequency responses of the dielectric ring-gap resonator ex-
cited by a nearby microstrip line.

over a measured frequency range from 45 MHz to 40
GHz, e.g., exciting the ring-gap resonator by a nearby
microstrip, as shown in Fig. 10. This result has been
carefully checked by repeating the same measurement in
the sectional frequency ranges from 45 MHz to 40 GHz
and by changing the position of the ring-gap sample
azimuthally. If the same experiment is performed with a
dielectric ring resonator, the higher order modes cannot
be suppressed so effectively.

Other coupling techniques to couple the dielectric ring-
gap resonator to e.g. a microstrip line on a thin substrate,
using the electric fringing field near the gap edges, have
been experimentally investigated and show promising
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Fig. 11. Frequency response of the dielectric ring-gap resonator cou-

pled to a microstrip line by the electric fringing field.

properties as shown in Fig. 11. The dielectric ring-gap
resonator may also be coupled directly to a slotline or to a
coplanar waveguide on the thin substrate by the electric
fringing field. Using this coupling in MMIC’s, for example
in a MMIC oscillator [2}, the circuits are more compact
and bonding the MMIC chip onto a substrate can be
avoided.

IV. Concrusion

Computer programs have been developed in C lan-
guage to analyze and design a multicomposite multilay-
ered cylindrical dielectric resonator and a dielectric ring-
gap resonator. The characteristics of the fundamental
quasi-TE,;, mode in the ring-gap resonator have been
theoretically and experimentally investigated. New cou-
pling techniques to couple the ring-gap resonator to e.g.,
a microstrip line on a thin substrate, using the electric
fringing field, have been experimentally investigated.
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