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distanced, for four different frequencies. Both the magnitude and Vector Finite Hankel Transform Analysis of Shielded

phase ofl'i, reveal the oscillatory behaviors whéa < 1.5\ at 15, Single and Coupled Microstrip Ring Structures
20, and 24 GHz. Our additional computation indicates that a small
gap between the dielectric slab and flanged coaxial line introduces Jen-Tsai Kuo

significant changes if'in.

Abstract—The vector finite Hankel transform or the vector Bessel
series expansion method is used to calculate the resonant frequencies

Ill. ConcLusion of shielded single and coupled microstrip annular rings in a stratified

The problem of a flanged-coaxial line radiation into a dielectridielectric structure. Vector global basis functions are employed to model
slab is investigated using the Hankel transform and mode-match%;ﬁ unknown currents on the ring conductors, and the calculations

technique. The behaviors of reflection in terms of frequency, coax

their transforms are described. Calculated resonant frequencies for
crostrip rings are presented and found to have good agreement with

line geometry, slab permittivity, and thickness are shown. Owueasurements.
solution is rigorous, yet in rapidly convergent series, which are
efficient for numerical computation.
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I. INTRODUCTION

Microstrip ring resonators have been widely used in various
REFERENCES designs of microwave integrated circuits (MIC’s) [1]. It is found
that publications on rigorous analysis methods are limited. For open

M. Stuchly and S. Stuchly, “Coaxial line reflection methods for measur- . . . . .
y y slructures, a simple stationary formula is derived based on the reaction

ing dielectric properties of biological substances at radio and microwa : -
frequencies—A review,1EEE Trans. Instrum. Measvol. IM-29, pp.  concept [2]. The vector Hankel transform (VHT) analysis method is
176-183, Sept. 1980. _ o found to be effective to deal with circular disks [3] and annular-ring

D. Misra, “A quasi-static analysis of the open-ended coaxial lifleEE  [4] radiators. For closed structures with disk and ring resonators,

Trans. Microwave Theory Teghol. MTT-35, pp. 925-928, Oct. 1987. . . . . ) . .
J. Mosig, J. C. Besson, M. Gex-Fabry, and F. Gardiol, “Reflection of an eigenfunction weighted boundary integral-equation method is

open-ended coaxial line and application to nondestructive measuremaﬁ%’emped in [5] to avoid the use of complicated spatial-domain
of materials,”|EEE Trans. Instrum. Measvol. IM-30, pp. 46-51, Mar. Green’s functions.

1981. _ ‘ This work extends the full-wave VHT method [3], [4] to calculate
S. Fan, K. Staebel, and S. Stuchly, "Static analysis of an open-endgfh, resonant frequencies of microstrip rings with metallic enclosure.
coaxial line terminated by layered medidZEE Trans. Instrum. Meas. __ .
vol. IM-39, pp. 435-437, Apr. 1990. The vector f|n|t_e Hankel transfo_rm (VFHT) or the vector Bessel series
S. Bakhtiari, S. I. Ganchev, and R. Zoughi, “Analysis of radiatio{VBS) expansion method [6] is used to transform electromagnetic
from an open-ended coaxial line into stratified dielectri¢EEE Trans. fields to the spectral (Hankel transform) domain. It is found that this
Microwave Theory Techvol. 42, pp. 1261-1267, July 1994. technique has the following attractive features suitable for numerical

D. Misra, M. Chabbra, B. Epstein, M. Mirotznik, and K. Foster, "Non-c. 0\ 1ations, similar but not limited, to those stated in [3]. First, it
invasive electrical characterization of materials at microwave frequenc

using an open-ended coaxial line: Test of an improved calibratidg not limited by the number and widths of metallic rings. Second,
technique,”IEEE Trans. Microwave Theory Techwol. 38, pp. 8-14, the spectral Green's functions can be easily obtained using the
Jan. 1990. ‘ _ spectral immittance approach [7]. Third, algebraic equations, instead
C. Pournaropoulos and D. K. Misra, “The co-axial aperture electromag coypled integral equations, are obtained for setting up the final
netic sensor and its application in material characterizatibteas. Sci. determinantal equation. Fourth, vector global basis functions with
Technol, pp. 1191-1202, 1997. quation. , 9
D. K. Misra, “Evaluation of the complex permittivity of layered dielec-Proper edge conditions are employed to expand the unknown currents
tric materials with the use of an open-ended coaxial lindicrowave on the rings, and it results in a small-size matrix eigenvalue problem.
Opt. ngh”ﬁ'{ Lett.vol. 11, nct>. z;,tﬁp. 183—|187, Mar‘-tt‘lgt%-f eri |FinaIIy, the result for the resonant frequency is in a variational form.
JE—— n the measurement O e complex permittuvity or materials : : : :
by an open-ended coaxial probéZEE Microwave Guided Wave Lett. This paper is organized a_s fOHOW_S' Se-c:tlor.l Il formulates the
vol. 5, pp. 161163, May 1995. VFHT methpd for_ the a_naIyS|s of microstrip rings _embedded in
J. H. Lee, H. J. Eom, and K. H. Jun, “Reflection of a coaxial lin@ layered dielectric medium. The vector basis functions and their
radiating into a parallel plate,JEEE Microwave Guided Wave Lett. transforms used in this study are also described. In Section lIl,
vol. 6, pp. 135-137, Mar. 1996. calculated results for single and coupled rings are presented and
checked against published data and our measurements. Section IV

presents conclusions.

Il. FORMULATION

A. The VFHT and the Parseval’'s Relation

The cross section of the analyzed shielded coupled microstrip
ring resonator is shown in Fig. 1. The rings are assumed to be
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z The functionsS:; " (=) are expressed in terms of hyperbolic sin and
4 cos functions weighted byrn-dependent constants. The boundary
conditions for transversat- and H -fields should be applied to each

£ hy dielectric interface and each ground plane. It can then be shown that
El = Zh Jh and B¢, = Z&,J¢, and Z¢, and Z" are identical
e Si Wi S, W hy to those obtained from the well-known spectral-domain immittance
r3

approach [7].
It has been proven in [6] that

e , §(p— o) =
Er A ZH;,(/)) Hm (P):M I (6)

P=0 p=a -
where I is the unit dyadic. Based on (6), the following Parseval’s

Fig. 1. Cross section of a coupled microstrip ring resonator. relation can be readily derived:

oo

perfectly conducting and infinitely thin. Starting with TE and TM [ET’; E;l] {]:”’71} = /n p[jEp(P) Eqs(ﬂ)] {];]ﬂ((pp))r dp

to z formulation in the circular cylindrical coordinates and using ,,—; Iin
the method of separation of variables, one can obtain the general )
solutions of the scalar potential8® (TM) and ®* (TE) in each
layered dielectric region as where the superscrifitdenotes the complex conjugate operation. The
) results of (7) must vanish because the transversiélds and current
ol =l Zsf TG ) I (1) density functions are zero in complementary regions &th, + h»
m=1 plane. This equation can be used to set up a nonstandard eigenvalue

wheren is the azimuthal resonance orddy, is thenth-order Bessel Matrix equation, of which the eigenvalue is the resonant frequency
function of the first kind\S, = 2,,./a and A= 2!, /a are the of the whole structure, via the use of Galerkin's procedure.

spectral variables for the TM and TE waves, respectively, and

andaz;,,, are themth roots ofJ, (z) and.J,, (x), respectively Sy, (=)  B. Vector Global Basis Functions and Their Hankel Transforms

andS,,L(/.)lspecn‘y thez- dep?ndence of therth SpeCtra! waves, and The unknown currents on thi¢h ring conductor are expanded as
I, = a|lJ,(e.)|/vV2 and I" = a|J. (chm)|/ (1 — n2/22,,)/
Each summation term in (1) is a cylindrical wave functlon WI'[ ( Np—1 V91— 22U (2:)
discrete eigenvalue for describing the electromagnetic fields insi ( } Z Cik T (i)

a circular cylindrical waveguide [8]. With the’™¢ factor being 1— a2
suppressed, the transverdalfields can be written as Np—1 /T = 22U (1)
JE, + Z die | Te(ai) (8)
E¢ k=0 1 — Jf
h
oo n_Jn(Ap) 9 In(dup) wherez; = 2(p — pei)/w;, pei IS Strip center andv; the linewidth,
)\h Ih 3 Ae Ie P f 2 F p
= Z gp P a( ’mp)] el T, and U are the Chebyshev polynomials of the first and second
m=1 - M L M kinds, respectively, and andd;; are expansion constants. Note that
65)\,,1,0) In Amp I the important edge conditions for both radial and azimuthal currents
a S (2) have been incorporated into computation.
d; S (2)/we There are four types of integrals to be evaluated for the Hankel
o Sh () transforms of the vector basis functions in (8). They can be written as
_ ‘_’—r m
- ZH'" p)[ (7)/04 @) peit(wi/2) a LA
n=1 dz m / e i {Jn(ap) TL .E dp (9)
. J) (ap) 72 -
. ci—(w;/2) pInlap 2
wherej = /-1, and the superscripgl’ stands for the transpose ’ 1—a?

operation. The VFHT ofj E, Es]" is defined as whereq is either)\é, or A?,. When the transform kernelg, and.J/,

£, _ /a‘ p H () JE, dp 3) vary slowly for|z;| < 1, they are expanded as a series of Chebyshev
0 " Ey |7 polynomials of orderN, [9] and the result of (9) can be readily
Substituting (2) into (3) and using the orthogonal relations betwe@ft@ined via the orthogonality properties of Chebyshev polynomials

the cylindrical vector wave functions [8], one can verify that with respect to summation. Whenis large, the following asymptotic
; expansions are used [9]:
{E,’;} [ L S5m) } @
[oe = g | 2 .
E;, P S5 () we Jo(x) = ,/E [P,, (z)cos &, (x) — Qn(x)sin &(w)] (10a)
Similarly, the VFHT of the transversaH-fields [jH -H,]T is D)
obtained as Ju(x) =1/ — [Rn(x)cos En () + Sn(x)sin En(w)] (10b)
" h :
|:}”Ic } = [ dz S’;( (,)/)jwﬂ} (5)  where¢, = x—(2n+1)a/4. Pu(z), Q.(2), R.(z), andS, (z) are
m —] n

expanded by Chebyshev polynomials of argunteht to represent
The spectral-domain Green’s functions, for the currents amkde magnitudes of the Bessel functions for> 8. In this way, the
transversalE-fields atz = h, + ho, can be derived as follows. oscillatory part is separated from the integrand and the remaining part
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Fig. 2. Validity check of calculated resonant frequencies of microstrip ring

resonators.

can be expanded as a series of Chebyshev polynomials of drder
As a result, (9) can be easily obtained by using the following identity: L

T(x)
Vi

wheref = ap.; — 2n + 1)x/4 and 5 = aw; /2.

/I do = &7 ()™ T () (11)

lll. RESULTS

A. Convergence Behavior of the VFHT and Confidence Check
A single annular ring [5] withw; = 38 mm, sy = 2 mm, and

a = 70 mm is chosen for testing the convergence behavior of the 2
VFHT method. This is a crucial condition for the convergence test L

because the ring has a wide strip width > 0.5¢ and a small
inner radiuss; < 0.03a. It is found thatN. = 48, N, = 7, and
the number of spectral term’§ = 500 are required to have a 071
relative accuracy for this particular case study. We 0ge= 6,
N, =

takes approximately 15 s on an HP735 workstation to calculate oy

data point.

Itis important to check if the converged data obtained by the VFH®) s1 + w;

64, and N = 2000 for all the results presented herein. The
size of the final matrix i2N, = 12 for a single-ring resonator. It _.

(@

w
T
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(b)

F|§. 3. Resonant frequencies of coupled microstrip rings in a layered di-
C

tric medium. Structure parametets: = 0.508 mm, hy = 1.27 mm,

hs =0, hqg =127 MM, 1 = 2.2, 5,20 = 10.2, 44 = 1, a = 50 mm.

is correct. Fig. 2 compares the calculated resonant frequencies with= 1 mm, s> = 1 mm.
those reported in [5]. The results obtained by the VFHT seem to

have T4 deviation from the referred data for all values. Whers;

have good agreements with the planar waveguide model [10].

B. Some Results and Measurements

18 mm, s = 1 mm, ws

=1 mm. (b) sy = 17 mm,

X X mode has higher effective dielectric constant than the odd mode does.
is larger than 20 mm, ow, is less than 20 mm, the VFHT reSUItSHowever, on a multilayer substrate, either even or odd mode can have
higher =,.¢ value than the other one, depending on the substrate
height ratio [11]. As a result for the particular structure in Fig. 3,

the resonant frequencies for theno

Fig. 3(a) and (b) shows the resonant frequencies of a two-rimgmode.
resonator on a two-layer substrate for the azimuthal resonance orddn Fig. 3(a), the resonant frequencies are plotted againsThe
n being from 1 to 5. Two important aspects relevant to this microstrimewidth w; = 18 — s; mm. It shows that ther-mode results
structure are considered before the investigation of the resonamt nearly independent of the variation &f, while the c-mode
characteristics is proceeded. First, there are two dominant resorfa@guencies increase when is decreased. Whesy = 17 mm and
modes corresponding to the two quasi-TEM modes of straight coupled = 1 mm, the resonant frequencies for both modes witkr 2
microstrip transmission lines. Thus, it is possible to usedtend are close ton times the values witm = 1. This situation does not
« modes to identify the two dominant resonances. Fhmode is apply to that withs; = 2 mm andw, = 16 mm due to the curvature
referred to that the currents on the coupled rings are of the saeféect. In Fig. 3(b), the resonant frequencies are calculatedvfor
polarities and ther mode is to that of opposite polarities. The secondarying from 1 to 16 mm withw; = s; = 1 mm. The x-mode
aspect is on the stacked dielectric substrates. For straight couplesults decrease as is increased, while the-mode frequencies are
microstrips on a single-layer substrate, it is known that the evémsensitive to the variation of.

de are higher than those of the
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The measured circuits were fabricated on RT/Duroid 6016.2= Mutual Coupling Between Millimeter-Wave
10.2) and 5880(z, = 2.2) substrates. For the tradeoff between the Dielectric-Resonator Antennas
insertion loss and perturbation of the experimental structure: 1) the
loose coupling scheme [1] with a coupling gap of 0.254 mm (10 Yong-Xin Guo, Kwai-Man Luk, and Kwok-Wa Leung
mil) is used and 2) collinear 5Q-feeding and extracting microstrip
lines are designed in the circuits. In measurements, the modes are

identified by comparing the results with the simulated data. The”PStract—The mutual coupling between aperture-coupled cylindri-
" 'cal dielectric-resonator antennas (DRA's) is analyzed using the finite-

measured resonant frequencies for the coupled microstrip rings shgiérence time-domain method. The perfectly matched layer is used
good agreement with the prediction by the VFHT. as absorbing boundary conditions. The voltage excitation source of
microstrip structure is based on the Zhao’s model, in which the source
plane or the terminal plane can be moved very close to the discontinuity
IV. CONCLUSION o) tha_t the computation_al domain can be reduced substantially. The
: numerical results are verified by measurements and reasonable agreement
The VFHT is formulated for characterizing shielded single anbetween theory and experiment is obtained. It is shown that this method
coupled microstrip ring resonators in an inhomogeneous mediuffhighly efficient for the analysis of DRA's.
With variational nature, the method can provide nearly convergedindex Terms—Dielectric antennas, FDTD methods, mutual coupling.
results by using several hundreds of summation terms. The calculation

resonant frequencies and the measurements have good agreements.

The

technique can be extended to deal with annular slot, disk, and . INTRODUCTION

multiple annular-ring resonators embedded in a multilayer structure.Dielectric-resonator antennas (DRA's) have been considered for
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applications at millimeter-wave frequencies since systematic experi-
mental investigations on DRA’s were carried out by Lagteal. [1].
REFERENCES DRA'’s share many of the advantages of microstrip antennas, includ-
K. Chang,Microwave Ring Circuits and AntennasNew York: Wiley, ing small size, low P“?f"ev _I'ght weight, ease c_)f COUpI!ng to_ almost
1996. all types of transmission lines, and ease of integration with other
S. G. Pintzos and R. Pregla, “A simple method for computing the resactive or passive microwave integrated circuit (MIC) components. In
nant frequencies of microstrip ring resonatod§EE Trans. Microwave gaddition, DRA’s avoid the inherent disadvantages of patch antennas,
Theory Tech.vol. MTT-26, pp. 809-813, Oct. 1978. _such as high conduction loss at millimeter-wave frequencies, narrow
K. Araki and T. Itoh, “Hankel transform domain analysis of open cir- . - L
cular microstrip radiating structureEEE Trans. Antennas Propagat. Pandwidth, and low efficiency due to surface-wave excitation. Most of
vol. AP-29, pp. 84-89, Jan. 1981. the available theoretical and experimental investigations on DRA’s
S. M. Ali, W. C. Chew, and J. A. Kong, “Vector Hankel transformare on an isolated element of various shapes [1]-[3]. Among the
analysis of annular-ring microstrip antenndEEE Trans. Antennas yarious excitation methods for DRA's, the aperture-coupled feed

Propagat, vol. AP-30, pp. 637—644, July 1982. . . . . : .
F. Tefiku and E. Yamashita, “An efficient method for the determinatio#'i5 most welcome since it can be practically implemented at high

of resonant frequencies of shielded circular disk and ring resonatorf€quencies and is suitable for monolithic-microwave integrated-
IEEE Trans. Microwave Theory Teghvol. 41, pp. 343-346, Feb. 1993. circuit (MMIC) applications [2], [3]. In some applications, a number
W. C. Chew and T. M. Habashy, “The use of vector transformgf DRA's are combined to form an array for high gain requirement.

in solving some electromagnetic scattering problem&EE Trans. ; _ ; ;
Antennas Propagatvol. AP-34, pp. 871879, July 1986, Several designs of probe-fed DRA arrays are reported in the literature

T. Itoh, “Spectral domain immittance approach for dispersion charactdfl: [5]. However, very few investigations have been undertaken to
istics of generalized printed transmission lind&EE Trans. Microwave assess the performance of an aperture-coupled DRA array, and only
Theory Tech.vol. MTT-22, pp. 733-736, July 1980. a few experimental results have been reported [6]-[8].

C.-T. Tai, Dyadic Green Functions in Electromagnetic Thedpd ed. | this paper, the mutual coupling of aperture-coupled cylindrical

Piscataway, NJ: IEEE Press, 1994, ch. 6. . . , . _ . .
C. W. Clenshaw,National Physical Laboratory Mathematical Tables’dlelectrlc-resonator arrays (CDRA's) using the finite-difference time-

vol. 5 (Chebyshev Series for Mathematical Functions). London, U.kdomain (FDTD) method with Berenger's perfectly matched layer
Her Majesty’s Stationery Office, 1962. (PML) absorbing boundary condition (ABC) is studied because it
A. M. Khilla, “Computer-aided design for microstrip ring resonators,’js a crucial parameter in evaluating the performance of an antenna
Tgl;;oc{.);ltf_lguropean Microwave ConAmsterdam, The Netherlands, 515y The advantage of this approach is the ability to investigate
J.P. K. Gilb and C. A. Balanis, “Asymmetric, multiconductor low-PaSiC structures, as well as more complicated DRA's, which are
coupling structures for high-speed high-density digital interconnectdyardly analyzed by the previous methods [2], [3]. The DRA’s are
IEEE Trans. Microwave Theory Teghvol. 39, pp. 2100-2106, Dec. operated at the fundamental broadsidé ;s mode [1]. Besides, the
1991. reflection coefficients of the CDRA'’s are presented for completeness.
Measurements have been conducted to validate the calculations.

Il. THEORY

The three-dimensional (3-D) FDTD algorithm is applied to analyze
the CDRA'’s. A detailed description of the FDTD method will be
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