IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 3, MARCH 2001 553

[5] V. Radisic, Y. Qian, R. Coccioli, and T. Itoh, “Novel 2-D photonic
bandgap structure for microstrip line$EEE Microwave Guided Wave Ro Primary Line
Lett, vol. 8, pp. 69-71, Feb. 1998. ]

[6] J. S. Foreskt al, “Photonic-bandgap microcavities in optical waveg-
uides,”Nature vol. 390, pp. 143-145, 1997.

[7] D. Lailloy et al,, “Demonstration of cavity mode between two-dimen-
sional photonic-crystal mirrors,Electron. Lett, vol. 33, no. 23, pp.
1978-1979, Nov. 1997.

[8] F.-R.Yang, Y. Qian, and T. Itoh, “A novel hig guide resonator using
band-gap structures,” ifEEE MTT-S Int. Microwave Symp. DjdBal-
timore, MD, June 1998, pp. 1803-1806.

[9] T.Y.YunandK.Chang, “One-dimensional photonic bandgap resonators
and varactor tuned resonators,”I[BEE MTT-S Int. Microwave Symp.
Dig., Anaheim, CA, June 1999, pp. 1629-1632.

[10] K. ChangMicrowave Ring Circuits and AntennasNew York: Wiley,
1996.

Tuning Line c

Fig. 1. DR in cavity, with microstrip lines and varactor.

Modeling the DR circuit traditionally relies upon deriving a lumped

Improved Tuning Prediction for the Microstrip Coupled equivalent circuit based upon curve.fitting t.he response to either
Dielectric Resonator Using Distributed Coupling directly megsured or electromagnetically s_mulatﬁebgrameters
[1]3]. In this paper, a more accurate alternative model is expounded,
Xiaoming Xu and Robin Sloan which is capable of accurately predicting the achievable tuning range.
Compared with the classic lumped equivalent circuit, the distribution
of coupling between a DR and a microstrip line is modeled by the
Abstract—in this paper, accurate modeling of the varactor-tuned dielec- mutual inductance of multiple sections. Parameters of the equivalent
tric resonator (DR) using distributed coupling between the DR and mi- mqdel are derived through the integration of the appropriate EM-field

crostrip lines is investigated on the basis of three-dimensional electromag- ., yqnent and, thus, the model is truly representative of the actual
netic study. The magnetic coupling between the DR and microstrip line is

appreciable over a length greater than the diameter of the DR. The distri- EM fi.elds. Komatsu and Murakami. [5] havg a!so calculated the
bution of this coupling should be considered when calculating the electronic coupling to the DR based on EM-field distribution. However, the

frequency tuning range. A novel circuit model is introduced to representthe  magpnetic field is then integrated along the microstrip line to yield an
coupling as distributed, with an integral method to calculate equivalent-cir-  quarall lumped coupling. For the results presented here, the EM-field

cuit parameters efficiently. The distributed model provides much better ac- distribution i ted f inale f int di
curacy than the conventional lumped model [1]-[3]. A comparison is made @IStMouUtion IS generated Tor a single ifrequency point corresponding

between the calculated tuning range of 23 MHz achieved by the distributed 10 peak energy storage at thid,, s-mode resonance eigenfrequency.
model, which agrees closely with a measurement of 20.2 MHz, and that of This is computationally efficient, requiring only a single simulation

89 MHz predicted by the conventional lumped model. The circuit model of  wjith corresponding post-processing to yield the equivalent distributed
distributed coupling is, therefore, valuable in the design of DR oscillators. circuit components. These components are then applied to a nodal
Index Terms—Dielectric resonator, distributed coupling, tuning range, ~ simulation package such as HP EEsof’s Libra, thus yieldingtpa-
varactor tuning. rameter response rapidly. It is then far quicker to optimize parameters
of this equivalent circuit than the dimensions of the three-dimensional
EM model. The approach is general enough to be applied to any DR

coupled circuit comprising one or more transmission lines.
Dielectric resonators (DRs) are commonly used as stabilization el-

ements in oscillators [4]. The high quality factors realizable with the

DR yield a relatively low oscillator phase noise. The most common os- 1. DISTRIBUTION OF COUPLING AND CIRCUIT MODEL

cillator configuration is the reflection mode with the DR located off a

microstrip line attached to the active device. The electromagnetic (EM)Conventional circuit models for a DR coupling to a microstrip line

mode employed, most commonly th&,; s mode, may be tuned elec- are based on the assumption that the coupling between the DR and mi-

tronically using a varactor diode mounted on an adjacent transmissf@gStrip line is concentrated at the middle of the line. A three-dimen-

line, as shown in Fig. 1. Usually, the desired oscillation frequency $onal field study reveals that the coupling component of the magnetic

maintained by electronically compensating for temperature drift, bii¢ld spreads widely along the line as described in [1].

could also be required to maintain phase lock to a reference oscillationUsing nodal analysis software, such as Libra, mutual inductances

In their paper [3], Buer and El-Sharawy discussed the importance &€ used to represent the distribution of magnetic coupling between the

using a nonresonant varactor tuning line and applied the lumped eqiR and microstrip lines. The microstrip lines are divided into short

alent circuit. Resonance in the varactor tuning line should be avoided§€tions of 0.5 mmX;/27). The total inductance of the DR, i.e.,,

else spurious oscillations and undesirable frequency hopping can ocluglistributed on the secondary side of the inductors. For convenience,
an additional inductance, i.€L,,, is introduced to take account of the

remainder as follows:
Manuscriptreceived September 17, 1999. This work was supported by the En-
gineering and Physical Sciences Research Council under Contract GR/K78744.
The authors are with the Department of Electrical Engineering and Elec- L, = ZL’ + L, Q)
tronics, University of Manchester Institute of Science and Technology, Man-
chester M60 1QD, U.K.
Publisher Item Identifier S 0018-9480(01)01693-3. whereL; is the microstrip inductance in each section.

|. INTRODUCTION

0018-9480/01$10.00 © 2001 IEEE



554 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 3, MARCH 2001

Ill. DERIVATION OF CIRCUIT PARAMETERS 0.0 Cvar

There is an existing approach of extracting equivalent-circuit parar
eters from results of EM field calculation by a curve-fitting technique _
Firstly, a number of EM calculations are carried out around the res
nant frequency with small frequency steps. $sparameter curve with
respect to frequency is obtained. Then parameters of circuit model i _; 5
curve fitted to the frequency response. This approach possesses |
relation between the nature of actual EM fields and corresponding c
cuit models. ~15.0
Initially, a single eigenvalue calculation of the three-dimensional EN
structure is carried out to find the resonant frequency of the mode unc
consideration, (here, itis thEE,, s mode) and the corresponding field -zo0.0
distribution. A number of physical quantities, such as stored eriérgy
lossesh s, magnetic flux®,,,, and electric flux® ;, are then calculated
by volume and surface integrations of the EM fields at the resonant fr-25. 0 5—¢ 5 o5
quencyf.. As is well known, the energy is stored in electric and mag Freguency 0.02 GHz/DIV
netic fields in the whole spac&’ = W, + W,,. At resonance, the
electric energyV. and magnetic energi’,,, are equal to each other, Fig- 2. Frequency response 8f, from distributed models.
W. = W,,, butin any numerical calculation, one of them usually has

cCOMLNOBA RN

better accuracy. Since SOPRANO uses electric fiélds the solved 1 1

variable, the electric field has better accuracy, while the magnetic field fr= m = Cr = m (8)

is derived from the electric field by numerical differentiation. Therefore, , ,

the total stored energy is expressed by a volume integral as follows: o =M= M=2u/I ©)
Poss =R.I? = R, = Ross/ I’ (10)

W=W.4+W,, =2W, = / E-Ddv. 2
v whereL.., C,., andR, are total inductance, total capacitance, and total
Both surface and volume integrals are employed to take accountesistance of the DR, respectively, abflis the mutual inductance due
losses on metal walls of the cavity and in the materials as follows: to the magnetic coupling between the DR and microstrip line. For the
- - lumped coupling model}! is the total mutual inductance, therefore,
Plogses = R / H} ds +/ o E? dv. (3) ., should correspond to the total flux on the whole length of the line.
? N In the distributed coupling modeM is the mutual inductance repre-
The surface resistivity of the metal walls is calculated asenting coupling between the DR and a section of the line, and the cor-
R. = /(zfp)/o., whereo. is volume conductivity of the respondingd,, should be calculated along the length of the section.
metal. The tangential component of the magnetic fielfis= H - t

and the equivalent conductivity of the materials, such as substrate and
DR puck, due to losses is calculateda@as= 27 fz,zo tan § where IV. COMPARISON OFCALCULATED RESULTS WITHMEASUREMENT

tan ¢ is the loss tangent. A testing circuit was made to verify the new modeling method, at
For magnetic flux®,.., representing coupling between the DR ang, design frequency of 9.6 GHz. A microstrip line of 10-mil width is
a microstrip line, the integration surface of (4) is vertical and directhgpricated on 10-mil substrate with = 9. The circuit and DR puck
under the middle of the metal microstrip track and is entirely in théMorgan Electroceramics, Ruabon, U.K., D36 puck, Zr, Sn—titanate
substrate as follows: composited = 6.7 mm,h = 2.5 mm, ands, = 36.5) operating
- in the TEq:s mode are hosted by a 918 x 8 mn? brass cavity. A
&, = / B-ds. (4)  varactor diode (LORAL, GC15006, 0.2—2.0 pF) was bonded at one end
? of a 10-mil microstrip line of 340-mil total length.
The approach adopted here assumes that only the magnetic couplintp search for the resonant frequency of thi&,;s mode, an
is significant. eigenvalue calculation of the loaded cavity was carried out by SO-
Besides the physical quantities explained above, the electridfjux PRANO/EV. The equivalent-circuit parameters were then calculated
is chosen as the state variable for the magnitude of resonance. A vertigah the field distribution as: inductance of the OR = 1.470635

cut plane from the center of the DR puck to the wall of cavity is set upH, capacitance of the DRC, = 0.1874298 pF, resistance
to carry out the surface integration for the flux as follows: representing all losse®, = 0.020602 £, mutual inductance
. representing coupling between the DR and the primary microstrip line
¢, = / D -ds. (5) M, = 0.1001760 nH, and finally, mutual inductance for coupling to

the tuning microstrip linel/, = 0.08093640 nH. After delivering the
Furthermore, the corresponding state variable of the equivalent-Garameters to the lumped- and distributed-circuit models, the tuning
cuit electric-current is calculated as follows: ranges were calculated for each model using HP EEsof’s Libra.
The frequency response of the reflection coefficidint from the

I=2xf3,. 6 . . hathel - )
distributed model is shown in Fig. 2. Examining the tuning range of
Finally, equivalent-circuit parameters are derived from the physictie distributed model versus the lumped model and measurement in
guantities as follows: Fig. 3 shows that the distributed model provides a much better result,
1 . a tuning range of 23 MHz compared with 20 MHz from measurement,
Wi, = §L;~I‘ while the lumped model gives a very wide range of 89 MHz. The error

v 1 N between the calculated and measured resonant frequency is attributed
Wa =g W= L. =W/I (7)  to the tolerance in the DR permittivity { = 36.5 & 0.5).
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Rapidly Converging Direct Singular Integral-Equation
Techniques in the Analysis of Open Microstrip Lines
on Layered Substrates

J. L. Tsalamengas

Abstract—n this paper, moment-method-oriented direct singular inte-
gral-equation techniques are used for the exact analysis of planar layered
microstrip lines. While these techniques retain the simplicity of the conven-
tional method of moments, they optimize them by evaluating all matrix ele-
ments via rapidly converging real-axis spectral integrals. The proposed al-
gorithms yield highly accurate results for the dispersion characteristics and
for the modal currents both of the fundamental and higher order modes.

Resonant Frequence (GHz)

Index Terms—integral equations, layered media, planar transmission

lines.
0 0I5 v1l 1!5 é 25
aractor itance
Gapaciarce (PP |. INTRODUCTION
Fig. 3. Tuning range. Shown in Fig. 1 is the geometry of an open generalized microstrip
line. All layers—described by the scaldes, p;, ki = w./z:p;)—are
V. CONCLUSION AND FURTHER DISCUSSION taken to be linear, homogeneous, and isotropic, whereas the semi-in-

N . .. finite regionsm 4 1 and—n — 1 may be perfect electric conductors
The distribution of the coupling between a DR operating in theecq) “herfect magnetic conductors (PMCs), or dielectrics. Here, the
TEo:5 mode and microstrip lines has been studied in this paper. Usiiil « ‘ase is considered. where the strip is placdd at 0, —w <

a finite-element field calculation at the resonant frequency, equivalgrnt< w, —o0 < = < +50) right on the interface between two adjacent

multisection gircuit parameters were deriyed. The distributed- a%&/—ers_’ It is known [1], [2] that, in this (worst) case, several exponen-
Iumped_-COL_lpllng mf’de_'s are compargd with m_easured_ results fr(ﬁ%\ly decaying factors, which ensure convergence of the conventional
a test circuit. The distributed model with a predicted tuning range Qf ectral Green's dyads, disappear, leaving us with slowly converging

2‘3’] M"(;Z IS n closfehag;gemsnt ‘(’j‘"th tgel meallsuredhrangﬁ of 20 N][ ectral integrals. Proper handling of these integrals will be carried out
The advantage of the distributed model is clear when the range frofyot efficiently in Section Il

the lumped model is considered at 89 MHz. In connection with this structure, the three-dimensional (3-D) ex-
citation problem for an arbitrarily polarized obliquely incident plane
ACKNOWLEDGMENT wave has been treated in [3]. Here, we solve the spectral (propaga-
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Assuming propagation in thez-direction and following the immit-
tance approach, the surface current density on the.bteg J., («) & +
J.(2)2]e’*t9%) is found to satisfy the system of integral equations

R(Z1, Zo;2) =0 R(Z2, Zs;2) =0 (|z] < w) )
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