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can then be used to achieve a much better agreement between the
amplifiers’ experimental and simulated results. However, these are
beyond the scope of this paper, as our purpose is to demonstrate

the feasibility of the proposed amplifier configuration. The measured
output 1-dB compression points of the 2-4 GHz and 5.4-10-GHz
amplifiers are 17 dBm at 4 GHz and 19 dBm at 10 GHz, respectively.

V. CONCLUSIONS

New broad-band push—pull FET amplifiers have been developed.

These amplifiers employ CPW and slot line and are completely

uniplanar. One amplifier exhibits a gain of 3.5-5 dB over 5.4-10 GHz

e T e 7 8 9 10 11 12 and an output 1-dB compression point of 19 dBm at 10 GHz. The

FREQUENCY (GHz) other amplifier has a measurec_i gain _from 10 to 11 dB over 2—4 GHz

and an output 1-dB compression point of 17 dBm at 4 GHz. These

Fig. 5. Measured gain and return losses of the 5.4-10-GHz amplifier. amplifiers demonstrate a successful implementation of the push—pull
amplifier configuration using uniplanar technology for MIC's and

20 MMIC's.
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Fig. 6. Measured gain and return losses of the 2—4-GHz amplifier.

IV. AMPLIFIER PERFORMANCE

The new uniplanar push—pull amplifiers were fabricated on  The Method of Lines for the Hybrid Analysis of
1.27-mm RT/Duroid 6006, having a relative dielectric constant Multilayered Cylindrical Resonator Structures

of 6.15. Figs. 4 and 5 show the calculated and measured gains
(S21) and input 611) and output §32) return losses of the first

amplifier, respectively, designed using NE76184AS. The calculated
magnitude ofS;; is greater than 0 dB below 5 GHz, indicating

a potential instability problem in the amplifier. This was expected Apstract—A very powerful numerical model based on the method of
as this transistor is only unconditionally stable from 6 to 11 GHines (MoL) is developed for the hybrid analysis of composite multilayered
The measured gain is between 3.5-5 dB from 5.4 to 10 GHgylindrical dielectric resonator structures. These structures are composed

Fig. 6 shows the measured gain and input and output return Ios%teg number of coaxial rings which are arbitrarily layered in the axial
Ifection. The resonant frequencies, as well as quality factors caused by

of the other amplifier using NE76084AS. The _gain is betweeRgiation or dielectric loss and the corresponding field distributions of
10 and 11 dB from 2 to 4 GHz. As seen in Figs. 4 and 5, th&l resonant modes can be determined with the described algorithm.
measured and computed results for the 5.4-10 GHz amplifier diee theory is verified in case of the conical dielectric resonator and a
not in a good agreement. A similar discrepancy was seen for tfrmparison of our numerical results with those of other authors shows

o . . excellent consistency.
2—-4-GHz amplifier. These discrepancies were expected because many
approximations were involved in the design process; for examplendex Terms—Eonical resonator, MoL, multilayered cylindrical dielec-
the effects of the discontinuities in the uniplanar circuits and tHEC resonators.
transitions used in the baluns were not taken into account in the
circuit simulations. In addition, we used the-parameters of the  Manuscript received June 27, 1996; revised December 1, 1996.
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on thez-direction. Lossy materials can be considered using complex
i l A B ABC permittivities. Such multilayered dielectric resonators surrounded by
metallic walls were first investigated by [11] using an algorithm based
on the mode-matching technique and [12] with a differential method.

Il. THEORY

In cylindrical coordinates, the electromagnetic field for an inhomo-
geneous dielectric medium can be determined by two vector potentials
II. andIl,, each one having only one componentand, in the
i ';""1' T - z-direction, respectively. If we assume a harmonic time-dependence
ﬁ i i, F in accordance witk’“! and a space dependence of the permittivity
malcheng surfaces | I according to=.(z), the scalar potentials. and+, must fulfill the

Sturm-—Liouville differential equation and the Helmholtz equation in
Fig. 1. Discretization of a composite multilayered resonator structure. cylindrical coordinates, respectively,

10 [_ov.\, 1 8%, o [ v ov., .,
I. INTRODUCTION ¥ or <r o )+T'2 Dp? terg e B ) T =0 @
<7_' (91/);1) 1 027#'/z (92'1//%

In integrated microwave engineering, resonators are utilized intad 1
variety of applications, including filter elements, the stabilization af o7 ar 72 Oyp? 972
oscillators, frequency met.ers, and tgneq amplifiers. The ne.cesgjty: kr and= = k.- are the normalized coordinates akd
of reducing the cost of microwave circuits makes the reduction of y,e free_space wavenumber. For resonator structures, which are
their size essential. In thl_s respect,. the low-cost d_lele_ctrlc resonat%ﬁationally symmetric, we get the relation
became more and more important in telecommunication and satellite .
communication. The increasing importance of mobile telecommu- 9 Yeh — _m2p. (3)
nication systems and the shift from vehicle-mounted mobile-phone 9¢? o
systems to portable units has especially increased the demandwfiath the mode ordern in azimuthal direction. To solve the two
dielectric resonators which are compact, reasonably priced, and hdifterential equations in (1) and (2) the potentials and the permit-
good temperature stability. Due to the proximity of the resonativities = are partly discretized perpendicular to the axis of rotation.
frequencies of the various hybrid modes to one another, it is veljg. 1 shows the longitudinal section of the discretized computational
important to know all the exact resonant frequencies and the carindow. As the discretization is only enforced in thedirection,
responding field distributions in the frequency range of intereshe potentials and fields are analytically calculated on lines in the
Currently, there are several approaches available for the rigoraaslial direction. We use two different line systems for the potentials
analysis of cylindrical dielectric resonators [1]. Most of them are only. and v, which are shifted toward each other to satisfy the
useful for the determination of resonator modes without azimuthiaterface conditions in the discretization direction. According to the
variations or are restricted to particular geometries. The method eXplanations in [6] concerning the derivations on the two line systems
moments based on the surface integral equation [2], [3], the null-fiedet obtain the following formulas:

+€TQ5}L =0 (2)

method [4], and a combination of the finite-difference time-domain —

and Prony’s method [5] have been further developed to enable the h 52 —D.y,

hybrid analysis of isolated dielectric resonators. It has been shown — O .

in a number of papers that the method of lines (MolL) [6] is highly h = -D'y.

suitable for the analysis of electromagnetic field problems. The MoL o 0%

. . . . . . < + h t

is a semianalytical method in which the relevant wave equations are h' == — —D D.y, = —Pni,

/

discretized only in one or two directions and solved analytically in _, 9 9
L. . K . 2 —1 Ve —1

the remaining directions. The MoL behaves stationary and, therefore/ €r(2) o— <€r (2) &= ) — —€Dae,, D'y, = —Pcyp, (4)
the convergence curves are monotonic [7] making an extrapolation / ) ) )
to the accurate result possible. This leads to results with a high @nd¢x are column vectors composed of the discretized potentials;
degree of accuracy with less computational effort. The introductién @nd €. denote diagonal matrices containing the values of the
of absorbing boundary conditions in the MoL has made it possibRerMittivity on the dlgtlnctllne system. Subs.tltutlng the cqrrespondlng
to simulate radiating structures such as microstrip patch antennas{#ference operators in place of the differential operators in (1) and (2)
and cylindrical antennas [9]. results in two sets of coupled differential equations. After decoupling

The purpose of this paper is to show that the MoL can be app“gapse equations by transfqrmlng .them to .the main axis, we obtain
very efficiently to the analysis of resonator structures in the cylindric&l SyStem 7°f uncoupled differential equations for the transformed
coordinate system. Our model enables us to investigate reson&gientialsy, ;.:
structures with different shapes, e.g., rotationally symmetric, cylin- 9 < b,

drical, or conical forms placed on a substrate. In [10], an isolated T 7 \" o
dielectric resonator with a cylindrical form was analyzed and it could
be demonstrated that our model is very accurate. This model agith
be modified very easily making the analysis of structures possible
which include metal layers like microstrip ring resonators with the 6"

same algorithm. As a surrounding boundary of the structure, we can Q..

use either absorbing boundary conditions, metallic, or magnetic walls.

The resonator structure is modeled by a set of single coaxial rin%g

in the radial direction. These rings show permittivities that depend Yo =Ten¥, ).

) F ko) —m*Luld,, =0 (5)
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The matricesk,.. and k., contain the propagation constant in
the radial direction on the main diagondll. and T, are the

I 1
transformation matriced?. and P,, are the difference operators for OHz l Eg
the second derivatives according to (4). As a general solution of the H LI
uncoupled differential equations a linear combination of the Bessel 1 LK . J‘ -
function of the first and the second kind according to ‘\‘-\l ; ' g

r
Von = ke PV At + Vi (kv F)Be ©) - \h-.._
can be used. This solution enables us to transfer the quantities readily -HT'"""‘"—H
from one side of a layer to the other. For the normalized raéii @
and7 = b we can use the following matrix form: 28
|:";b4:| _ |:']m(kreﬂha) }fm(kTeﬁha):| |:A:| (7) 1.2 .4 & LE 20 mm I3
¢B - Jm(kre’hg) y7m(l‘7r61h5) B ﬂﬂi'hﬁ;ﬂ L, =t

and the derivative t& can be expressed by Fig. 2. Resonant frequency of theEy;; mode in a conical resonator with

D =2.5mm,H =3.0mm,h = 250um, ¢, = 29.57, ande,; = 10 versus

9 12} _ Ton 2 TI 1]; cone heightL. (—theory [11], ¢ MoL).
e ®
or |¥g |21 g ¥y
T IV. CONCLUSION

p,, is a block diagonal matrix composed by the matripes The A yery powerful numerical model is developed for the hybrid
detailed structure of the normalized cross-products used here canpey s of dielectric resonator structures of complicated shape, such
found in Appendix A. After some algebraic manipulations, we obtaifs yhe conical resonator. The computational model is based on the

the foIIowing system of equations for the tangential-field COMponenis satile Mol which has been proven to be very efficient for the
on the cylinder planest and 5: analysis of a wide class of electromagnetic field problems. The

H, Vi Yy E. algorithm developed makes the determination of resonant frequencies,
Hs| |y, wv5s||-E=n ©) quality factors, and field distributions for all resonant modes in a
composite multilayered anisotropic dielectric resonator possible. Our
numerical results have been compared with those of other authors

} H. 7a.BE,. and excellent agreement was achieved. As a consequence of the full
Hap=jn {_ P } Esp= {7 Al *OA’B}. (10) g q

with the abbreviations

E. .. B vectorial analysis, the semianalytical, and the stationary character of

The detailed iti f th i q the MoL our results were obtained with a high degree of accuracy
€ detalled compositions of the malricgs,, y,5, andy, are .4 it |ess computational effort.

specified in Appendix B. Formally, (9) is equivalent with [6, eq.
(138)]. The further analysis can be carried out as described in
detail in [13]. Only the recurrence relations differ somewhat. For
the transformation from the inner to the outer side we have to use The normalized cross-products [15] used in (8) have the form

YEk) =Y, (ylA — YEkil))ilyZ — Y B (11) P = Jm (tA)ifm (fB) - ']m (tB)Y;n(tA)

: . . Trn =talJ), (84)Yin (b)) = Yy, (84) T (

and for the transformation from the outer to the inner side ! AlTm () L ( 5) . () i (5)]

! 1 qm :tB[']m (tﬂ)yvn (tB) - Jm (tb’)ym, (tA)]

Yi):y.,(y1B—Y,(‘7))71y2—yM (12) - / YV / -
= ! Sm _tﬂtb’[']nz (tﬂ)i m (tB) - ']777, (tﬁ)y7n (tA)] (13)
respectively. Match_ing the tan.gential figld_ comppnents at the intgfsth ty = k.a andts = k.b.
faces of the cylindrical rings yields an indirect eigenvalue problem.
This eigenvalue problem is similar to the one in [6], except that
all matrices are now complex. This problem could be solved very ) . ) .
efficiently by the MoL using the singular value decomposition (SVD) For the sake of brevity, the following notations are used in (9):
. . . ; . R

[14]. One advantage of the SVD is that we obtain a real function with v, = { Qun  Qndomn@. }

TapHoaRB

APPENDIX A

APPENDIX B

complex frequencies as argument instead of a complex function with

_Daqm Tr
a complex argument. On the other hand, the field distribution in the _Q,7 " —Q fl Q—l
matching plane is provided directly by one of the transformation Yig = { D h;mh ’lr”)’"h e }
almh —TYE2

matrices. For that very reason it is possible to decide what kind of

~—1 ~—1y—1
mode was found. v, = Qusm @5, QC (14)
2 —Dag;,‘l o
I1l. NUMERICAL RESULTS with
A conical dielectric resonator was analyzed with the algorithm Qj — e,letQ(flee

demonstrated here, and the results were compared with those of
[11]. In the radial direction, the shape of the cone was approximated
by a set of single coaxial rings, which consist of inhomogeneous
permittivities in z-direction. In Fig. 2, the resonant frequency of the
TEo11 mode is presented versus the heightA comparison of our
results with the numerical results in [11] shows that a very good
consistency was achieved.

h
- —1_ -1
9mn = Th57nhthTh

i _2g g
Sm _; hSmnd n
i

D.=2D, (15)
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and Nonradiating Sources in Time-Domain
Transmission-Line Theory

—1= —2—1 ~ 1
Yer =T eprpcTmek,c To € — Q44,,,Q, Ari Sihvola, Gerhard Kristensson, and Ismo V. Lindell

2 —1g-2m—1 -1
Qp = _; Tcp,,mkre Tﬁ € — thnz

o~ -1 —2mp—1_ 2 1l T Abstract—The concept of nonradiating (NR) sources is introduced to
Vo2 = TPy kre T € = Tokry s TonTe Q.- (16) transmission lines in the time-domain analysis. A method is presented
to construct localized voltage and current sources which do not produce
any fields outside the source domain. These sources cannot, therefore,
be detected by measurements made outside the source region. The
. . . . importance of such sources for the uniqueness of the inverse-source
[1] D. Kajfez and P. Guillon,Dielectric Resonators Norwood, MA:  proplem is pointed out, and energy conditions for the uniqueness are
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