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Abstract—This paper presents uniplanar one-dimensional (1-D) period-
ical structures, so-called photonic-bandgap (PBG) structures, and defect
high-Q resonators for coplanar waveguide, coplanar strip line, and slot (a) (b)
line. Proposed uniplanar PBG structures consist of 1-D periodically etched

slots along a transmission line or alternating characteristic impedance se- Fig.1. Uniplanar (CPW, CPS, and slot line) 1-D periodical structures. (a) 1-D
ries with wide band-stop filter characteristics. A stop bandwidth obtained pgg bandstop filters. (b)7 1-D ISBG resonators.

is 2.8 GHz with a stopband rejection of 36.5 dB. This PBG performance can
be easily improved if the number of cells or the filling factor is modified in a

parametric analysis. Using uniplanar 1-D PBG structures, we demonstrate . - .
new high-Q defect resonators with full-wave simulation and measured re- width, 2-D hole structures can be modified to 1-D structures. In addi-

sults. These structures based on defect cavity or Fabry—Perot resonators tion, use of uniplanar structures has an advantage that only a one-sided
consist of a center resonant line with two sides of PBG reflectors. They photolithography process is required. In this paper, uniplanar 1-D PBG
achieve a loaded( of 247.3 and unloadedq of 299.1. The proposed Cir- i c1yres for a coplanar waveguide (CPW), coplanar strip line (CPS),
cuits should have many applications in monolithic and hybrid microwave . . A

integrated circuits. and slot-line PBG are designed, as shown in Fig. 1(a).

Using the defect cavity concept, 1-D or 2-D optical waveguide
resonators with an alternating dielectric constant [6], [7] and image
guide resonator [8] have been published for high qualkity (es-

|. INTRODUCTION onators. Fig. 1(b) shows new CPW, CPS, and slot-line uniplanar
o ) ) resonators using 1-D PBG structures [9]. These resonators consist of
S|m||ar|y to the.energy bandgap concept_ in solid-state _electrorgccemer resonant-line (defect) with periodic PBG reflectors on both
matgrlals, photonic-bandgap (_PBG) materials or photonic Crys@i%les to implement Fabry—Perot resonators. Two important parameters
provide a means to control lightwave pmpagat'on' AIthoggh thfre analyzed and full-wave simulation and measured results are
PBG structure was developed for use at optical frequencies, it Fesented. The uniplanar defect resonators can be readily implemented

scalaple to microwave a”f’ millimeter-wave frequencies pecauge €monolithic microwave integrated circuits (MMICs) in which loss
PBG is an electromagnetic bandgap (EBG) [1]. A One'd'mens'on@émpensation circuits with active devices can be used.
(1-D) PBG structure can be made by alternating wave impedances,

which has been analyzed and applied to several transmission lines and
waveguides in microwave engineering to demonstrate stopband and
slow-wave characteristics [2]. In this paper, however, the periodicity The PBG structure is basically a periodical structure that satisfies the
is referred to as the PBG because ideas of a new 1-D resonatorfafewing equation, and strongly shows band-stop filter characteristics
based on the defect cavity concept [1]. as the number of cells is increased [1]:

Two-dimensional (2-D) PBG structures published for antenna and
microstrip-line applications consisted of periodical air holes, which
are micromachined or drilled through the substrate [3], [4]. A most re-
cently reported 2-D PBG structure for microstrip lines was composed

of circularly etched holes on the ground plane along the microstiere ;. is the propagation constant. The cell distanéig equal to

line W|.thoutdnlllng [5]. The periodically etched hole tgchmque avoids /o guided wavelength\() i % is equal to2x/),. The propagation
the drilling process and makes PBG structures easier to manufactif,siant i difficult to determine and full-wave analysis is necessary to
Since most electromagnetic fields are confined to the mICFOStrIp-|II&%|Cu|ate)\g for the structures in Fig. 1. As a simple approximation, it is

acceptable to set the propagation constant as approximately the same as
Manuscript received September 7, 1999. This work was supported in part®) unperturbeq transmission line, ass.umi.ng that the perturbation of the
the State of Texas Higher Education Coordinating Board under their AdvandeéBG structure is very small [5]. The circuit length is dependent on the
Te?EnOIO?g Pngfam_ih the Department of Electrical Endi oL T A&cell number, center frequency, and dielectric constant. In this study, the
e autnors are wi e Departiment o ectrical engineering, Iexas : : : : : .
University, College Station, TX 77843-3128 USA (e-mail tyyun@ee.tamu.ed%l;JbStrate used !s a RT/Duroid §010.5, with relatlvg dielectric constant
chang@ee.tamu.edu). (sr) of 10.5, height ) of 50 mil, and length of 2 in. The stopband

Publisher Item Identifier S 0018-9480(01)01692-1. center or resonant frequencj ] is chosen near 10 GHz and, thus, the

Index Terms—Band-stop filter, photonic bandgap, resonator, uniplanar.

Il. DESIGN AND PARAMETRIC ANALYSIS
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Fig. 2. Effects of design parameters on CPW PBG resonator characteristiS§spégmeters versus the number of cells.(@Bjactors (21, Qv;) versus the
number of cells withe/d = 60/250. (c) S-parameters versus filling factor. (6)-factors versus filling factor witth of 60 mil and three cells.

distance of cells is about 250 mil for, /2 and the number of cells is IE3D and Fidelity. Full-wave simulators are essential in PBG analysis

seven. and design because of high complexity. The unloagef@ctor ()
There are three PBG design variables: sizeb], distance {), and is calculated from the loade@-factor (7.) and a resonator los4.{,

number of cells in Fig. 1. As described above, the center frequeay (which excludes a mismatch loss and a suminiature A (SMA) connec-

of the PBG stopband is related with the cell distancé gf2 [1]. The tion loss (1.2 dB at 10 GHz)):r and@r, are given by

hole size and number of cells affect the stopbandwiB (2o ar),

stopband rejection, ripples of passband insertion 16sg)(and return Qu = Qr )
loss (511) bouncing magnitude. The PBG structure shows the EBG or 1—10"/20
band-rejection characteristics. The prohibition of wave propagation in fe
the forbidden gap makes the periodic structure valuable as a reflector. Q= Afs aB (3)
Microwaves are bounced back and forth within a defect cavity or a res- Resonator l0S6L) =|S2; | — [Mismatch losg
onant transmission line, which is sandwiched between two PBG reflec-
tors forming a Fabry—Perot resonator. Fig. 1(b) shows uniplanar defect — |SMA connection logs (4)
resonators consisting of aresonant-line length)of 1.5d with a PBG Mismatch loss [dB=101og,, (1 — |1 ) )
reflector of three cells on each side.

A parameteric analysis was carried out for uniplanar 1-D PBG res-SMA connection loss [dB} | M S21| — | 5521 (6)

onators. Fig. 2 shows results®fparameters and quality factors versus

the filling factor (@ /d) and the number of cells. Fixed parameters of theheref. is the resonant center frequencyfs 4 is the—3-dB band-
CPW defect resonator are a strip widif'f of 16.4 mil, a gap @) of  width, |M S,;| is a measure{lS.; | for a 5042 line with an SMA con-
10 mil, a size §) of 60 mil, and a resonant-line length £) of 375 mil  nection, and|SS21| is a full-wave simulated.S2¢| for a 5042 line
(= 1.5d). All simulation results are achieved using Zeland Softwarelsithout an SMA connection [8], [10].
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Fig. 3. Simulated and measured results for uniplanar 1-D periodical structures of band-stop filters. (a) CPW. (b) CPS. (c) Slot-line.
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TABLE |
DESIGN PARAMETERS AND MEASURED RESULTS FORUNIPLANAR 1-D PBG BAND-STOP FILTERS WITHa = b
Design Parameters fo Stop BW 5048 Stopband
Structure [GHz] | [GHz] | Rejection[dB]
W[mil]/ G[mil] / | Filling Factor
No. of cell (a{mil}/d[mil])
CPW 16.4/10/7 60/250=0.24 9.3 2.8 -36.5
CPS 63/6/7 30/250=0.12 9.7 2.5 -25.0
Slot NA/6/7 30/250=0.12 9.7 1.9 -23.5
TABLE I
DESIGN PARAMETERS AND MEASURED RESULTS FORUNIPLANAR 1-D PBG RESONATORS WITHa = b
Design Parameters fe Sa21 S1
Structure [ Gtmil] | Filling Factor | ¢ | 2V | (GHz) | [dB] | [dB]
/ No. of cell (a[mil}/d[mil])
CPW 16.4/10/3 60/250=0.24 67.0 | 193.2 8.5 -5.9 -6.8
CPS 63/6/3 30/250=0.12 514 | 226.0 9.3 -3.6 -14.4
Slot NA/6/3 50/250=0.20 | 247.3 | 299.1 9.3 -22.6 -1.2

For the CPW defect resonator in Fig. 2, two design parametdisized. Uniplanar 1-D PBG defect resonators in Fig. 1(b) are designed
of cell numbers and filling factorsz(d) are varied. In Fig. 2(a), as with a resonant-line lengthi(:) of 375 mil (= 1.5d) and cell number
the number of cell is increasef;parameter §.:, S21) performance of three. Other design parameters and measured results of Fig. 4 are
is degraded because of increasing reflecting and leaking energystimmarized in Table Il. Measured and simulated results agree fairly
Fig. 2(b), as the number of cells increas@s, increases and is close towell, except that the resonant frequengy)(is shifted by+0.4 GHz
Qu, which is nearly constant with a large number of cells. The reason+4.4%. This difference is mainly caused by nonsimulated effects of
of the unvaryingQu, even though the leakage loss increased withtast fixture parasitic, copper thickness, and etching tolerance. A high
larger number of cells, may be explained as follows. The increasinly, of 247.3 andyrs of 299.1 were achieved from the slot-line defect
number of cell confines the energy closer to the resonant-line amesonator.
and, thus, the metal and dielectric loss is reduced. This means that
Qu increases. However, the increased energy leakage via slots or cells
makesQr lower. Finally, Qs factor reaches constant. This estimate
was confirmed with an electromagnetic field distribution with IE3D. In conclusion, new uniplanar 1-D PBG band-stop filters and res-
In Fig. 2(c) and (d), there is an optimum filling factor of about 0.5 fopnators have been demonstrated to achieve wide stopbandwidth and
Q.., at which filling factor@,, is close to the minimum because of thehigh@-factor. The relationship between the filling factor or the number
large leakage. This large leakage degrasigsarameter performance, Of cells and the bandwidth, stopband rejection(bfactor has been
which is a tradeoff with the optimur) .. As a result, the larger is studied. Measured data agree very well with theoretical electromag-
the number of cells, the larger is tiig, . However, theQ . is limited netic simulated results. Results of this paper should have many appli-
by Qur. In addition, the increase in the filling factor will not alwayscations for microwave integrated circuits and antennas.
improve(;, and there is an optimum value. Similar analysis has been
performed for uniplanar PBG band-stop filters. The larger the number
of cells, the wider the stopbandwidth, and the higher the stopband

rejection. However, there is an optimum filling factor near 0.5-0.6.  1he authors would like to thank M.-Y. Li, Texas A&M University,
College Station, for technical assistance, and H. Tehrani, Texas A&M

University, College Station, P. Zepeda, Texas A&M University, Col-

) ] o ~ lege Station, and J. Guill, Texas A&M University, College Station, for
Uniplanar 1-D PBG band-stop fllt.ers, shown in Fig. 1(a), are simycentives and invaluable discussions.
lated and measured, as shown in Fig. 3. Scattering parantgieasd
S21 are measured using a Hewlett-Packard HP8510B network analyzer.
Design parameters and measured results are summarized in Table I.
Measured bandwidtiB(W _20 4B), center frequencyf), and magni- [1] J. D. Joannopoulos, R. D. Meade, and J. N. WiRhptonic Crystals:
tude of the measuresh; andS»; agree very well with the prediction. Molding the Flow of L_|ght Princeton, NJ: Princeton Univ. Press, 1995.
S b int h dina t [2] R. E. Collin, Foundations for Microwave Engineeringnd ed. New
even bounces in the; response are shown corresponding t0 Seven ™= yo.: \veGraw-Hill, 1992, ch. 8.
cells. As aresult, the 1-D uniplanar PBG structures using etched slotg3] T. J. Ellis and G. M. Rebeiz, “Millimeter-wave tapered slot antennas
or alternating”Z. series have achieved a stop bandwidth of 20%-30%  on micromachined photonic bandgap dielectrics,TBEE MTT-S Int.
and a stopband rejection from23.5 to—36.5 dB. Described in the Microwave Symp. DigSan Francisco, CA, June 1996, pp. 1157-1160.
. . . . [4] Y. Qian, V. Radisic, and T. Itoh, “Simulation and experiment of pho-
above parametric analysis, these band-stop characteristics can be im- tonic band-gap structures for microstrip circuits, Rroc. Asia—Pacific

proved if the number of cells increases or the filling factofd) is op- Microwave Conf.Hong Kong, Dec. 1997, pp. 585-588.
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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.
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