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Systematic Evaluation and Analysis for 60-GHz
Dielectric Resonators Coupled to a Microstrip
Line on a GaAs Substrate
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Abstract—This paper presents the first systematic evaluation range and the resonators were placed on an alumina or Teflon
and analysis of 60-GHz-bandTEqs-mode cylindrical dielectric  supstrate for HIC applications.
resonators coupled to a microstrip line on a GaAs substrate.  Tpig paper presents the systematic evaluation and analysis
The loss components of the unloadedy are analyzed using f 60-GHz-band TE de Ba(Ma.T lindrical
simple numerical techniques. The distance between the resonator O,r a = Z-ban o1s-Modae a(_ g, a_)@ _Cy'n “C_a
center and the microstrip line which gives the maximum coupling dielectric resonator coupled to a microstrip line fabricated
coefficient is found to be approximately 3/5 of the resonator on a GaAs substrate with the object of millimeter-wave
radius, whose ratio is almost constant for all practical cases. monolithic circuit applications. The loss components of the
The temperature characteristics are also demonstrated and the unloaded( are analyzed using simple numerical techniques
origins of temperature dependences of the unloaded) and the o1 [101. Th . I fficient f d wh
coupling coefficient are discussed. An equivalent circuit model for (9], [ - ]. The maximum coupling coefficient was foun W en .
the dielectric resonator coupled to the microstrip line is presented, the distance between the resonator center and the microstrip
whose element parameters can express the dependences of thne was approximately 3/5 of the resonator radius. It is shown
resonant frequency, the unloaded?, and the coupling coefficient py a theoretical calculation using the magnetic-flux method
on the structural parameters and the temperature. [14] that this ratio is almost constant for all practical cases.

Index Terms—Dielectric resonators, electromagnetic coupling, The temperature characteristics of the resonant frequency, the
equivalent circuits, MMIC’s, microstrip, @ factor. unloaded @, and the coupling coefficient are also shown,
which are necessary for stability design of DRO’s [15]. Using
the results above, an equivalent circuit model for the dielectric

) . resonator coupled to the microstrip line is derived, whose
DIELECTRIC resonators coupled to a microstrip lingyement parameters depend on the airgap between the resonator

have been used in mi,crovx_/ave circuits such as dielecttigy g rface and a tuning screw, the distance between the
resonator oscillators (DRO’s), filters, etc. [1]. In recent yearg,sonator and the microstrip line, and the temperature.
there has been a growing interest in the development of

millimeter-wave application systems [2]. For exampieband
monolithic microwave integrated circuit (MMIC) DRO’s have [l. EXPERIMENT

been reported by several authors [3]-{5]. In those monolithic For designing DRO’s and filters, we have to know the
circuits, GaAs heterojunction field-effect transistors are enjzjyes of the resonant frequency, the unloadgdand the
ployed as an active device and dielectric resonators are plaggfpling coefficient of the dielectric resonator placed in the
directly on the same MMIC chip to avoid the use of bondingame environment, as is used in the circuits. In this study,
wires which are lossy and difficult to characterize in thge coupled a dielectric resonator to a microstrip line on a
millimeter-wave rangelEq s fundamental-mode cylindrical Gaas substrate and extracted those values from measured

resonators are adopted because of their small diameters c@yarameters by a procedure described as follows.
pared with Whispering-Gallery-mode resonators which have

been used in millimeter-wave hybrid integrated circuit (HICA
oscillators [6]. For the design of such DRO's in the millimeter- "
wave frequency range, accurate characterization of a dielectridleasurement was performed on a cylindrical dielectric
resonator coupled to a microstrip line on a GaAs substratef@sonator of diameter 1.3 mm and height 0.55 mm, made of
necessary. A large number of experimental studies [7], [8] aR@(Mg,Ta)G whose relative dielectric constantis 23.8. The
theoretical studies [9]—[14] have been reported to characterf@onator is placed on top of a dielectric substrate mounted
the TEq5 dielectric resonator coupled to the microstrip linedn a test fixture with a tuning screw, as shown in Fig. 1(a).

However, most of these works were done in the microwave€ substrate is made of 40n-thick semi-insulating GaAs
(relative dielectric constant,., is 12.6) with a ground metal

Manuscript received April 3, 1997; revised January 14, 1998. (Au) on the underside. Fig. 1(b) shows the configuration of the
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I. INTRODUCTION

Experimental Setup

Laboratory, NEC Corporation, Otsu, Shiga 520, Japan. __width and the ground pads for on-wafer measurement with
M. Funabashi is with C&C LSI Development Division, NEC CorporanonG S—-G b fabri d h b " Vi
Nakahara-ku, Kawasaki 221, Japan. —S—-G probes are fabricated on the substrate surface. Via
Publisher Item Identifier S 0018-9480(98)02728-8. holes of 30pm-square are formed to connect the ground pads

0018-9480/98$10.001 1998 IEEE



HOSOYA et al. EVALUATION AND ANALYSIS FOR 60-GHz DIELECTRIC RESONATORS 353

tuning screw 62.5
N
T
S
test fixture 2 60.0r
/9 / 5
>
P g
2
) :
G 57.51
c
]
[}
[
o
/o i 55.05 500 1000 1500
k— N|
T . Hz( .« m)
mvia hole
Fig. 2. Resonant frequency versus the airgap for the various resonator

thickness.
DR ground pad

i \
microstrip line GaAs substrate 0.001
d
(b) o (r:T::sure
ulated
¢=4.1mm
tuning screw G 2000
g
D
gl
_— test fixture 8 0.0005
c
-
. o
Airgap H2 2a=1300 xM & w-30 um =
P microstrip line
d=550 um DR /I I __— GaAs substrate
H1=40 xm ! i—— background metal 1000 L . o
" test fixture 0 500 1000 1500
© Hz( 12 m)
Fig. 1. Measurement setup. (a) Test fixture. (b) Configuration of a substr#&ig. 3. Unloaded versus the airgap fof = —200 um. The following
surface. (c) Cross-sectional view of a resonant structure. constants are used in the calculation: the conductivity of the lower and upper

plate,o = 43 x 10% S/m, the dielectric loss tangent of the resonator and the
substratetan 67, = 3.3f x 1075, tan 65y = 1.6 x 10™%, wheref is the

to the ground metal. Fig. 1(c) shows the cross-sectional viéigauency in gigahertz.
of the resonant structure. The airgéf is variable over the

range from 290 to 150@m by rotating the tuning screw. |ine [13]. Finally, the unloaded) and the coupling coefficient

were calculated fronf’]o using the reaction method, such as
B. Experimental Procedure and Data Processing described by Podcamest al. [7].

The two-port scattering matrix was measured around the
resonant frequency by a network analyzer integrated with [ll. RESULT AND DISCUSSION
an on-wafer probe station. However, the measusemhatrix
[Smeasurea] iNcludes the effects of the transmission loss and & Resonant Frequency and Unload@d

the impedance mismatch at the end of the microstrip line. TheThe resonant frequency and unload@dq,) were mea-
corresponding’-matrix without these effects can be expressegred as airgagi, was varied by rotating the tuning screw
as follows: for a constan®, 5, = —200 pm. The experimental resonant
_ -1 -1 frequency as a function dff; is shown in Fig. 2. The results
[Flo = [Fhust]™ FmcasurealFast @) for the resonators of = 500 zm and600 um are also shown
where[Ficasured] IS the F-matrix converted fromS,,casuwred] N the figure. This shows that the resonant frequencies can be
and [Fyse] is the F'-matrix of the microstrip line of length varied over a 2-GHz range.
I/2. The characteristic impedance and the propagation constanthe measured unloadeg as a function ofH, is plotted in
included in [Fys1] were determined using the direct transFig. 3 by open dots. As shown in Fig. 8,, increases rapidly
mission method [16][F], expresses the effect of dielectricwith H> when H, is below 410 m, while @),, increases
resonator on the transmission characteristics of the microstsipwly with H, when H, is above 410:m. The measured
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Q. (~2000) is lower than the)-factor of the resonator :
itself (~5000), because the electromagnetic losses of other o measured @ : Q

components degrad@,,. calculated

Analysis of loss components was performed by numerical 2r (5<0)
calculation. If we assume that the tuning screw and the sub-
strate are of infinite extent, the unloadédcan be expressed
as

18>0

LIS SN SN S
Qu er qub ch Qc?
where Qg., Qsup, Qc1, and Q.o are Q-factors due to the
dielectric loss of the resonator, the dielectric loss of the
substrate, the conductor loss of the lower plate, and the
conductor loss of the upper plate, respectively. EQefactor
Q; (j = dr, sub, cl,¢2) was calculated using the techniques 0
presented by Mongia and Bhartia [9] and Dydyk [10]. The
resonant frequency and electromagnetic fields required for o (nm)
(); calculations were determined by the dielectric waveguidiy. 4. Coupling coefficient versus the distance between the resonator and
model (DWM) method [11]. the microstrip line forH> = 290 pm.

A theoretical curve ofQ), calculated by (2) is shown in

Fig. 3 by a solid line. Theoretical curves df/Q; (j =  Here, we discuss an interesting parametgr defined as
dr, sub, cl,¢2) are also shown in Fig. 3 by solid and dasheg \ynich gives the maximum coupling coefficiert. The
lines on the right axis. These curves show that the rapj@ues ofs,, /o were calculated while changing the structural
increase ot),, with increase in, for Hy < 410 um (= Hy,)  parameters(d/a, H /a, H;/a) normalized by the resonator
is due to the increase of the upper plagefactor Q.. FOr radius ¢ and dielectric constants of the resonator and the
Hy > Hy,, 1/Qe2 and1/Qs., become negligibly small, and gpstrate(e, ., e,.,). In the calculation, we used the magnetic-
1/Qar and1/Q.; are primal factors in the degradation@f..  flux method [14] instead of the time-consuming polarization
Therefore, it should be possible to increage effectively by ¢\ rrent method. Applying the magnetic-flux method to the

()

Coupling coefficient f

i
°600 —400 —200 0 200"

increasing the substrate thickness and @Qus. range of§ < 0, the following expression for the coupling
In the above calculation, we assumed that the radiation Iqg$efficient can be obtained:

due to the absence of the sidewall is negligibly small because 5

the tuning screw has a sufficiently large area (the screw wor3Qu L o

diameter is over three times the resonator diameter). Good p= PYAA / H-ds ®3)

agreement between the experimental result and calculation R G

confirms the validity of this assumption. where

B. Coupling Coefficient H.-dS =

Some experimental studies [8] have been reported to charac- s .
terize coupling between a dielecric resonator and a microstrip — _, | 6)Sinh/32Hl{/ Sillur) o Jo(ha)
0

line. In those studies, the dielectric resonator was placed hir Ky(hqa)
adjacent to the microstrip center conductor, which is the range * K1(hyr)

of 6 > 0. However, in the millimeter-wave range where the ’ . 7 d }

conductor and dielectric losses are large, and consequently ‘ (4)

is very small, there are cases where the resonator must be laid
on the center conductor of the microstrip line (i€ 0) to where H is the magnetic component in the substrage,
achieve sufficient coupling coefficient. denotes the section between the microstrip line and the bottom
The coupling coefficient was measuredé&was varied in  conductor [14], andV, is the electric energy in the resonant
the range from—650 um (= —a) to 200 zm for a constant structure.J,,(-) and K,(-) are the first-kind Bessel function
airgapH,, = 290 um. The experimental coupling coefficientof nth order and the modified second-kind Bessel function
[ as a function ofé is shown in Fig. 4 by open dots. Theof nth order, respectively. The lengthsand z, are defined
maximumg was found at about = —250 um (approximately asr = /(a + 6)2 + z2,z, = y/a? — (a + §)2, respectively.
0.4 times the resonator radiu3. These results were verifiedh,, hys (the radial wavenumbers inside and outside of the
numerically by the theoretical curve shown in Fig. 4 usingesonator), ang, (the vertical wavenumber in the substrate)
the polarization current [12] where the electric fields in thevere calculated by the DWM method. Fig. 5 shows the
microstrip line were calculated by the finite-difference methodependences ob,,/a on structural parameters calculated
assuming the sidewall sufficiently far from the resonatousing (3) and (4). The dependence&f/a on the dielectric
The calculated result indicated by the solid line shows go@tnstants is not shown in this paper because it is almost
agreement with the experimental one. independent of,., ¢,.;. The values ob,,/« were found to be
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Fig. 5. Structural parameters dependencessaf/a calculated by mag-
netic-flux method.

within the range from—0.44 to —0.39 when the structural
parameters were changed individually over a wide range,
which includes almost all practical cases. These results show
that the coupling coefficient3 becomes maximum when Temperature(C)
6 is about —0.4a regardless of the structural parameters,
dielectric constants, and consequently, resonant frequencies. ©
From the viewpoint of electromagnetic-field distribution, it cafig. 6. Temperature dependences of (a) resonant frequency, (b) uniQaded
be said that the horizontal magnetic-field components of tfigd (¢) coupling coefficient fof> = 290 um, & = —200 pm. Solid lines
. e o were drawn by the least squares method.

TEq1s-mode resonator under the microstrip line, which induce
the voltage on microstrip line, become maximum wlteis
around—0.4a regardless of these structural parameters.  (see Fig. 3). As a rulel/Q.; is proportional to a square

root of the resistivity of the ground metal [9], aridQy,

C. Temperature Dependence is proportional to the dielectric loss tangent of the resonator.
The dependences of the resonant frequency, the unloay'?é\ﬂvzbiislﬁgetetge g::tlsfgl([:ll;])szntgngggttlhse prr:pgrrtté%na\l/laltge
@ and the coupling coefficient on the temperature Weo‘? temperature copefficient for the resistivity of tphe round
examined in the range fronfQ to 50°C for Hy, = 290 pm, P } y 9
metal (Au), we can explain a decrease in the measured

8o = —200 pm. . :
Fig. 6(a) shows the temperature characteristics of the regg: toof 5ag Ergxgzi?]tg%;'o?n 'gotgg ;Z%Zer;ztﬁtrewgan%?gfrgg)o
nant frequency. The plots are almost linear within this tem-". . " i’ . . ) )
perature range and the temperature coefficient of the I’eSOII:lq-aP\IIS indicates that main factors which determine the 'slppe
frequency is 9.4 ppitfC. This value is considerably highero . are the temperature dependences of the resistivity
L - ) . = of the ground metal and the dielectric loss tangent of the
than that of the dielectric resonator itself (4.1 pf#@). This is esonator. The coupling coefficient can be expressed as
probably due to the fact that the expansion or contraction of the™™ : wherl?a 9 i< the external -fac[t)or
test fixture and the substrate, and the relative dielectric constgnt_ Qu/Qext Qext Q  Qext

epends on only electromagnetic-field distribution, not on

variation of the substrate have more effect on the temperan(]:ronductivities and dielectric loss tangents in the first-order
coefficient than those of a dielectric resonator itself. 9

The temperature characteristics of the unloagednd the 2PProximation. Therefore, the slope gfcan be regarded as
coupling coefficient are shown in Fig. 6(b) and (c). Both Ot{ue result of the temperature dependencé&)qf i.e.,
them decrease almost linearly with increasing temperature in AB )
this temperature range. The slopes &80, /AT)u,, 5, = <E> ~ 5 < ATu) '
—9.7/°C and (Aﬁ/AT)HZO 5 = —5.6 % 10_3/OC. Hay 60 oxt o o0

For H, = H,,, Q, can be approximated as ihis approximation is confimed by the fact  that

= - ! 5) (AB/AT)p, s calculated by (6) is—8.8 x 107%/°C,

~

= +
Qu  Qar Qa which is close to the measured val(:5.6 x 10~3/°C).

(6)
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TABLE | 0.4 : — 500
PARAMETERS INCLUDED IN (10)—(12) === equivalent circuit model
o e Mmeasured
Py | 816 x 102 (rad - m/sec) || Ps 1.1x 105
I —58x107°(m) | Pr [ 0.2 x 10%(m™T)
I 3.52 x 10! (rad/sec) | Ps 1.75
P, 80x102[ By 0.397 ™
By 5.0x 103(m™T) | Py —0.35 12502

D. Equivalent Circuit Model

For the design of dielectric-resonator circuits like DRO’s
and filters, it is very convenient to use an equivalent circuit Obt—1 1 1 L
. . . - ~600 -400 -200 O 200
model for a dielectric resonator coupled to a microstrip line. 5 (um)
Using the experimental and numerical results described above, (’;)
an equivalent circuit model was derived whose element pa-

rameters depend on the airgdf, the distanced between 50
the dielectric resonator and the microstrip line, and the tem-
peratureT’. The two-port network having’-matrix [F], can >
be expressed as a series highparallel resonant circuit [7]. ° Y —
The parallel resonant-circuit parameteRs L, and C' were 0.21 PP ST Le aann
determined based on the following assumptions which were T /," - [y
approximately consistent with the experimental results. < / 1 c
) e resonant angular equency. and the unloaded 01 T===  cauvalentoicuitmodel
) K23 .
. - L d
2) The coupling coefficient is independent oH,. e ¢ measue
Based on these assumptions, the parallel resonant-circuit pa-
rameters can be written as follows: - . 0
0 500 1000 1500
H2( pm)
L = 2Z0/3(6’ T) (8) Fig. 8. Structural parameter dependences of equivalent circuit parameters
wr(H2, TYQu(H, T) for constant temperatur@ = Tp. (a) Resistance as a function of for
Q (H T) Hy; = 290 pm. (b) Inductance and capacitance as functionsé ofor
C= (u 27) 3(5 ) 9) H, = 290 pm. (c) Inductance and capacitance as functionsHof for
2Z0wp(Ho, T)B(6,T 8 = —200 pum.

where Z,, is the impedance of the measurement system. Théu(H2,T") = Pytanh(PsHz) + Ps + PrHo

forms of the unknown functions,.(H»,T), Q.(H2,T), and AQy,
3(6,T) were chosen to be consistent with the experimen- + < AT >H2=H2 (T~ To) (1)
tal results using appropriate simple analytical functions as °
follows: B(6,T) = { <%) (T —To) + Ps}
’ AT Js_s,
- Pl Awr 2
ol d) =g, —p, T <AT>H2=H20(T ) 'eXp{_%<g_P10> } (12)
9

(10)
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were described in the previous subsection. The dependences of
the equivalent circuit parametefs L, andC on the structural
parameters and the temperature calculated using (7)-(12) are
shown by solid and dashed lines in Fig. 8(a)—(c) and Fig. 9(a)
and (b). The equivalent circuit parameters deduced from
measuredw,, 2, and 5 are also shown in Figs. 8 and 9

by open and closed dots. These results indicate that equations
(7)-(12) are adequate approximations of the measured data.
The parameter®; must be extracted if dimensions and dielec-
tric constants of the resonator and the substrate are changed,
but the selected functions contained in (10)—(12) are valid
for almost all practical cases. Equations (7)—(12) are easily
put in the commercially available microwave computer-aided
design (CAD) programs and make it possible to analyze the
dependences of the dielectric-resonator circuit performances
such as the oscillation frequency and output power of DRO’s
on structural parameters and the temperature.

I[V. CONCLUSIONS

Systematic evaluation results for the 60-GHz-band
TEg15-mode Ba(Mg,Ta)@ cylindrical dielectric resonators
coupled to a microstrip line have been presented. The loss
components of unloade@ were discussed using the simple
calculation method. The maximum coupling coefficient was
found when the distance between the resonator center and the
microstrip line was approximately 3/5 of the resonator radius.
It was shown by numerical calculation that this distance is
almost independent of structural parameters. The temperature
characteristics were also demonstrated and the origins of
temperature dependences of the unloafeand the coupling
coefficient were discussed. Furthermore, an equivalent circuit
model for the dielectric resonator coupled to the microstrip
line was presented, whose element parameters depend on the

Fig. 9. Temperature dependences of equivalent circuit parameters for cafrgap, the distance between the resonator and the microstrip

stant structural parametefs, = H»,, 6 = do. (a) Resistance. (b) Inductance

and capacitance.

where
Py, P, Ps parameters to represenf(H-) by hyperbola;

P, difference between@},(H, = H,,) and
Qu(HQ - 0);

Py slope of the function@,(H;) in the linear
region for Hy < Ho,;

Py value of @, for Hy — 0,7 = Tp;

P; slope of the function@,(H:) in the linear
region for Hy > Ho,;

Py maximum/ as a function o® for T" = Tp;

Py difference betweené,,/a and & /a, where
/3((57") = Pg,ﬁ(él) = Pg/@ for T = To (6
is the base of natural logarithm);

Py 6/a which gives maximunp(= é,,/a).

Meanings of parameter$;(i = 4 ~ 10) are described

schematically in Fig. 7. Determined valuesBf: = 1 ~ 10)

are shown in Table |. The values of temperature coefficientg]

(Awr/AT)szHzo , (AQu/AT)szHZO , and (Aﬁ/AT)ézéo

line, and the temperature.
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