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Compact superconducting dual-log spiral resonator with high Q-factor
and low power dependence

Abstract

A new dual-log spiral geometry is proposed for microstrip resonators, offering substantial advantages in
performance and size reduction at subgigahertz frequencies when realized in superconducting materials. The
spiral is logarithmic in line spacing and width such that the width of the spiral line increases smoothly with the
increase of the current density, reaching its maximum where the current density is maximum (in its center for
2 resonators). Preliminary results of such a logarithmic ten-turn (2 S turns) spiral, realized with double-sided
YBCO thin film, showed a -factor seven times higher than that of a single ten-turn uniform spiral made of
YBCO thin film and 64 times higher than a copper counterpart. The insertion loss of the YBCO dual log-spiral
has a high degree of independence of the input power in comparison with a uniform Archimedian spiral,
increasing by only 2.5% for a 30-dBm increase of the input power, compared with nearly 31% for the uniform
spiral. A simple approximate method, developed for prediction of the resonant frequency of the new
resonators, shows a good agreement with the test results.
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Compact Superconducting Dual-Log Spiral Resonator
With High ()-Factor and Low Power Dependence

Zuhair M. Hejazj Member, IEEEand Peter S. ExcelSenior Member, IEEE

Abstract—A new dual-log spiral geometry is proposed for (a) ¥m (b)
microstrip resonators, offering substantial advantages in per-
formance and size reduction at subgigahertz frequencies when
realized in superconducting materials. The spiral is logarithmic
in line spacing and width such that the width of the spiral line in-
creases smoothly with the increase of the current density, reaching
its maximum where the current density is maximum (in its center
for A/2 resonators). Preliminary results of such a logarithmic i
ten-turn (2 x 5 turns) spiral, realized with double-sided YBCO Dol Doz
thin film, showed a Q-factor seven times higher than that of a
single ten-turn uniform spiral made of YBCO thin film and 64 Fig. 1. Geometrical parameters of log-spiral resonators: Xg}t) single
times higher than a copper counterpart. The insertion loss of the log-spiral and (b) X/2) dual log-spiral. (The wide end of the single log-spiral
YBCO dual log-spiral has a high degree of independence of the has to be grounded.)
input power in comparison with a uniform Archimedian spiral,

increasing by only 2.5% for a 30-dBm increase of the input power, . . R . . i
compared with nearly 31% for the uniform spiral. A simple A variety of investigations has been carried out with conven

approximate method, developed for prediction of the resonant tional and HTS ur_1iform AI’_Chime_dian _spirals, having.dif'fer.ent
frequency of the new resonators, shows a good agreement with thenumber of turns, line spacings, line widths, and configurations

Ri

test results. (microstrip and suspended substrate). The quality factors of the
Index Terms—HTS microwave devices, HTS resonators, loga- Destinvestigated devices did not exceed 1200 at 77 K [4]-[6].
rithmic spiral, spiral inductors, YBCO thin films. In this paper, a novel spiral geometry is proposed so that the

spiral is logarithmic in line spacing and width. The width of
the spiral increases smoothly to reach its maximum only where
the current density is maximum. In a half-wave loose-coupled
PPLICATIONS of high-temperature superconductorspiral resonator, a dual-log spiral (DLS) would allow a max-
(HTS) in resonators are crucially dependent on the relimum width at the central part, where the current density reaches
able achievement of high-quality factors and power handlirgmaximum, the width decreasing logarithmically in both di-
ability, avoiding nonlinear effects. At the same time, the sizegctions toward its ends. If the resonator has to be a quarter
weight, and cost should be minimized if they are to be commesavelength in length, then a single log-spiral may suffice, but
cially viable. It is known that HTS materials have the propertthe half-wavelength type has the advantage that it may avoid
of losing their superconductivity in any region of the conductany electrical connection to the case or feed lines. Thus, such a
where the current density exceeds the critical value. Therefod,S was investigated with the objective of increasing both the
the geometry of the resonator/filter is a crucial factor in thi§-factor and the power handling capability.
issue [1], [2]. To increase the power-handling capability of a
planar filter, widening the lines and reducing the peak surface Il. GEOMETRY AND DESIGN CONSIDERATIONS

current density has been discussed [3]. Increasing the IIneA sample layout illustrating the geometrical parameters of

width provides more conductor area for carrying the current. : S 2
. . S - 2
This, however, decreases the line characteristic |mpedﬂmce%e.pr0p.osed log §p|l’?.| resonator in singl¢4) and dual §/2)
ogtlons is shown in Fig. 1.

(inversely proportional to the peak current at standing wav . f R .
: he equation for a single log-spiral in polar coordinates can
peaks along the length of the resonator) and the overall 5|zebo;r

. . . . € presented as
the resonator such as uniform spiral structures in particular.

I. INTRODUCTION

Although Z, can be increased by using thicker dielectric or R = R;j¢®/*" 1)
lower ¢,., this may lead to higher dielectric losses and incom-
patibility of the dielectric material with HTS films. whereR is the local expansion radiug; is the initial inner ra-

dius,q > 1 is the expansion rate or incremental factor between

Manuscript received May 22, 2001; revised March 7, 2002. The review B_ll"ms ¢> .1 fora sp|rall eXpa”d'”Q ina CounterCIOCkW'_Se d!rec—
this paper was supervised by N. Pedersen. tion, andvice versd, ¢ is the rotational angle of the spiral, i.e.,
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whereK = In ¢/2.In Cartesian coordinates, (1) can be written 20 mm
as
& = R;q®* cos ®
10
y =R;q%/? sin ®. 3) mm

The total length of a single log-spiral curve is given by

an - Rz
Iy = (4) LaAlO3

COS «x

whereR,,, is the maximum outermost local radius amds the Fig. 2. Final layout of the ten-turn dual log-spiral resonators.
angle subtended between the local radius at any point of the
spiral line and the tangent at that point. However, since the mi-
crostrip track has a definite width, the length of the spiral con-

ductor is the length of the central line between the boundify Resonant Frequendy, and Unloaded?,-Factor

curve isRy, + Wp,/2 whereW,, is ]t\be maximum outermost gpira| resonator was not available to apply in the methods (de-

[ll. CALCULATIONS AND EXPERIMENTAL RESULTS

inner width (usually given as input data together wigndN). | the present case, the nonuniformity of the line width and
The local initial radius ig?; + W; /2. Equation (4) will then take spacing makes it impossible to apply the formulas for mutual
the form inductance effects between spiral segments. The resonant fre-

guency may also be predicted using electromagnetic simulation
(5) software, but standard methods are only viable if the spiral con-
figuration is rectangular and uniform. The circular and nonuni-

The total length of the dual spiral is thak, . The relationship form shape requires a high degree of grid resolution to main-

2
COS «x

an - Rz + e (qN - 1)
ltl = .

between the parametef§ anda is tain Fhe spiral ggometrical pqrameters in their original shape,
requiring excessive computational resources. Thus, an approx-
lng imate method was developed and found to give adequate prac-
K=cota=——. (6) tical results.
The resonant frequency of a half-wavelength microstrip line
So,« can be found from given input data as can be given as [7]
27w
a=tan" ! —. ) F=-_° 11
In 4 ¢ 2lt\/ Eell ( )
The inner and outer diameter of a single spiral are found to %herec — 3 x 10° m/s andJ, is the total length of the mi-
respectively, crostrip resonator. Equation (11) can only be applied with suffi-
cient accuracy if the correct effective permittivity is calculated.
D;=R;(\/q+1) (8) This also is a problem due to the complexity of the log-spiral
Doy = (R + W)(g¥ =02 4 ¢™). 9) shape since.g is dependent on the total equivalent capacitance

of the microstrip line and hence is very sensitive to its nonuni-

The overall outer diameter of the dual log-spiral (DLS) will b&2r™ width and spacing. However, agood approximatiorfQr
can be found using the following procedure.

(see Fig. 1) ; . o Co
For a very wide microstrip line, most of the electric field is
Doy = 2D — W, (10) confined to substrate dielectric [7] and, thus
To investigate the properties of such a shape for use as a res- Eoff A Ep- (12)

onator realized with HTS material, a ten-turn microstrip DLS

resonator operating in the UHF band was fabricated with YBCEbr a very narrow microstrip line, the field is almost equally
thin film. An identical version was also constructed with coppashared by the air(. = 1) and the substrate so that

on “Duroid” substrate. The dimensions of the resonators were

(all in millimeters): R; = 0.5, D, = 1.112, D,; = 8.276, e +1

D,y = 15779, W; = S; = 0.1, Wy, = S,, = 0.76, ¢ = 1.5, Eoft =~ (13)
wheresS; andS,, are the initial and maximum spacing between

turns, respectively. The overall dimensions of the resonator wdree dual log-spiral shares both cases (very thin line at the center
10 x 20 mm. The layout of the test resonators is shown in Fig. @nd very wide line on the outside of the spiral), so an average of
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both cases can be taken, to obtain a good approximatiengor Cha BiY %9 we DR MEEo o i er
as fa | [7 ] Tyis.3e0 odo v
! i o Max )
cntl cor ! BW: ;| 17.033 D43 MMz
g+ =5=  3e.+1 MARKER 14 l.. . jesntl 7431760844 Mz
Eoff = 5 == (14) 713.75 Mhz i : G 44887
I

Hld

oppé;r._. —
05K

However, mutual effects due to nonuniformity of the line width
and spacing may affect the effective length of the spiral and
hence it becomes uncertain. Therefore, a geometric factor ac-
counting for the nonuniformity of the spiral should be included
to compensate for the variation when the line width and spacing
of the dual log-spiral are nearly uniform.

This can be accomplished by averaging the width of the DLS
asW = (W, + W,,,)/2 and its spacing a8 = (S; + S;,)/2.
The new uniform widthi?” and spacings are used to create a START 880,000 000 MMz STOR  740.000 000 Mz
new dual uniform Archimedian spiral with the same number of 5 MHz / div
turns IV and initial inner r_adIUSRi _as t_hose of the D_LS' The Fig. 3. Measured§ and S; of the copper ten-turn DLS resonator on Duroid
total length of the dual uniform-spiral is then normalized to thgpstrate at room temperature antio-dBm input power.
total length of the DLS to extract the geometric factgrwhere

=10.dBm

D

| I 2 o0o=132
! i
. /! I ii PP R _._.,_i____
| |

O
o
3

S11: 10dB /div S21:2dB/div

Hld

W, Wi, R;, S;, and S,,, were defined previously. Equation CHE Sy1 108 MAG 2 4B, REF 0 a8 4 -18.51 as
(11) can be rewritten as S T A P SN
¢ con T = : '
Fp=——. 15 ; i N
SN (15) : o ﬁ\
The Q,-factor can be calculated from the measurgd and . L i
insertion losg L using the expression [8] Zz 7 : [ T YBCO
O e e
QL = '
Qo = 1 _ 10(7%./20) (16) ~ - -10dBm
- - cor ~tC : - - .l Qb_E .8,5,4.0,,‘»».'. —
where@; = F,/BW is the measured loaded-factor, F,, is . { : ; I
the center frequency, ar@W is the 3-dB bandwidthl L is the N S " R
measured insertion loss at resonance in decibels. nia ; ’ s :
STAéT 400.000 000 MH=z STOP 4 . z
B. Measurement Results and Comparisons 5 MHZ/diVo weeee e

The test HTS devices were fabricated using double-sideg 4. measured § and S, of the YBCO ten-turn DLS resonator on
YBCO thin films on LaAlO; substrate. Another set of spiralLaAlO; at 77 K with —10-dBm input power.
resonators, identical except made of copper, was fabricated on
Duroid substrates with the highest available dielectric constantUsinge,. = 24 for LaAlO3, and applying this in (14), gives
(e~ = 10.2). However, the resonant frequency of the HTS.g = 18.25. The total length of the HTS dual-spiral from (5)
resonators would be expected to be lower than the coppethen:l, = 73.684 mm = ),/2. Hence,\, = 147.368 mm
resonators, by a factor equal to the inverse ratio of the squared (11) yields
roots of the respective substrate permittivities. 300
The resonator components were placed in a metallic shield F,= ———F—— =04765 GHz
case, designed according to experimental investigations [9], [10] 147.368+/18.25
for optimization of shield cases enclosing spiral resonators.  The deviation from the experimental value is expected be-
The resonators were immersed in liquid Nitrogen at 77 K argduse of the uncertainty in the effective length of the spiral due
measured using a vector network analyzer. Full two-port mea-its nonuniformity.
surements were carried out because of the convenience offereBlollowing the considerations in Section IlI-A, for the
by the resonator shape. The input—output loops were eachnonuniformity geometric factor, a value 6 = 1.1458 was
cated above one of the dual spirals. The input—output couplifayind, hence\, becomes\, x 1.1458 = 147.368 x 1.1458 =
coefficients were controlled by the height of the loops above th68.854 25 mm and then (15) yields
resonators. 300
A typical plot of the measured frequency responses of the F, = = 0.4159 GHz
copper resonator at room temperature, with 10-dBm input 168.854 25v18.25
power, is shown in Fig. 3. The responses of the HTS resonatdnich is much closer to the experimental value of 0.4225 GHz.
at 77 K and selected input powers-e10, 10, and 20 dBm, are If the predicted value of;, = 0.4765 GHz, for the calculated
presented in Figs. 4—6, respectively. From the plots, it can lemgth of the DLS, is assumed to be true and normalized to the
seen that the measuréy of the HTS resonator is 0.4225 GHz.measured value af, = 0.4225 GHz, an empirical estimation
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CH1 Sy44 log MAB 2 dB/ REF 0 oB 4 —17.744 aB 0 T T T T T
CH2 Spzq  la@ MAG 2 dB/ REF O dB 1; ~.6407 dB : :
[om 1 e a2z, %00 oc?o“f«i'-i; $mmmerinanna PO - N T LLE LT 4
H i 4 Méx i —fe '“";‘;‘;‘HTS;10;tum'Duat—'Iog—'spiral U P |
cor ] oM : : : : :
MARKER |1 _ = :
422.5 MHz E ol J
7]
YBCOQ g s
Hig S_3t- S S S -
% TR £ Temperature = 77K
3
g J \ 10°dB £_4t :
= . A bng b= :
o] j \ O = pao0 g [ 0-0-0 HTS 10-turn uniform spiral
cor i g_s .......... TR LR RL (LRRRERELIELRLEE: >
5] : : H
b / \ = : f
\ Y I S SR S B ,
; é ' I :
Hig | ¥ 7 i ; ; i ;
o o0 o00 -10 -5 ] 5 o 10 15 20
START 400.000 000 MHz .S OP 450. 0 MHz Input pOWer in m
5 MHz / div
. Fig. 7. Measured insertion loss of the YBCO ten-turn dual-log and uniform
Fig. 5. Measured § and S, of the YBCO ten-turn DLS resonator on _ - - H
LaAIO; at 77 K anc10-dBm input power. spiral resonators on LaAlQat 77 K as a function of input power.
CHL Sy, log MAB 2 dB/ AREF 0 dB i --17.834 dB TABLE l
CH2 Szj log MAG 2 dB/ REF 0 dB 1 ~.6486 dB COMPARISONBETWEEN THEPREDICTED AND MEASURED PARAMETERS OF THE
T T 77T Tz %00 odo iz TEN-TURN DLS AND UNIFORM SPIRAL RESONATORSREALIZED WITH COPPER
: - M AND YBCO MATERIALS AT 10-dBm NPUT POWER AND 77 K
Cor & | 1
T K o e} Spiral | Spiral 0, F,[MAz] | Fy[MHz]
s - ! ? P type | material | Measured | Predicted | Measured
: T o { . Cu 120 352 348
T S -t e Y+:-BCO . Uniform. |~ p—1—125 742 737
8 ‘ | 77K Cu 132 632 713.7
- ; LA 4 ; Dual-log
; : i T YBCO 8438 4158 225
8 . i : f 20 dBm
(SN SR S S
o il Qo=4338
cor ! / \ power dependence, provided by a planar spiral structure with
; / \ : microstrip technology, are highly significant for such low oper-
v : I " v ating frequencies and miniature size. This is a very encouraging
e e d J, ¥ ! § result for application of such a resonator in high-quality selec-
START 400.000 000 MHz STOP  450.000 000 MHz tive filters for mobile and wireless communication systems.
5 MHz / div However, the measure€), of the resonator is still limited
by several other sources of losses in the device (apart from the

Fig. 6. Measured § and S: of the YBCO ten-turn DLS resonator on . . . .
LagA|03 at 77 K and+20-dBm }nput power. YBCO film strip itself) such as: the losses in the copper shield

case and the dielectric losses of the standard LaAlO3 substrate
and external coupling structures. Suppressing these sources of
losses in the device to a minimum, would greatly improve the
» and exploit the benefits of extremely low surface resistance
i . i X the YBCO conductor strip. For instance, high-quality YBCO
insertion and loaded) for this spiral (L = —0.6407 dB and 4 gy, gisk resonators (ignoring their larger size) on a sapphire
Q1 = 600) and substituting in (16) and improved LaAIO3 substrates have been reported to achieve
600 Q, of more than 50000 at 77 K and sufficiently low nonlinear
Qo = 1 10(—0.6407/20) — 8438. response up to an oscillating power of 15 kW [11]. These re-
searchers have used the efficient concept of edge current-free
The copper counterpart spiral resonator showe€g), dactor disk resonators. On the other hand, if such a disk resonator is
of 132 at 77 K. The improvement over the copper spiral, demoused to resonate at the same resonant frequency as our DLS
strated by the HTS DLS, was thus about 64 times, and neaslyiral, the disk may have to be about 8 cm in diameter and will
seven times over a ten-turn uniform HTS spiral. Also, it walsave a higher radiation loss. These are the main reasons for lim-
found that thel L of the log-spiral was almost independent otting their use in filter design at subgigahertz frequencies.
the input power from-10 to 20 dBm, while the power depen- The measured and predicted parameters of the DLS and uni-
dence of the uniform spiral was over 1 dB i, as shown in form spiral resonators are compared in Table I. From this, it can
Fig. 7. It should be noted here that the uniform spiral was somntge seen that the measui@gfactor of the DLS YBCO resonator
what longer than the DLS and hence fswas lower. showed a significantly higher value than the uniform YBCO
The increase in the insertion loss, when the input power wagiral resonator. The resonant frequencies of the copper spirals
increased by 30 dBm, was only 2.5% for the DLS, while it wasere much higher than the YBCO spirals due to the significant
nearly 31% for the uniform spiral. The improvementgjinand difference between the permittivities of their substrates.

of G may also be obtained, i.e., 0.4765/0.4228.1278 which
is close to the calculated = 1.1458.
The @,-factor of the spiral is calculated from the measure
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IV. CONCLUSION [10] I. Nishi, K. Yanagisawa, and T. Toshima, “Spiral resonator for PCM-400
. . M system,”Rev. Electrical Communication Labs. (Nippon Telegraph
Compact DLS resonators with a novel geometry were inves-  Telephone Public Corp.Yol. 24, pp. 776-786, 1976.

tigated, analyzed, and tested in microstrip configuration. Thélll Aﬁfgumfalth- C?alour)ka, S-IKO:esov. M. Klaﬁda and C. Neumann,

: : : : _ “ power filters for output multiplexers in satellite communications,”
design had the potential to achieve higkfactor and substan IEEE Trans. Appl. Superconductol. 9, pp. 2857-2861, June 1999.
tial independence of input power when realized in an HTS, by
matching conductor width to current magnitude. Test results
of such a logarithmic ten-turn spiral (i.e.,2 5 turns), real-
ized with double-sided YBCO thin film on LaAlQsubstrate,
showed a,-factor seven times higher than that of a ten-tu
uniform spiral made in the same technology and 64 times hig
than a uniform copper counterpart. The insertion loss of t
YBCO DLS showed an excellent independence of the in _ _
power in comparison with a uniform Archimedian spiral, in g‘;g‘é‘ﬁi‘fs C;mﬁol\;‘ﬁmshfogi'ﬁnr’;;s;‘rg%tvi’ggoéhtir
creasing only 2.5% for a 30-dBm increase of the input powe 1993, he was working as a Research and Teaching
while the increase was nearly 31% for the uniform spiral over Assistant in the Hijjawi Faculty for Engineering
the same range. A simple approximate method for predictiEEth”°'°9y' Yarmouk University, Jordan, to which he returned after his doctoral

. sajtdles and where he is currently an Assistant Professor and Assistant Dean

of resonant frequency of the DLS was developed and validat@gine Faculty. His research interests include mainly superconductivity and the
The DLS is very promising as a building block for filters andwpplication of HT-superconductors in RF and microwave devices and antennas,

; ; ; ; particularly in designing and testing of miniature planar resonators and filters
multlplexers operating at SUbglgahertz frequenues. for mobile and satellite communication systems with high power-handling
capabilities.
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