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Tunable Low-Loss UHF Circulator for
Cryogenic Applications

JARDA KADLEC

Abstract —A 600-MHz above-resonance circulator operating at 4.2 K
has been constructed and successfully tested. Its high isolation (=30 dB),
extremely low insertion loss (<<0.1 dB), low VSWR (<1.1), and acceptable
instantaneous bandwidth (~6 percent) make it a promising device for
utilization in narrow-band very low-noise systems.

I. INTRODUCTION

HE NEED FOR low-loss cryogenic circulators had been
T recognized many years ago [1], [2]. In conjunction
with low-noise reflection amplifiers, their importance fol-
lows from the consideration of noise contributions of pre-
amplification losses to the system noise. This paper de-

Manuscript received June 1, 1981; revised September 29, 1981. This
work was supported in part by the National Science Foundation under
Grant PHY-79-14602.

The author was with the Department of Physics and Astronomy,
Louisiana State University, Baton Rouge, LA. He is now with the IBM
Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights,
NY 10598.

scribes the design, construction, and performance of a
Y-junction stripline circulator which is being used at the
input of a low-noise superconducting unbiased parametric
amplifier (SUPARAMP) operating at 4.2 K in a doubly-
degenerate mode around 600 MHz [3], [4].

There are a number of publications [5] dealing with
theory and design of stripline circulators for room temper-
ature operation, most of them being more concerned with
the broadbandness of the device than with minimization of
its insertion loss. Only a few papers look into problems of
low-temperature design of circulators operating in various
frequency bands above 1 GHz [1], [2], [6]-[8]. To the
author’s knowledge, no work has been published on cryo-
genic circulators for frequencies below 1 GHz. We have
constructed and tested two versions of a circulator desig-
ned for a nominal center-band frequency of 600 MHz.
‘With regard to our anticipated application the minimum
insertion loss has been emphasized at the expense of the
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broadbandness. We point out some specific design prob-
lems and represent data on the.successful operation.

II. DgsiGN THEORY

The theory [5] for stripline circulator design operating at
room temperature is firmly established and may directly be
applied to cryogenic circulators as well. We have, however,
to keep in mind that the magnetic properties of the ferrite
material which is employed as the nonreciprocal medium
are temperature dependent. Hence the low-temperature
value of the saturation magnetization 47M, and the ferro-
magnetic resonance linewidth AH of the ferrite must be
used in the design equations.

The first decision to be made is whether the circulator is
going to work with the magnetic bias below or above the
ferromagnetic resonance of the particular material at oper-
ating frequency (600 MHz in our case). It becomes clear
from the examination of available ferrites that the operat-
ing point of the circulator in the below-resonance regime
would inevitably land within the high-loss region as a
result of the proximity of the resonance absorption peak
and /or low-field losses. This situation is especially aggra-
vated in the cryogenic . design because of the expected
broadening of the resonance linewidth at low temperatures
{1], [2]. On the other hand, operation far above the ferro-

magnetic resonance gives promise of low-loss performance,

though at the cost of relatively high magnetic field biasing
the ferrite and a limited bandwidth. Because of our primary
emphasis on the low losses, we chose this above-resonance
regime.

The design parameters for our circulators have been
obtained by applying the general equations developed in
[9] and [10]. Assuming the material data to be known (see
below), our computer model includes a calculation of the
complex Polder tensor (not included in [9]) and uses its
components in the design equations. The resulting parame-
ters and some construction details are presented in the next
section.

II1. DESIGN PrRAXIS AND CIRCULATOR
PERFORMANCE

A. Ferrite Material

The proper choice of the ferrite material in a circulator
may be crucial for its performance. For the above-resonance
operation theoretical considerations require a relatively
high value of saturation magnetization [12] and a small
resonance linewidth. After an extensive search for suitable
materials we decided upon the calcium-vanadium garnet
CVG-930 manufactured by Ampex. The value of 47M,
changes approximately from 930 G at 300 K to 1530 G at
77 K. The room temperature value of the 3-dB linewidth is

AH 515 Oe. No data on this ferrite was available at 4.2 K.-

Using the general results on temperature dependence of the
above quantities (as measured for other materials [1], [2],
[7]) we infer the following values for 4.2 K by way of
extrapolation: (4wM,),, ~1600 G, (AH),, <100 Oe.
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Fig. 1 Photograph of the complete circulator; the case shown schemati-
cally in Fig. 2 is mounted between the poles of the superconducting
magnet.

These numbers and the known relative dielectric constant
of 15 have been used in the calculation.

B. Superconducting Magnet

The dc magnetic field across the ferrite disks is supplied
by a superconducting electromagnet consisting of two coils
(2500 turns of Supercon T48B-Type M-wire each) which
are mounted on a soft iron yoke having a 120° symmetry
(see Fig. 1). A good magnetic return path serves two
purposes. First, the cylindrical center posts around which
the coils are wound assure a good uniformity of the field
within the ferrite disks inside the circulator cavity and,
second, the yoke confines the stray magnetic flux. This
feature is particularly desirable in our application since the
Josephson junctions constituting the active element of the
SUPARAMP are extremely sensitive to magnetic fields.
The measured intensity of the stray field in the radial
distance of 10 cm from the cavity center is less than one
percent of the center value. The two series-connected coils
of the magnet can be switched into the persistent-current
mode; in this mode, no deviation of the tuning point of the
circulator from the adjusted value can be observed even
after one week of operation.

C. Circulator —Version 1

Following the theoretical estimate of the minimum inser-
tion loss which can be written [1], [5] as L(dB)=20 log(1—
0, /0,) where O, and Q, are the loaded and unloaded
Q’s of the resonator, respectively, the first version of the
circulator was designed for a center-band insertion loss
below 0.2 dB. Assuming (AH),, ~100 Oe and taking care
of some safety margin the calculation gives the height of
the ferrite disk equal to 1.5 cm. The matching of the
resonator to-the outer 50-8 circuitry must be ensured via
quarter-wavelength transformers. Both the height of the
disks and the transformers make the physical dimensions
of the circulator very large. Nevertheless, the device has
been constructed and tested. The measured performance
was very good and can be briefly described in the following
terms: center-band isolation more than 30 dB within a



KADLEC: UHF CIRCULATOR FOR CYROGENIC APPLICATIONS

tuning range 580-600 MHz; instantaneous 20-dB-isolation
bandwidth about 3 percent; center-band insertion loss
much less than 0.05 dB; center-band input VSWR about
1.07. In particular, we were surprised by the very low
insertion loss which is much smaller than the theoretically
predicted minimum. To understand this pleasant dis-
crepancy we measured the ferromagnetic resonance ab-
sorption of CV(G-930 at 4.2 K. The preliminary analysis of
the results obtained at 9 GHz (a low-frequency measure-
ment cannot be performed with our present equipment)
indicates a rather narrow absorption line whose shape is,
however, strikingly different from the simple theoretical
assumption [5]. Consequently, the effective linewidth enter-
ing the calculation of Q, is difficult to determine, but it
seems to be much less than 100 Oe assumed above. The
complete results of the absorption measurement will be
published elsewhere. In any case, the measured perfor-
mance of the circulator suggests that we may be allowed to
cut the height of the ferrite disks, thus reducing the height
of the circulator and, eventually, being able to directly
couple the resonator to 50-& circuitry. Elimination of the
transformers would substantially reduce the lateral dimen-
sions of the circulator. This modified version is described
in some technical detail in the next part.

D. Circulator —Version 2

The starting point of the design is given by the fact that
direct coupling to 50-Q stripline is to be achieved and the
center conductor of this stripline has a physical separation
from either groundplane equal to 0.65 cm. (This is the
length of the chip carrying the array of Josephson junc-
tions in the future amplifier.) Using fused quartz (€ = 3.78)
as the dielectric of the stripline the width of the center
conductor calculates to be 0.69 c¢m for 50-Q impedance
[11]. This same width is coupled to the rim of the resonator
and determines—together with the frequency 600 MHz—
the radius of the disk to be 2.48 cm. The required internal
magnetic field is 1150 Oe. The instantaneous isolation
bandwidth between 20-dB points calculates to 5.2 percent.

The simplified scheme of this circulator is shown in Fig.
2 and its photograph in Fig. 1. The cylindrical aluminum
case accommodates two ferrite disks in its center and six
identical segments of fused quartz plate which have a
radius to fit the disk. Small springs push the plates against
the disk thus allowing for different contraction during the
cool-down. The center conductor which is machined from a
single piece of copper foil (thickness 51 pm) is sandwiched
between the lower and upper disk in its circular part and
the lower and upper plate over the transmission lines. The
end of the center conductor of the lines is soldered to
the sliding contact of the hermetically sealed SMA Micro-
wave Integrated Circuit Launcher, manufactured by
Solitron /Microwave. A small air gap between the end of
the relatively wide center conductor and the wall of the
case compensates for the excessive stray coupling to the
wall. The measured VSWR for this transition is less than
1.05 at 600 MHz. The bottom and the cover of the case
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Fig. 2. Scheme of the circulator (version 2); above: top view of the
assembled parts without cover, below; cross section A—A4" of the closed
case. ’
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Fig. 3.

provide the groundplanes and excellent shielding. The case
with the parts assembled inside is sealed using an indium
ring beneath the cover and then centered between the posts
of the superconducting magnet (Fig. 1).

The measurements on the circulator immersed in LHe-
bath (4.2 K) were performed using low-reflection semirigid
coax cables connected to the ports. The isolation and
VSWR were measured at the top of the dewar, corrected
for the loss of the cables (1.25 dB per cable) and referred to
the actual ports of the device. The insertion loss, however,
was obtained by direct substitution measurements uing a
microwave transfer switch connected to the input port of
the circulator in LHe-bath. The measurement accuracy and
reproducibility obtained in this way is better than 0.05 dB.

Fig. 3 shows the frequency dependence of the magnet
current value necessary for maximum isolation. Because of
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Fig. 4. Frequency dependence of the isolation, VSWR, and insertion
loss for a fixed tuning point (center frequency 555 MHz).

the slight magnetic hysteresis of soft iron, the reproducible
adjustment requires a well-defined initial condition for the
magnetization of the yoke. Therefore, we always started
with a current of 1000 mA and then decreased it gradually
to the value inducing maximum isolation. If we consider an
isolation of 20 dB as the lowest acceptable value, Fig. 3
shows a broad tuning range between 470 and 650 MHz.
Assuming a minimum of 30 dB for center-band isolation
instead, we still have a tuning option over 80 MHz. The
exact frequency for the maximum center-band isolation
depends somewhat on the coax cables used for the mea-
surement; this is probably due to reflections between the
connectors. ‘

A typical frequency dependence of the isolation, VSWR,
and insertion loss for a fixed tuning point—here at 555
MHz—is shown in Fig. 4. The instantaneous 20-dB isola-
tion bandwidth is about 36 MHz or 6.5 percent, which is
somewhat more than the theoretical value (5.2 percent).
The minimum insertion loss is still below 0.05 dB, though
slightly displaced in frequency with respect to the isolation
peak. The input VSWR which in theory is directly con-
nected with the isolation seems to be a little too high. We
may, however, be measuring the reflections from the con-
nectors of the cable which mask the true value. In any case,
the observed VSWR is good enough for most practical
purposes.

In other tuning points of Fig. 3, i.e.,, for other center
frequencies, the circulator behaves in a similar way as in
Fig. 4, except for the maximum centerband isolation which
gradually decreases as the frequency approaches the
periphery of the tuning range. The bandwidth, insertion
loss, and VSWR are not primarily influenced by shifting

. the center frequency.

As we mentioned earlier, the design calculations for both
versions of the circulator were preformed assuming a nomi-
nal operating frequency of 600 MHz. It is interesting to
note that in both cases the optimum performance was
achieved for frequencies some 3 to 8 percent below the

nominal value. This may be due to the fact that the
effective magnetic walls of an open resonator lie outside
the physical ones.
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