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Abstract

We describe a monolithic high temperature
superconductor (HTS) phase shifter integrated into a 10
GHz microstrip line. This is the first demonstration of a
non-resonant HTS circuit based on our design. We
observed phase shifts greater than 150 degrees in
resonant structures, and 20 degrees in broadband
circuits.

Introduction

High temperature superconductivity (HTS) can
provide high quality films for passive microwave devices
[1, 2], but nonlinear superconducting Josephson
elements for active circuits have been difficult to
fabricate. Progress in HTS technology enables the
fabrication and test of a new broadband HTS phase
shifter which employs a high density of superconductive
quantum interference devices (SQUIDs). This paper
describes the performance of a broadband HTS phase
shifter operating at 10 GHz.

Phase shifters are key elements for phased array
antennas. A number of uniquely superconducting
approaches have been attempted to provide phase
control at microwave frequencies [3]. Superconducting
phase shift mechanisms include varying the kinetic
inductance of thin superconducting films [4], the use of a
novel transistor analogy [5], and cascading a series
array of Josephson junctions [6].

The distributed Josephson inductance (DJI)
approach [7]consists of a superconducting transmission
line that is actively coupled to an array of SQUIDs
distributed along its length as shown in Figure 1. Each
SQUID consists of a single HTS microbridge Josephson
element shunted by the inductance of the hole in the
microstrip line. The Josephson inductance from the
SQUIDs provides a variable inductance along the line.
By applying flux to the SQUIDs, either through a control
current along the transmission line or by an external
magnetic field, the inductance distributed along the
transmission line can be controlled. The inductance
controls the wave velocity, and hence phase delay of the
transmission line. The advantage of the DJI phase
shifter is that it provides phase shift with low loss and
scalability to higher frequencies providing a true time
delay.

\¥Ve have succeeded in a series of DJI phase shifter
demonstrations. Eatlier versions of the DJI phase shifter
were successfully fabricated and tested in low
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temperature Nb technology [7]." Later, when HTS
SQUIDs became available, a single SQUID was
specially selected and coupled to a microstrip resonator
[8]. As the maturity of HTS microbridges increased, a
total of 40 SQUIDs were monolithically integrated into a
single microstrip resonator [9]. The maturity of HTS
processing continues to improve, and it is now possible
to fabricate and test a broadband non-resonant HTS
phase shifter with greater than 2000 microbridges per
wavelength at 10 GHz monolithically integrated into the
active region of the phase shifter.

Fabrication

The new HTS phase shifter requires fabrication of &
large array of step-edge HTS SQUIDs [10]. We pattern
HTS microbridges over sharp steps eiched in the 20-mil
thick LaAlOgz substrate. A steep 0.3 um edge is ion-
milled into the substrate, and an HTS film (0.2 um) is
deposited over the entire area. The film is then
patterned and ion-milled to produce a 2-um wide
microbridge over the step-edge, resulting in an
engineered weak link Josephson element.

TRANSMISSION LINE PHASE SHIFTER

10 pm HOLES

Figure 1. Photo of HTS phase shifter. Dark areas
are the YBCO HTS material and the faint rectangular
outlines are the steps in the LaAlOg substrate. Square
holes are cut out of the HTS adjacent to 2um
microbridges.
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Figure 1 shows a photo of the fabricated HTS
SQUIDs on the microstrip phase shifters. In the detailed
blow up of the active region, the 2-um step-edge
microbridge and the pair of inductive square holes (10
or 20 um) make up a single rf SQUID. These SQUIDs
are duplicated in parallel as a column across the width
of the microstrip. These columns of SQUIDs are in turn
laid out in series along the length of the resonator or
transmission line.

Design and Theory of Operation

The most important properties of the DJI are the
response to a control field and the magnitude of the
phase shift. This section finds the current per flux

guantum ip and the change in inductance normalized to

the total inductance per unit length AL/L (which is
related to the phase shift). The HTS DJI uses a planar
geometry with square holes (of side a) spaced a
distance d apart, filling the microstrip line (of width w)
over a ground plane a distance h below (Figure 2).
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Figure 2. Perspective drawing of SQUID geometry.
HTS (YBCO) of thickness t (0.3 um) is deposited on top
of a 20-mil (height h) LaAlO3 substrate with 0.6 um of Ag
ground plane. SQUID holes are squares of side a with
spacing d apart on a microstrip of width w. Hole pairs
are joined by a 2 um HTS microbridge weak link that
steps over a 0.3 pm LaAlOg step.

The change in inductance for a single pair of loops
(with a single junction) is determined in two limits. The
first limit, a low coupling limit, uses Ampere's law to find
the magnetic field and mutual inductance, and the other
uses a high coupling limit where the mutual inductance
is taken as the loop inductance. Both limits assume that
the current is uniform over the microstrip line; a limit that
is most valid for wide lines. The current per flux
quantum @y can be measured to determine which
model is the better estimate. For the low coupling limit,

L = 2ndWd,
p = <TGV D0
3Hoa? (1)
and for the high coupling limit
o= AW,
15422 (@)
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Using these expressions, the expression for the mutual
inductance, and the definition of the coupling constant K,

2= M
LisgLams (3)
SQUID loop inductance Lsq,
Lgq = 1.250a (4)
and the microstrip inductance Lms (for a length a):
Lo = Moha
ms = W (5)
We find the total changes in inductance from [7 ,11]
AL,
—_one _2p
Lone (6)
provided we have satisfied the inequality
2nLggLe
=<1
o %

The microbridge critical current Ic is typically
between 100 pA (at 4 K) and 30 pA (at 65 K) for 2 um
HTS step edge microbridges. The condition (8=1)
obtains the maximum change in inductance and sets the
size of the [oops. Combining these terms, we obtain a
value for low coupling Ampere's loop calculation:

ALT 6B

LT s52%dha+d) ®)
and for high coupling limit:

ALT _ 15228

Lt 2h(a+d) (9)

The high coupling limit is about 60 times larger than
the Ampere's loop limit. Note that these two expressions
do not depend on the width explicitly, but they do
depend on the loop size a, spacing d, and substrate
height h. In the limit of a=d the change in inductance is
proportional to a/h for both the Ampere's loop and high
coupling limit calculation. For maximum phase shift, the
hole size a should be as large as possible, and h should
be as small as possible.

The experimental results, provided in the Table |,
show that the high coupling limit provides the best
estimate on the performance of the devices.

SQUID size 10 um Hole 20 um Hole
Coupling Low High Low High
Limit
Lsq 16 pH 32 pH
B 5 10

(lc=100 pA)

I¢ (Theory) 4.3 mA | 1.1mA || 0.54 mA | 0.27 mA
16 (Exp) 1.0 mA 0.39 mA
AVpAVD 0.0006 | 0.037 0.0064 | 0.098

A® (Theory) 0.11° 6.6° 1.15° 17.6°

AD (Exp) 8° 20°

Table |I. Summary of calculated and measured

parameters of phase shifters in a broadband circuit at
10 GHz



Measurements and Results

A phase change of over 190 degrees was measured
for the resonant phase shifter using the external coil
method. Figure 3 plots the phase as a function of coil
current at 4 K. Measurable phase shifts were detected
up to 65 K. Input power was typically set to -40 dBm.

Figure 4 shows the power dependence of the
resonating phase shifter for the new high SQUID density
phase shifter as compared to the results reported
previously [9]. The newer devices have improved their
power handling from -50 dBm to over -10 dBm, while the
phase shift has increased from 50 degrees to over 190
degrees. Notice that a phase shift over 180 degrees
was achieved due the change in phase velocity caused
by kinetic inductance effects of the superconducting
microstrip.
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Figure 3. Phase as a function of external field for
resonant phase shifter at 10 GHz at 4 K and -40 dBm
input power.

Phase change was measured with a modulated
magnetic field using either current through external coil
or a direct current passed down the transmissionline for
the straight transmission line phase shifters. When the
external coil provided the varying magnetic field, the
transmission line circuit shifted phase by 13 degrees at
-30 dBm input power. Figures 5 plots the temperature
dependence of the phase shift using this method for a
straight through circuit. The insertion loss is shown on
Figure 6 as a function of temperature at -20 dB power.

When direct current is passed down the
transmission line through the SQUIDs, the circuits yield
a phase shift of 20 degrees as shown in Figure 7. The
periodicity of the phase shift using internal control
current is 240 pA at 10 Kto 14 pA at 67 K. Phase begins
shifting significantly near the critical current of HTS
circuit which is typically around 100 - 300 pA. As shown
in Figure 1, the circuit layout we are using has a step
edge all the way across the microstrip, so an alternate
circuit model is a series of parallel array of junctions.
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Figure 4. Plot of peak to peak phase shift versus input
power for a resonator with 10-um hole SQUIDs shows
significant improvement in power and phase shift of this
work on over a previously reported HTS phase shifter

[6].
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Figure 5. Temperature dependence of non-resonant 20-
pm hole SQUID phase shifter was measured using
external field control through transmission line at -30
dBm input power and 9.4 GHz. Phase shift is
maintained near 15 degrees from 4.2 K to 50 K.
Detectable phase shifts were measured up to 67 K.

The series junctions mask the coupling of the control
current and limit the maximum current to a value below
l¢. This dependence on Ic appears to concur with a
series array of Josephson junctions analyzed by G.
Chen [6]. We have compensated this series array effect
in a new mask for future studies of HTS phase shifters
by changing the step-edge area, and also by improving
the HTS deposition process to prevent weak links from
forming outside of the SQUIDs.
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Figure 6. Insertion loss of a nonresonant phase shifter
with 20 pm SQUIDs. Input power of -20 dBm was
applied to the circuit.
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Figure 7. This plot shows phase shift versus control

current where direct current was passed along the
straight through transmission line containing the 20-um
hole SQUIDs. Phase was measured at a temperature
of 44K and an input power of -40 dBm.

Conclusion

We have presented data on an HTS monolithic
phase shifter using over two thousand integrated SQUID
devices per wavelength. Phase shifts of 20 degrees
were observed in transmission line circuits, and phase
shifts of greater than 190 degrees were observed in the
resonant circuits. The high coupling limit is the best
model for the circuit.  This high temperature
superconducting phase shifter is suitable for integration
into phased array antenna systems for communications
applications.
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