ICEC 14 Proceedings

SINGLE FLUX QUANTUM VOLTAGE AMPLIFIERS

Vladimir Golomidov, Vsevolod Kaplunenko, Marat Khabipov, Valery Koshelets, Olga Kaplunenko

Institute of Radio Engineering and Electronics, RUSSIA Academy of Sciences,—— Mokhovaya, 1],
GSP-3, 103907, Moscow, RUSSIA

The novel elements of the Rapid Single Flux Quantum (RSFQ) logic
family — a Quasi Digital Voltage Parallel and Series Amplifiers (QDVA)
have been computer simulated, designed and experimentally
investigated. The Parallel QDVA consists of six stages and provides
multiplication of the input voltage with factor five. The output
resistance of the QDVA is five times larger than the input so this
amplifier seems to be a good matching stage between RSFQL and usual
semiconductor electronics. The series QDVA provides a gain factor four
and involves two doublers connected by transmission line. The proposed
parallel QDVA can be integrated on the same chip with a SQUID sensor.

INTRODUCTION

The new class of quasidigital circuits has appeared during the experimental investigation of
RSFQL elements [1]. These elements provide a logic function with high frequency and due to
the Josephson relation between the frequency and voltage, enable transformation of the input
voltage by means of a high speed logic operation. Some of these circuits can be utilized as
a logic cell for digital devices. For instance the flip—flop is also a high precision vol-
tage divider [2]. Analog function of this cell is provided by the fact that only half of the
input SFQ pulses are passed to the output. Another example of the voltage divider with the
factors 174, 1/2 and 3/4 is the reversible two bit counter slightly changed for the high
frequency testing [3] Theoretically, the modification of n bit reversible counter allows to
have the voltages multiple to the factor 1/(2)". It's seems to be useful for the creation
parallel analog to digital converters for which the precise voltages are needed. A number of
different kind of amplifiers had been theoretically suggested recently [4,5,6], but till now
only one of them, based on the direct connections of the Josephson elements idea [6], has
been experimentally verified and the voitage doubling has been demonstrated [7]. [t enables
building two kinds of the Quasi Digital Voltage Amplifiers (QDVA) with higher amplification
factor. :

Series Josephson voltage amplifier.
a)Theory. The main part of series QDVA is the voltage doubler Fig.la shows [6,7]. Series

connection of n doublers provides the gain factor 9" Fig.1b shows the block diagram of the
experimentally studied QDVA with n=2. The simulation of this circuit [11] has shown the
upper limit of output voltage about 0.6Ve (Ve=IcRe is the characteristic voltage)
independent of the stage number. This restriction is caused by the definite switching time
of the load junction Je (Fig.1a). The main part of doubler consists of two interferometers
J2l2Js and Jal2J4L3 strongly coupled via common inductance L2. The flux quantum is coming to
the input and sequentially switching Ji and J2 junctions because the value Li is small
enough to prevent the trapping of quantum within this interferometer (JiLi<®o). The
additional phase difference on the ends of the inductance L2 appears when the fluxon is in
contour Jolals. This difference should be compensated by the clockwise current through the
JaLaJs. The current decreases the total current for J3 and increases the bias current for
J4, and as a result antiflux quantum penetrates into the JaLaJslL2. The inductances L2 and L3
are small enough to provide the total bias currents in J3 and Js exceeding the corresponding
critical values in the presence of quanta which returns the circuit to the initial state
after switching J3 and Js. One can see that the output voltage is two times larger than the
input one.
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b) Experiment. Fig.1 shows the equivalent circuits of the series two stage QDVA. Standard

trilayer all refractory Nb—AlOx-Nb technology with critical current density z1kA/cm2 has
been used for fabrication all of the samples [3]. The junctions have been externally shunted
with Mo resistance to provide McCumber parameter Bc®1. All currents were introduced through
the common feed line. An additional adjustment of currents was available to test the
different regimes of the circuit operation. Fig.2 shows the experimentally obtained input

and output voltages of each cascade as function of the bias current of the Josephson

generator Ji. The circuit shows the right operation immediately after introducing the common
feed current; but, to get the maximum of output voltage, 130V, one had to put a small
adjustment current Is which was about 10% of the nominal value. It might be due to the
discrepancy between the calculated and real values of critical currents and inductances.
Without any adjustment currents, one obtained the output voltage =100V. The maximum of
measured voltage 130{LV is close to the 150UV theory predicted.

Paraliel josephson voltage amplifier.

a)Theory. With the series amplifier, one can imagine logic elements in digital devices,

while the parallel one is a completely analog circuit. It is impossible to distinguish the
quanta passing trough the different stages of the amplifier. The connection implies the gain
factor n+1, n being the number of cascades [6]. The energy amplification of the quantum,
E=LI*(L is the inductance of the contour of the quanta localization ; lc is the minimal
critical current of the Josephson junctions the contour involved), is very important in
these circuits. The Josephson transmission lines are usually employed for that, but these
lines require separate current sources for each of the stages [6]. To overcame this problem
a new technique of calculating of the superconductor inductances has been employed [8] It
allows one to consider the inductance as a passive multi-terminal network and build a
parallel amplifier which is shown on Fig.3. The circuit consists of a number of levels which
are three junction quantum amplification lines. Special layout design enables vertical
connections between the interferometers either by the large mutual inductances LG or by the
small one Ls on Fig.3. Two superconductor interferometers, marked on Fig.3 with digits 1 and
Il, are strongly coupled due to the LG, as one needs for the voltage doubler. The SQUIDs Il
and IV are weakly connected because Ls is small enough (Ls<<Lag) to make neighboring levels
independent and to amplify the energy of quantum which is necessary to excite the next
stage.

Fig.5. shows the computer simulation of the six stage parallel QDVA. The right
operation up to the output voltage of 250UV is found from the time period of passing quantum

via one stage. We have Ls+La®LG so it's possible to improve the amplifier by reducing the.

Ls+La. Fig5a shows the layout of the two stages of parallel amplifier. The large coupling
inductance LG is formed by narrow strips of wiring and the weak coupling Ls is formed by the
broad base electrode rectangle. Fig.5b shows the simple example of strong coupling between
two interferometers due to the common area of currents. A very large distance between
interferometers on Fig.5c implies no interaction between them.

The amplifier has n times larger output resistance than the input one. It enables good
matching between the SQUID and external electronics. The SQUID is the best input device for
the quasidigital circuits because it provides the conversion of a measured signal to the
repetition rate of the single flux quanta.

b)Experiment. In experiment: we have observed only five stages operated correctly. The

introduced bias current on the last cascade (see Fig.3) might destroy the right operation of
this stage. Fig.6 shows the voltages on each stage as function of bias current of the input
junction. One can see that right operation up to the 250UV is observed. This value is close
to the one obtained from computer simulation. An additional adjustment of currents was
required to get this voltage because of the parasitic frozen magnetic field.
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CONCLUSION

The Josephson analog devices are based on precise calculation of the quanta which are coming
to the input. Due to the high internal frequency of calculation, the losing or gaining of
some quanta doesn't destroy the analog function. It's the main difference from the digital
RSFQ devices for which this effects are critical. Moreover the digital RSFQ circuit should
have at least two independent transmission lines for the pulse propagatio'r{ [1}. One of them
is the clock and the other one is the signal line. The lines are connected with the
nonlinear impedance of the RSFQ element. Mutual phase locking of the line junctions is due
to the nonlinear connection [9]. This problem hasn't been solved yet for RSFQ logic and
might it will be the most important one at this area. The same effect may negative for the
quasidigital devices also, but for many cases, the phase coupling makes the analog function
more stable. For example the coupling of different harmonics takes place for the wvoltage
doubler and voltage divider. In the experiment this phase locking makes larger the margins
of bias currents. The interest in complicated Josephson structure nets of junctions and
multilayer junctions is great. Parallel amplifier occurs in a net of junctions which are
connected by a special way. It's seems that using a quasidigital approach and a technique of
organization of inductive coupling, we have found the experimental simulation of more
complicate Josephson structures. Principally it will be interesting to built the common
theory of quasidigital circuits to provide the different analog functions as one needs.
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Figure 1 Serial QDVA a) voltage doubler;
b) block diagram. J1=3J3; J2=J5=2J3=2J4 =
300pA; L2=20L3=5.2pH.; Be=1.
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Figure 2  The input Vin and the output

voltages of each stage vs. bias current
of Ji
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Figure 3 Equivalent circuit of six stage
parallel QDVA. Je=J3=J4=Jo=J10=J15=J16=
=220UA; Js=Js=Ji1=J14=J17=165UA; Je=J7=J12=
=J13=J1e=110MA; Ls=0.26pH; LG= 4.2pH;
LA=4.7pH; Bc=1.
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Figure 4 Simulation of parallel QDVA. The

voltages of each stages vs. the bias
current of the Ji on Fig.3.
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Figure 5 Layout. a) two stages of parallel
QDVA; continuous lines — wiring, dashed -
base electrode, hatching boxes — shunt
resistances,circles—junction areas, filled

areas — short connection of electrodes.
b) strong and c¢) weak interaction between
two SQUIDs formed by junctions 1,2 and 3,4.
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Figure 6 Experimentally obtained voltages

on each stage of parallel QDVA vs. bias
current of the input junction.






