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O. Mielke, Th. Ortlepp, FEH. Uhimann

Improved stability of bistable RSFQ circuitry by using Jose phson
junctions with intrinsic  w-phase shift

INTRODUCTION

The Rapid Single Flux Quantum (RSFQ) logic is a supercomdgantrinsic digital circuit technique
based on the representation of information by a single gquauaf magnetic flux. To define the binary data
the presence or absence of such a flux quanbyrm 1 /2e (Planck constant and elementary charg@ in
a superconducting loop is used [1]. The switching betwegit#b states is distinguished by a very low time
constant combined with a low power consumption. Due to a rfgbrication technology and successful
demonstrated circuits it is today the most promising quargiectronics [2].

There are two basic variables describing the state of a sapéucting loop: the currerdtand the phase
 of the superconducting wave function. Usually all chargeiees in a superconducting ring can be char-
acterized by the same wave function, but an energy barriebeaised to separate the superconductors and
decouple the wave functions. Such an element creates a wdakdtween two superconductors and is
called Josephson junction (JJ). If one connects an additghmunt resistor in parallel, the result is a non-
linear overdamped switching device, the key element of R&fZ [3]. This JJ acting as a kind of gate
allowing the exchange of flux quanta between contiguousdo&uch a transfer is combined with a small
voltage peak, called single flux quantum (SFQ) pulse withfendd area o, 07mV-ps.

In traditional RSFQ electronics there are three degreeeetibm to adjust the behavior of a circuit: the
inductancelL, the critical current of a Josephson junctiGnand the bias current,. The combination of
these elements creates three elemental structures as shéwgn 1a [4]. The difference between transfer
and storing is determining by the normalized paramgies %. The first element is used for an active
transfer of SFQ pulses. It is characterized by a small lodpatance §;, < 27) usually5;, = w. Thereby
the loop current caused by an entering SFQ pulse is cleaghehnithen the critical current of the JJ thus this
one is switching as well and the SFQ pulse leaves the loop.nWhkmg a bigger inductance between both
junctions (3, > 2r), the circulating current, a result of a flux quantum insiake loop, is not strong enough
to switch the second junction and a single flux quantum iestas a representation of a binary information.
That is the way to build structures with more then one staiake sThe number of storable single flux quanta,
thus the number of stable states, depends;onlo read an arbitrary information in such a loop, a decision
element is needed, namely the comparator composed of twtigus. In this matter data latching is a task
of most importance, because of the pulse-driven charattarsoelectronic family. AlImost every basic cell
for logic operations (OR, AND,..)requires the capabilifgy@emporary data storage.

At present a new element which behaves like a JJ with an girinphase offset is available. This so
calledr junction was predicted long time ago. The first experimetdédérmination was done by Wollman
in 1993 [5]. The evidence was confirmed by Brawner some yeates [6]. This element is distinguished by
an offset in his current-phase characteristic compared with. &hile a JJ can be described by:

I =1, sin(p)
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Fig. 1. a) The traditional RSFQ electronics is composed by thistietemental structures. b) Thejunction as a JJ with intrinsie phase
shift and the natural behavior of an loop containing this eésment.

am junction is defined by:
I'=1.-sin(¢+m) = —I.sin(yp).

Thus ther junction can be taken as a JJ with a negative critical cugentesponding to a complementary
element [7]. Like the correlation of PNP and NPN transigtoe,r junction does not provide a in principle
new performance, rather it enables a simple and symmetigsagin. Thisr junction is the first topological
extension since the development of RSFQ electronics.itself

Supplementing a superconducting loop by an constant phaftéesds to remarkable effects. A spon-
taneous current is flowing in such a ring to compensate thig-buphase shift, at which both possible
directions of the current appear in equal likelihood. A l@gmtaining an inductance, a JJ and-aunction
has a build-inr-phase shift (Fig. 1b). The resulting magnetic flux coupléith the spontaneous current ac-
cumulates up to half a flux quantum in the large inductance [Bh The polarity of this flux can be utilized
to store binary data. Such a circuit establishes a natustdile character in contrast to a traditional RSFQ
loop composed of an inductance and two junctions. This cordigon is distinguished by an odd number
of stable states, thus bistable behavior needs to be dijifsymthesized. Therefore usually a bias current
is used, which is the reason for an asymmetric design andevmarameter margins of classical RSFQ cells

(Fig. 2) [9].
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Fig. 2. a) Potential energy as a function of enclosed magnetic flux b) 3-D energy plot
U=2 ilcl(l_— cos(1)) + T2c(1 — cos(2)) + 525 (1 — 2)* — Iy | of a bistable RSFQ device shown in Fig. 1b. In which the altic
current of ther junction has a negative algebraic sign as mentioned.



DESIGN OF BASIC CELLS

A new approach for designing RSFQ circuits by utilizing Qeith = phase shifts was mentioned by Usti-
nov, where ther junction is used as a passive phase bias and could be refig@at/ other phase source
[10]. In contrast our concept is to functionalizgunctions as an active JJ as well as a phase source. We
intend to use the natural bistability efloops to create more robust RSFQ devices.

To demonstrate the functionality of this idea a new celldigrhas to be designed. The Josephson Trans-
mission Line (JTL) is the most simple cell of the RSFQ eleuits, whose creating is the first step in a cell
based design. This cell is used for an active and quantunmsprgansmission of SFQ-pulses, as mentioned
in Fig. 1. Itis a cell with only one stable state, thereforis ot appropriate for applying junctions.

The interface between the established semiconductoraémiymand the new RSFQ technology is a fun-
damental component for experimental analysis. Conveditigh energy semiconductor signal to a low
energy single flux quantum is the task of the DC/SFQ convertas cell is controlled by the input current
I;,. While this current is zero, only the bias current providgdHtol is flowing through the junctions. A
raising input current is split up, one part is flowing throughand the other part through J1 and J2 to ground.
The functionality of the cell is only supported by the cutréawing through the JJs, thus the value of L2
and L3 should be much smaller then L1. The superpositionmftiand bias current in the junctions favors
the switching of J2 and handicaps the switching of J1. If thpaut current is high enough, J2 switches and
emits a SFQ pulse. Thereby a flux quantum is extracted frorfotdpeand the current is redistributed inside
the loop changes, which induced a counter clockwise loogentir The main part of the input current in this
state is flowing through L1 to ground. This state is stableag ks the input current is constant. If this one
is decreased the induce loop current will become dominashtcanse a switching of J1. Thereby a single
flux quantum enters the loop, the induced current elimingie$oop current and the initial state is reached.
To accomplish ideal margins of all parameters the equaliép - L1 = &, should be satisfied. In that case
the flux quantum, which is leaving the loop through J2, wildoenpensated by the magnetic flux caused by
the current through the inductance L1. Thus the effectiveect flowing through J1 and J2 is the same in
both states, as illustrated in Fig. 3a. The mentioned nidbistability of loops with oner junction is based
on toggling effective current directions, therefore the/BEQ converter do not benefit fromjunctions.
Even if this device has two operation points it has only oablststate. The second operation point is only
reached by adjusting the bias current. That is why this salesigned in a traditional way, as shown in Fig.
3b [11].
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Fig. 3. a) Equivalent network of the DC/SFQ converter. b) The Siteddransient behavior of the parameter voltage (V) anceoti(l) of
this device.

The counter part to the DC/SFQ converter is the SFQ/DC cotewéris an essential interface for detecting
a single flux quantum with CMOS technology. This device is posed of a Toggle Flip Flop (TFF) and



a read-out SQUID. The TFF has two stable states charaalenizéwo different directions of the current
inside the storage inductance. In traditional RSFQ eleatsothis loop current is the result of an external
bias source Ibgx, illustrated in Fig. 4a. An alternativerapgh is working without bias source, but it caused
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Fig. 4. Equivalent circuit of a Toggle Flip Flop with a single outpa) the current inside the storage inductanggkeas a result of a current

source marked by the red color. b) Alternative approachrectinside the storage inductance is generated by a phéisimsitde border loops
caused by a combination afjunction and JJ.

an extreme assymetric topology. In experimental analyg<orrect function of this circuit was observed,
but the margins are low [12]. Utilizing junctions as a phase shifter in the storing loop of a ToggfeHbp
was proposed by Ustinov [10]. In difference to this idea ti&Bhown in Fig. 4b is composed of active
7 junction in combination with JJ. This circuit contains twiorage loops sharing the storage inductance
Lstore The phase shift insidedtgre Causes a spontaneous current flowing stable in either cieekand
counter-clockwise direction. Let us assume the TFF is insthge with a clockwise current in the storage
loop. A incoming SFQ pulse enters the cell through J1 (Fig. Bhe associated current splits up and flows
through J2 and J3 to ground. This additional current favemtching of J3 and J4 and handicaps J2 and J5
at the same time. By switching of J3 a flux quantum is extrafitad the storage loop | reversing the flux
state and changing the bearing of the current. When J4 ishswgj a positive flux quantum is pumped into
loop Il superposing with the initial flux-®,/2 to establish a new flux state®,/2 Fig. (6b). Thereby a
SFQ pulse is leaving the cell by outputgate 2. If a secondeparigves at the input, J2 and J5 are favored
for switching (Fig. 5b). J2 counts one flux quantum into sgerkop | as shown in Fig. 5c, in doing so the
initial state of this loop is established. By the switchirfglb a flux quantum is extracted from the storage
loop Il, thus the flux state is again®,/2. As a result a SFQ pulse leaves the cell through outputgate 1
(Fig. 6¢).

To create a SFQ/DC converter a dc-SQUID tapping the stonaggectance of the TFF is used. The
operating point of this phase sensitive sensor can be adjust way that a voltage signal is created for an
upward flux and no voltage for a downward flux inside the stphiops. In doing so it is possible to analyze
a RSFQ circuit with standard semiconductor electronic neéag equipment.

CIRCUIT LAYOUT

There are several possibilities to establish a phase shafsuperconducting loop. For example by imple-
menting a field bias provided by an extra control current.lifbis approach can be realized in traditional
RSFQ technology as already implemented by Terzioglu [1B¢ disadvantage of this idea is the additional
bias line, which is the reason for a more complex layout andyhaen power consumption. Another alter-
native is utilizing a frozen magnetic flux in a supercondugtioop. In doing so it is possible to create an
arbitrary phase shift between= 0 andy = 7 [14]. Also thinkable is a realization of grain boundary junc
tions with high temperature superconductors. Therefoeermeds a substrate with at least three domains
with different orientations. A spontaneous magnetizatbr®, /2 was observed in such a configuration,
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Fig. 6. a) Initial state of storage loop Il of a Toggle Flip Flop. b) Bwitching of J4 a flux quantum is pumped into the storage loupa
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Fig. 7. a) Connecting the same YBCO area from two perpendiculactiires with Nb creates a loop containing a JJ andjanction. b) A
cross section of the technology developed at the Unived$ifyvente (Netherlands).



which confirms ar phase shift [15]. The implementation of SFS junctions, Widontains a ferromagnetic
barrier, is today the only solution for a lumped elemeifnction [16].

The fabrication process we are going to use, comprises a halhashigh temperature superconductor.
It permits ramp-type junctions between YBCO and Nb [17]. Bheave symmetry of YBCO enables in
combination with s-wave symmetry of Nbraphase shift generation in a two junction loop. Furthermore
the technology characteristics enable RSFQ electroniasitiéal current density about 20 kA/¢nas well
as a characteristic voltage 6fR = 0, 7mV was achieved [18]. More important for a technical appilara
is the reproducibility which was proven by the analyzing nfaaray with 25000t loops [19]. At present
the fabrication process of the University of Twente (Neldnauls) is the only one to allow the production of
RSFQ circuits withr junctions.

A 7 junction can be produced by connecting the same YBCO area o perpendicular directions
with niobium Fig. 7a. The created loop containg gunction and a JJ. This feature restricts the degrees
of freedom in the circuit layout. The cross section of thisrieation process is shown in Fig. 7b. Every
connection between YBCO and Nb creates a junction, thue tisemo way for a direct link between the
YBCO layer and ground. Consequently only a even number aftjons per loop is producible.

@ (b)
Fig. 8. Layout (a) and optical micrograph (b) of a Toggle Hipp with YBCO-Nb rampe-type junctions.

The layout of a TFF is displayed in Fig. 8a, where an exampleads without phase shift are marked
by the red color and loops with intrinsic phase shift are radrky the blue color. There is a difference
between both red loops: while loop | contains twgunctions, loop Il contains ne junction. The effect in
both cases is the same, no spontaneous current is flowingliggse loops. Furthermore in the layout, as
well as in the equivalent circuit (Fig. 4b), a parasitic jtiao Jp1 can be recognized, which is needless from
electrical point of view . Because of the mentioned limdatto an even number of junctions per loop this
parasitic junction is inevitable (Fig. 4b). It is importantensure this junction is not switching. At Fig. 8b
the photograph of a TFF covered by the ground plane is disglayhe required space of this cell is only a
quarter of the standard size. This size reduction was aetii@khough a common feature siz&o%,:m was
used and the minimization was not the primary aim of the laylbis enabled by the ramp-type technology
and thus an additional advantage of this new fabricationgs®.



SIMULATIONS AND MEASUREMENTS

To study the influence of parameter variations on the cingeiformance and to analyses the expected
fabrication yield a Monte Carlo analysis was performed. réfa@e several thousand Gaussian distributed
parameter sets were calculated. The functionality ofitbiecuits by utilizing those parameters were checked
by automatic circuit simulation runs. All devices contaigir junction (TFF and SFQ/DC) show a strongly
improved stability against possible parameter variati@ing. 10a). Furthermore there are no disadvantages
for circuits build in this technology without junctions (DC/SFQ). The properties of those devices are the
same as of standard RSFQ.

out
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(b)
Fig. 9. The equivalent circuit (a) and the photograph (bhef@C/DC circuit.

To prove this mentioned stability enhancement, some batic&s well as some simple test circuits were
fabricated at the University of Twente (Netherlands). Fealizing RSFQ circuits the existing technology
was expanded by an additional ground plane. That is negessareate microstriplines which generate
exactly defined inductances. In a further step the techyop@gameters were extracted. Afterwards a
quantumprecise functionality test of the smallest digifeduit was performed whose optical micrograph
and schematic are displayed in Fig. 9. This so called DC/DCutiis composed of a DC/SFQ a JTL
and a SFQ/DC converter. During this analyses the DC/SFQectewvis controlled by a triangular input
current signal. The device is generating a SFQ pulse at eaesyg ramp of the input signal (Fig. 10). It
is transmitted via the JTL to the SFQ/DC converter, switgtime state of the comprised TFF. Thus output
voltage over the read-out SQUID has to be changed as wellré&ifla shows the triangular input signal and
the output voltage clearly demonstrating the toggling efTiirF at every raising ramp. Several experiments
were accomplished confirming the correct operation of teetednics. One of which is shown in Fig. 11b.
The amplitude of the input signal is gained, so that threedluanta are generated per raising ramp. Thereby
the output state is changed three times as well.

The maximum output voltage of the mentioned SFQ/DC conkestlalf of the characteristic voltage
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Fig. 10. a) Diagram of the expected fabrication yield of a standaggl®Flip Flop. b) The simulated transient behaviour of aDCkircuit
which is generating a single flux quantum evexy;, = ®,/L1 at the raising input current edge. The voltage pluse whidoipled with the
singel flux quantum is shown. The toogle of the voltage ougtiatie can be recognized as well.

I.Ry, which depends on the technology parameters. In this finspkathe characteristic voltageisRky =
1501V, that is why the output voltage IS = 55uV. Nevertheless values up IRy = 0, 7mV have been
shown by analysing a similar fabrication process [18]. Tokage corresponds with a maximum frequency
of f = 340 GHz, which matches with other standard RSFQ technologies.
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Fig. 11. Measurement results of a DC/DC circuit using triangulauirgignal with different amplitudes and detecting the negtdar output
signal.

The theoretically predicted stability against parameggiations was also observed in experimental anal-
yses. Even for this first sample with partial heavy paramedeations the correct operation was shown for
a wide temperature range between 5,3K and 5,8 K. The biasrduiy4 (Fig. 9) of the TFF can be varied
betweent18% without losing the functionality. With an improved fabri@n process it can be expected to
realize margins of=55% for the bias current, as the parameter analyses by simutati@culated.



CONCLUSION

We present the first RSFQ electronics utilizing active siwitg 7 junctions in combination with Joseph-
son junctions. This enables a more simple and symmetrigalitdesign then standard RSFQ electronics.
Thereby a strongly improved stability against parametgatians, which was confirmed by various parame-
ter analyses, is achieved. This first implementation of aR@S&ircuits with HTS - TTS ramp-type junctions
is characterized by low required space. Our TFF needs onlyaaer of the area of a standard TFF real-
ization with the same feature size. A correct quantumpeedigital operation in a wide temperature-range
between 5,3K and 5,8K was observed by experimental analysis
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