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Abstract—Multi-loop arrays of Josephson Junctionspeculiar configuration that has gained considerable atten-
(JJ) with non-uniform area distributions, which are knowrion among the physics and engineering community is that
as Superconducting Quantum Interference Filters (SQIF)f multi-loop arrays of JJs with non-uniformly distributed
are the most highly sensitive sensors of changes in applit@bp areas. Typically, each loop contains two JJs, i.e., a
magnetic field as well as the absolute magnitude of magtandard dc SQUID, but their size vary from loop to loop.
netic fields. The non-uniformity in the loop inductancesThese types of unconventional geometric structures of JJs
allows the array to produce a unique collective voltage reare known to exhibit a magnetic flux dependent voltage re-
sponse that has a pronounced single peak with a large vadponseV(ye), wherepe denotes an external magnetic flux
age swing around zero magnetic field. To obtain high linearormalized by the quantum flux, that has a pronounced sin-
dynamic range, which is critical for a wide variety of appli-gle peak with a large voltage swing at zero magnetic field.
cations, the linearity of the slope of the anti-peak respond he potential high dynamic range and linearity of the “anti-
must be improved. We propose a novel scheme for enharpeak” voltage response render the array an ideal detector of
ing linearity - a new configuration combining the SQIF arabsolute strength of external magnetic fields, so these ar-
ray concept with the recently introduced bi-SQUID configrays are also commonly known as Superconducting Quan-
uration, in which each individual SQUID loop is made uptum Interference Filters (SQIFs). Since it was theorelijcal
of three JJs as opposed to using two JJs per loop in standardposed [13, 14] and experimentally demonstrated for the
dc SQUIDs. The anti-peak linearity and size can be optfirst time [15-17] the SQIF concept is investigated and ex-
mized by varying the critical current that circulates thybu ploited by a continuously growing number of groups.
the additional junction of each bi-SQUID. We show, com- In this paper, we investigate affirent approach, one
putationally, that the additional junctiorifers a viable lin- that involves a change in the configuration of the array.
earization method for optimizing the voltage response andainly, each individual array cell will now contain three
dynamic range of SQIF arrays. We have realized the SQURHs as oppose to the standard practice of two JJs per
arrays based on bi-SQUID cells and present experimentabp. These new type of SQUIDs are also known as bi-
results which verify the numerical results. SQUIDs [19] because the additional junction and main

inductance form an additional single-junction SQUID.
_ We demonstrate, numerically and experimentally, that bi-
1. Introduction SQUIDs can be integrated into non-uniform arrays, bi-
SQUID-based SQIFs, and that thefjey a novel lineariza-

It is well known that one of the most sensitive Magyjon method for maximizing its voltage response and dy-
netic field devices is the Superconductive Quantum Intef3mic range.

ference Device (SQUID), and is used for wide range of ap-

plications including biology, medicine, geology, systems

for semiconductor circuit diagnostics, security MRI and?- Background

even cosmology research [1-6]. In rocent years, arra&o}_ The DC bi-SQUID

of coupled oscillators have been considered as a genera

mechanism for improving signal detection and amplifica- The dc bi-SQUID was originally introduced by Ko-
tion [7-9]. Indeed, theoretical [10, 11] and experimensnevet al. [19-21] as a modified version of a conventional
tal studies [12] have shown that arrays of SQUIDs caBQUID device but with the ability to produce a highly lin-
yield comparable improvements in signal output, relativear voltage response. Figure 1(top) shows a circuit dia-
to background noise, over those of a single device. Agram of the proposed bi-SQUID device with the individ-
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denotes dierentiation with respect to the normalized time
T = wet, we = 2nVe/Do, Ve = IcRN. Figure 1(bottom)
illustrates the average voltage response of a bi-SQUID de-
vice obtained numerically by integrating Egs. (1) and then
calculating< v > through

1 (T (o1t
<ve=1 fo (222 (5)
with the following parametersy = 2,a, = 1, L1 = L1p =
0.27, L2 = Loy = 0.24, L3, = Lz = 0.3. The voltage
response of the bi-SQUID is significantly more linear than
that of the conventional SQUID.

In Fig. 2 we now explore theffects of changing the non-
linear inductance on the linearity of the average voltage re
sponse curve/(pe). At small magnitudes of the critical
currentics, the shape of the voltage response curve closely
resembles that of a conventional SQUID. As the param-

Figure 1: (Top) Circuit representation of a DC bi-SQUIDete_ri@ increases, the transfer function Iineqrity increases
device. ‘P’ is a phase source that accounts for the phadile the voltage response approaches a triangular shape.
shift due to the external magnetic flyx, with (bottom) its ~ FOF larger values of this > 1.0 parameter, the voltage re-
time-averaged voltage response between the two junctiofPONSe curve develops a cusp which results in a hysteresis

as a function of the normalized external magnetic fhux loop and a decrease in linearity, as shown in Fig. 2(bottom).
Thus, there appears to be an optimal value of the criti-

cal currenticz, located at intermediate magnitudes, where

ual inductanced, j, andLj,, wherej = 1,2,3. The third a bi-SQUID device can generate the most linear voltage re-
junction, when combined with the main inductance in theponse.
loop, acts as a single-junction SQUID thus leading to a
combined bi-SQUID system. More importantly, the works
in [19-21] demonstrate that tuning of the nonlinear induc-
tance, through the critical current of the junctions, calle
to significant improvements in the linearity of th&ye)
curve.

Assuming identical junctions, leads to the following
governing equations for the phase dynamics:

Normalized Voltage <v>

Ap = Bp+C+ Dsin(p) Q)
with
(L1 + L2a) —Lao —L1
A= L2a —(L1+ L2v) -Ls (2) =z ”

and ?;/ 2

-1 1 0 Libib + @e % e S ”

B=|-1 1 0 C=| Luab+ e 3) I
1 1 -1 0 -
0 0 ig
D=-A 8 8 :03 (4) Figure 2: (Top) Numerical simulations of the voltage re-
c3

sponse of a single bi-SQUID. (Bottom) Linearity test via

where,pe = 2npean, ¢ = (¢1. 92, ¢3) are the phases on linear fitting error and through calculations of Spur Free
each of the junctiong,, n = 1,2,3, L1 = (Lia + L), Dynamic Range (SFDR).

ica = la/l¢, is the normalized critical current across the

third junctionJs, 1 = le2 = Ic, @y is a nonlinearity pa- Experiments with non-uniform multi-loop serial arrays

rameter related to the loop size betwekrandJ,, and |  of conventional SQUIDs have shown that the voltage swing
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of the response curwé(y.) increases proportionally to the currenticz. Different distributions of loop sizes were inves-

number of SQUIDs in the array. tigated for each array, including: linear, Gaussian, expo-
nential, logarithmic, and equal size.The Gaussian was only
3. Serial bi-SQUID Array slightly better and it would be redundant to display results

on the other distributions. From now on in the paper we

Generically, a serial array & SQUIDs is able to yield &€ assuming that the distribution of Iopp sizgs is Gaussian
a significantly higher output power than a single SQUIDFgure 4(a) shows the results of the simulations for a spe-
In particular, dynamic range is known to increasehgg  Cific array withN = 20 bi-SQUID loops with loop sizes
in the presence of thermal noise [18]. Thus, in principlelhat vary according to a Gaussian distribution.
serial arrays of bi-SQUIDs can be implemented to produce
a voltage anti-peak response with increased dynamic range
and improved voltage linearity. Indeed, the motivation of
this work is to build a (serial) SQIF [13-16] array consist-
ing of bi-SQUIDs. To pursue this goal, we consider in this

section a serial array & bi-SQUIDs, designed as is shown o
in Fig. 3. @
2
2
o =
lelg L3b1 Lzbl E
L A
Llfﬁ L3al Lza] (a)
Jy _
ﬁl § 6
Figure 3: Circuit representation of an array of bi-SQUID § é
devices connected in series. ‘P’ related to external mag- = I N L S T UG RO o
netic fluxge. g1/ T
The derivation of the equations governing the phase (p) L A
across each of the junctions is described by the following
system of diferential equations. Figure 4: Numerical: (a) voltage response of a non-uniform
_ _ serial bi-SQUID arrayNl = 20) (b) Linearity test (dashed
Aigi = Bgi+Ci+Disin(pi) + M, (6) line) via linear fitting error ofN equals 20 bi-SQUID de-

) _ vices and corresponding SFDR (solid line).
wheregp = ¢; j are the phases on each of the junctidns

i =1.N,j =123, L1 = (L1aj + L1pnj), an; is a param-

eter relatgd to the loop size betwe‘?f.l‘ andJiz, andM is SFDR. Indeed, the error in the linear fitting decreasegas
the coupling strength for the phase interactigrbetween . S ) . : _
increases thus indicating an increase in the linearity ef th

nearest neighbors — one neighbor for the edge elements . . L
: . Voltage output. The increase in linearity is similar to what
two for the inner elements — according to

was observed previously in a single bi-SQUID, see Fig. 2,
1 _ 1o _ except that now the voltage output does not develop a hys-

P = Anialfinn— ¢inz = o)~ Bhia(pi-n — gz - <p(e7)) teresis loop so that the linearity does not decrease foettarg

_ _ _ L : _values of the critical current. Instead, there appears @ be

\r/\g:]iri'sa“f IC;TCNT; h eO ’nsge;m a?i?gjjanér’itlit::; ::huerrzlr?tsocfutrh o threshold value of the critical curreig beyond which the

third junction Js in each bi-SQUID cella,; is the non- linearity remains unchanged as is shown in Fig. 4(b).

linearity parameter related to th# bi-SQUID loop. For

simplicity, in this work we assume all inductances to be, Design and Fabrication

identical throughout the array. The mairffdrences from

the single bi-SQUID are the mutual inductances between We have designed various configurations of bi-SQUID

elements. SQIF arrays in order to study varioudfgrent layout con-
Numerical simulations of Eq.(6) were carried out to exfigurations, junction damping, and coupling schemes. Fig-

plore, computationally, the voltage response of the seriake 5(a,b) shows fabricated chips microphotographs of rep-

array as a function of the external figld and the critical resentative chips, e.g., a set of twdfdient designs of a

Figure 4(b) shows the results of the linear fitting and
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256 and 1315 serial bi-SQUID-cell arrays. Figure 5(c,dpQIF arrays can be integrated into a two-dimensional (2D)
shows the measured flux-voltage characteristics of the rarray structure to deliver superior linearity at approeria
spective serial bi-SQUID SQIF arrays. impedance.
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