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Abstract—In order to be able to realize out the mixing 
detection or harmonic generation functions, a non-linear circuit 
is necessary for different existing devices and for performing 
these types of operation, in the submillimetric and / or far-
infrared domains (10 μm ≤ λ ≤ 1 mm), the spectral margin 
covered by this radiation ranging from 300 GHz to 30 THz. In 
these frequency domains, non-linear point devices are often 
used, unlike the optical domain where massive devices are 
widely used, among them the Josephson Junction (JJ) is mainly 
used in the case where low noise is desired. This paper present 
electrical characteristic of Josephson Junction (JJ) using 
Approximation in the sense of Least Squares, for different value 
of Cj, T, Rj.  
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I. INTRODUCTION  
Figure 1.a illustrates the basic structure of one Josephson 

junction in a large series array; the junction is an overlap 
between two superconductor’s thin films that are separated 
by a thin oxide barrier. The Josephson Effect [1,2] is the 
remarkable effects of superconductivity, a macroscopic 
quantum phenomenon that appears at very low temperatures 
in some metals. In the superconductor state, the electrons 
attract two by two and form pairs, called Cooper Pairs [3]. 
The Josephson Effect is associated with the passage of these 
pairs by tunnel effect [4], through an insulating barrier placed 
between two superconductors, called Josephson Junction 
(fig. 1.b) (Superconductor-Insulator-Superconductor 
junction "S-I-S Josephson Junction").  

The following figure (fig. 2) shows, energy diagram of a 
superconducting tunnel junction. The vertical axis is energy, 
and the horizontal axis shows the density of states. Cooper 
Pairs exist at the Fermi Energy, indicated by the dashed lines. 
A bias voltage V is applied across the junction, shifting the 
Fermi Energies of the two superconductors relative to each 
other by an energy eV, where e is the electron charge. 
Quasiparticle states exist for energies greater than Δ from the 
Fermi Energy, where Δ is the superconducting energy gap. 
Green and blue indicate empty and filled quasiparticle states, 
respectively, at zero temperature. This paper describes the 
electrical characterization for the Josephson Junction (S-I-S) 
using Approximation in the sense of Least Squares, for 
different value of Cj, T, Rj.  

 

 
Fig. 1. Basic structure of Josephson Junction (JJ). 

 
Fig. 2. Energy diagram of superconducting tunnel junction. 

From figure 3, Current-Voltage (I-V) characteristics of 
superconducting tunnel junction, the Cooper Pair tunneling 
current is seen at V = 0, while the quasiparticle tunneling 
current is seen for V > 2Δ/e and V < -2Δ/e. 
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Fig. 3. Current-Voltage (I-V) characteristics of superconducting tunnel 
junction. 

II. JOSEPHSON EFFECT 
There are two types of Josephson Effects [5,6,7], the D.C. 

Josephson Effect and the A.C. Josephson Effect. These two 
effects were predicted by Brian David Josephson in 1962 
from the BCS theory [8]. 

A. DC Josephson Effect 
In the absence of voltage applied to the terminals of such 

a junction (fig. 4), a direct current, current of Cooper Pairs IJ, 
flows in the junction up to a critical value Ic or I0, which 
depends on the geometry, the temperature and magnetic field. 

 
Fig. 4. D.C Josephson Effect: in the absence of potential difference, a 
current flows from the block (1) to the block (2). 

Let's put ourselves in the case where V = 0, without 
potential difference between the two blocks. The number of 
particles passing from 1 to 2 during the unit of time, that is to 
say the flow of 1 to 2 corresponds to the decrease of the 
number of particles in box 1 and its increase in box 2 is: 

 

→ = = = sin( )                    (1) 

 

 With = −  

 → = sin( − )                                 (2) 
 

This current depends on the phase difference between the 
wave functions of the 2 condensates. It flows in the absence 
of potential difference, which is called continuous Josephson 
current [9,10,11]. 

It should be understood that I0 is the maximum current 
that can flow in superconducting regime and in the absence 
of potential difference between the blocks. 

B. AC Josephson Effect 
Introduce a potential difference V different from 0 

between the two superconductor’s blocks (fig. 5). 

 
Fig. 5. A.C Josephson Effect in the presence of a D.C voltage, an 
alternating current crosses the junction 

The intensity of the Josephson current remains: 

 → = sin( − )                                                    (3) 
 

But now the phase difference obeys the equation: 

 ( − ) = ℏ                                                          (4) 

 

And varies linearly with time: 

 ( − )( ) = ℏ + ( − )(0)                            (5) 

 

And the Josephson current is: 

 = sin ℏ + ( − )(0)                                   (6) 

 

Is an alternating current of pulsation: 

 = ℏ                                                                   (7) 

 

With ℏ is Planck’s constant and q is electron charge. 

III. INSRTING A JOSEPHSON JUNCTION INTO CIRCUIT 
For practical applications of devices having the Josephson 

Effect, it is important to have an equivalent circuit diagram 
that can represent them in a circuit. The commonly used basic 
model is known as RCSJ (fig. 6) (Resistively and 
Capacitively Shunted Junction) [12,13]. 

This model, represented in figure 6, involves an ideal 
junction JJ, which is a current source, in parallel with a 
capacitor C and a resistor R. the junction JJ is characterized 
by the relations (1) and (2). 

The value of C depends on the junction dimensions and 
the permittivity of the insulation forming the barrier (in the 
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case of a SIS structure), finally R is a function R (V) of the 
potential difference V across the junction, and this function is 
determined by the tunnel characteristic of the junction 
[12,13]. 

 
Fig. 6.  RCSJ electrical schematic of a Josephson Junction with an ideal 
junction (JJ) with parallel capacitor and resistor. 

This equivalent electrical schematic leads to an equation 
connecting the voltage to the current, which is in the form: 

 = + ( ) + ( )( )                                               (8) 

 

Given the relations (1) and (2), linking the phase 
difference to the current and the voltage in a Josephson 
Junction, we obtain: 

 ( ) = + ℏ2 + ℏ2 ( )                     (9) 

 

It is impossible to find a general solution in an analytical 
form to this strongly non-linear equation, which must 
therefore be solved by numerical methods on a case-by-case 
basis. However, the formal identity between the equation I (t) 
and the mechanical equation of the movement of a pendulum 
made it possible to visualize the limit behavior of a Josephson 
junction by analogy with the mechanical behavior of the 
pendulum [12,13]. 

IV. APPROXIMATION IN THE SENSE OF LEAST SQUARES 
A simple way to approach a function f by a sequence of 

polynomials over pn an interval I is to use the Lagrange 
interpolation. However, there is not necessarily convergence 
of the sequence pn towards the original function when the 
degree of polynomials tends towards infinity. The solution is 
to fix the degree and perform a piecewise interpolation (there 
is then convergence of pn to f when the size of the sub-
intervals tends towards 0) [14,15]. 

However, we prefer to use a representation on the whole 
interval I. We then adopt a different point of view of the 
interpolation: rather than requiring that pn and f coincide in 
certain nodes, we ask that they be close in a more global way. 
Precisely, let f be a continuous function on the interval I, we 
will be interested in the two following cases [14,15]. 

• Continuous norm: We search for a polynomial pn of 
degree inferior or equal to n such that the quantity 
(equation 10) is minimal. 
 

| ( ) − ( )|                               (10) 

 

• Discrete norm: We search for a polynomial pn of 
degree inferior or equal to n such that the quantity 
(equation 11) is minimal. 
 | ( ) − ( )|                                (11) 

 

Or  (0≤ i ≤ N) is a subdivision of I, and N ≥ n. 

V. RESULTS AND DISCUSSION 
Josephson Junction (S-I-S Josephson Junction) model is 

implemented under Matlab m-file (program code), to plot 
different curves, from detailed model in section 2 and 3. Our 
objective here is to implement the Approximation in the sense 
of Least Squares in Matlab, to identify different I-V 
characteristics of the Josephson Junction (JJ). This model can 
be used to simulate the Josephson Junction (JJ) response to 
different parameters related to the manufacturing technology.  

Figure 7 shows the error in norm descrete according to 
degree n between the analytical model and the numerical 
model. Figures 8, 9 and 10 show a comparison between the 
results predicted by the Approximation in the sense of Least 
Squares (numerical model) with those calculated by the 
analytical model. From figures 7, 8, 9 and 10, it can be 
observed that good agreement between the numerical and 
analytical model. 

 Figures 8, 9 and 10 show the I-V characteristics of a 
single junction for different value of the temperature T, 
capacitor Cj and resistor Rj, which gives no linear access to a 
Josephson Junction. Between V = 0 and V = 2Δ/e the current 
is stabilized at 0. From 2Δ/e a new phenomenon occurs it is 
the passage of individual electron from broken pairs. Beyond 
2Δ/e, the tunnel current is no longer that of Cooper Pairs, but 
that of individual electrons called quasi-particles. 2Δ : the 
energy that must be supplied to a pair of Cooper to break it. 

 
Fig. 7. Error in descrete norm according to degree n. 
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Fig. 8. Current-Voltage characteristics at T = 0.5 K, Rj = 350 KΩ, degree 
n=40. 

 
Fig. 9. Current-Voltage characteristics at Cj = 7e-17 F, Rj = 350 KΩ, degree 
n=40. 

 

Fig. 10. Current-Voltage characteristics at T = 0.5 K, Cj = 7e-17 F, degree 
n=40. 

VI. CONCLUSION 
Josephson Junction (JJ) is the important components of 

the nonlinear superconducting electronics. The rise in 
frequency is limited on one side by the energy gap of the 
materials and on the other hand by the capacitive effect of the 
junction. In physics, the Josephson Effect is manifested by 
the appearance of a current between two superconductor’s 
materials separated by a layer made of an insulating or non-
superconductor metallic material. In the first case, the 
junction called "S-I-S Josephson junction" (Superconductor-
Insulator-Superconductor) and in the second of "S-M-S 
junction" (Superconductor-Metal-Superconductor). In this 
work, we have presented electrical characteristics of 
Josephson Junction (JJ) using Approximation in the sense of 
Least Squares. A numerical approach based on an 
Approximation in the sense of Least Squares was developed 
and implemented in MATLAB, in the case of S-I-S 
Josephson Junction (Superconductor-Insulator-
Superconductor) for different value of Cj, T, Rj. The S-I-S 
Josephson Junctions show high performance characteristics. 
 

REFERENCES 
 

[1] B. D. Josephson. “Possible new effects in superconductive tunnelling”, 
Phys. Lett, Vol. 1, N° 7, pp. 251–253, 1962.  

[2] B. D. Josephson. “The discovery of tunnelling super-currents”, Rev. 
Mod. Phys, Vol. 46, N° 2, pp. 251–254, 1974. 

[3] L. N. Cooper. “Bound electron pairs in a degenerate Fermi gas”, Phys. 
Rev, Vol. 104, N° 4, pp. 1189–1190, 1956.  

[4] L. Burke. “On the tunnel effect (Abstract)”, The Quarterly Journal of 
Experimental Psychology, Vol. 4, N° 3, pp. 121–138, 1952. 

[5] A. Barone, G. Paterno. “Physics and Applications of the Josephson 
Effect”, New York: John Wiley & Sons, 1982. 

[6] P. Mangin, R. Kahn. “Supraconductivité: introduction”, EDP Sciences, 
Grenoble Sciences, 2013. 

[7] P. Mangin, R. Kahn. “Superconductivity: An introduction”, Springer 
International Publishing AG, 2017. 

[8] J. Bardeen, L. N. Cooper, and J. R. Schrieffer. “Theory of 
Superconductivity”, Phys. Rev, Vol. 108, pp. 1175–1204, 1957. 

[9] W. Buckel. “Superconductivity: Fundamentals and Applications”, 
Wiley-VCH, 1991. 

[10] W. Buckel, R. Kleiner, “Superconductivity: Fundamentals and 
Applications, 2 Ed.”, Wiley-VCH, 2004. 

[11] Ph. Mangin. “Supraconductivité: un condensât de Physique”, Ecole des 
Mines de Nancy,  Séminaire IFR matériaux, 23-24 juin, 2003. 

[12] J. Baixeras. “Les supraconducteurs: applications à l’électronique et à 
l’électrotechnique”,  Paris: Eyrolles, CNRS Editions, 1998. 

[13] J-H. Hinken. “Superconductor electronics”, Berlin: Springer-verlag, 
1989. 

[14] M. Saad. “Analyse Numérique”, Dept. Info/Math, Ecole Centrale de 
Nantes, Année universitaire 2011-2012. Available at: 
www.math.sciences.univ-nantes.fr/~saad/coursanume.pdf 

[15] M. Lakrib. “Cours d'analyse numérique”, Algérie: Office des 
Publications Universitaires (O.P.U), 2009.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


