Chaotic Circuits

Comparison of chaotic circuits

Lotka-Volterra
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Chua’s Circuit

nonlinear conductor (two NICs)
with partly negative slope

Chaotic Diode Circuit d_x _
ac -~ 7
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a
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E=—x+a-(ey—1)—b-z
Chaotic Oscillator d_x —y
A simple chaotic oscillator for educational purposes (Ciif;
P ay—x—z
dz
E=b+y—c-(ez—1)

Colpitts Oscillator

LC oscillator with transistor (orig. vacuum tube)

Shinriki Oscillator

two antiparallel Z-diodes and nonlinear conductor
(NIC) with partly negative slope

Jerk Circuit

¥+ GG %,x) =0

Rikitake System

Two coupled disc dynamos.

Chua’s Circuit with Memristor

Replace Chua’s diode with a special memristor

RLD - Resonator

Series resonant circuit with diode in parallel to the
capacitor
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Chaotic Circuits

OpAmp-Circuits
Algebraic-Differential Equation Systems can be simulated with analog computers
using operational amplifiers and analog multipliers.

Amplifier/Adder

rout inp.v out.v

Rinp Rout
—out.v =k-inp.v
k= @
Rinp
Input resistance = Ry,
Output resistance — 0

It is possible to add several inputs.

Integrator

inp.v N d out.v
cout Rinp out dt

t
1
—out.v = v, +;-finp.v-dt
0

T= Rinp * Cout
Input resistance = Ry,
Output resistance — 0
It is possible to integrate the sum of several inputs.

Functional Block Diagram of AD633
Division by 10 V (scaling) inhibits overflow.
Additional summing input Z is omitted.
Negative inputs of X- and Y-amplifiers are
connected to ground.

Possible implementations:

e Gilbert cell
o y= eln(x1)+ln(x2)

_ (x1+22)% = (x1—x)?
4
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Chaotic Circuits

Lotka-Volterra
[Vano2006]

As a 2-dimensional predator-prey-model no chaos is reported:

dx
E=rx-x—dx-x-y
dy

_dt_dx X ey-y—dy y

We might interpret x as number of hares (prey) and y as foxed (predator).
1, is the reproduction rate of hares, d,, the deathrate of hares due to foxes.

e, is the efficiency in growing foxes from hares, d,, the (natural) deathrate of foxes.

A n-dimensional Lotka-Volterra model is defined for 2 < i < n (n designates the number of species):
n
dxl-
E=ri-xi- 1—Zaij-xj
j=1
The vector [r] describes the reproduction rates of the species whereas the quadratic matrix [a] describes
the competition between species.

The above mentioned predator-prey case with 2 species can be expressed as:

1,
= [_23/]
0 &
[l =g, ., r"
dy
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Chaotic Circuits

van der Pol Circuit
[Buscarino2014], [VanDerPol1927]

Balthasar van der Pol reported 1927 strange phenomena about oscillations in a series resonance circuit
containing a vacuum electron triode. Due to the nonlinear characteristic of the triode the autonomous
circuit is able to maintain periodic oscillations, and with harmonic excitation it is able to produce chaos.

inductor .
— T ] dve 1 ] ,
Lol l=C-W—>vC=vCO+E-Il-dt
I+ [ | _ to
o2 1 £ A Ry _{ 0
C/% 5T 2 L dt+R(l) ttve= V-cos(w-t—m)
| = = 2
- 1 /i
7 triode T R(i)z_Rol[l_E.(E)]
EI These are the equations of the physical model.
— Note the phase shift of the excitation!
d
e P PN L S 0
dez 1o _(E) ac l_{V-w-sin(a)-t)
1
Wy = ——
T VL-C
H o' T
wo C-V
420
Iy
W
w=—
Wo
T=wy"t
i
x—IO
_dx 1 di
y_d‘[—(l)o'lo dt
t
Iy 1. .,
wO'C-Z=vC=vCO+E-JL-dt
to
T
zZ=12y+ fx-dr’
To
d?x 1 ) dx _ 0 Alternative Formulation with 2 states:
a2 H [1-x7] E-I_x_{A-W-Sin(W-T) %_
dx dT_
dt — -1 =252 54—
WY _ ] N 0 y=H [1 3"] * ”{A-cos(w-r—n)
a K xhhy=X {A-w-sin(w-r) %—x
dZ_ d‘[_
d‘r_x
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Chaotic Circuits

Note:
Instead of using a series resonance circuit and deriving a scaled differential equation for the current, we
could use an equivalent parallel resonance circuit and derive a scaled differential equation for the voltage.
t
LMLy o +1f dt’
v=L-— —i, =1 - | v-
dt L= o Ty

to

. dv .
1L+G(v)-v+C-E=L€

Initialization:

The physical model has 2 states: i and v.. Current i acts as an initial value for the nonlinear resistor.

The analytic equations have 3 states: x, y and z.

The third state has been introduced artificially by first differentiating the voltage equation, generating an
equation with second derivative of i. Splitting this equation into two first order differential equations, we

, di . . .
generate i and d—; as states. Calculating capacitor voltage v, we get the third state.

For an implementation as an electronic circuit, the equations have to be scaled to keep the variables within
the desired range. We chose natural eigen frequency w, as time scale:

=
I

<
1]
|“‘Nw| N@N|k<>i'~| =

~
~
Il

Wo
We also have to take into account that the analog multiplier divides by Vs to avoid overflow of the output.
After that, none of the computing block should encounter an overflow.
This leads to the following set of equations:

1 dx' k, |
— =2y
wo dt' k,
, Vs [1 ka A er] ’ kz ,+ 4 0
Yy =u - e '+ 4. ot —
ky 3 Vi | Vi Ky K cos(W-wg -t —m)
1 dz' k,
. =%,y
wy dt'  k,

These equations can easily get implemented as blocks or as an electronic circuit.

Calculating back from per-unit-parameters:
u=02w=115A4=[0..1]
and some assumptions:

100 rad
C =5 UF,wy = 2m - 1000 T'lo =054
we obtain physical parameters:
1 10
L= O =5 mH
R, = u %:woﬂc=29
~ Iy
_A'a)O-CZ [0---5]V
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Chaotic Circuits

Investigating the nonlinear resistance of the triode:
-~toto (D) -5 () |- -m e [1-5-)
VR= TR ot I\ ) T3 Np,) | T T 3\,
o2
Vg 1 (l)
i 0 [ 3 \I, ]

dvg i\?
W—‘Ro'[l‘(z)]

Characteristic of the triode y(x):

Triode

3

Zero crossingsy = 0: x = {—\/§, 0, +\/§} with sIopesZ—i’ ={+2,—1,+2}
Extrema: x ={-1,+1} withx = {+§,—§}
Inflection point: [x,y] = [0, 0]

If current x is prescribed, voltage y can be unambiguously determined.

If y is prescribed, inthe range =2 < x < +2i.e. —% <y< +§x has 2 or 3 possible solutions.
For this application, this restriction has no influence.

Shifting the characteristic up and to the right, it looks like the i(v) characteristic of a tunnel (Esaki) diode.
Inversion of the triode characteristic shows hysteretic behavior (split into 2 branches):

2 (x—1)3 5
x2+1:y+§=T+(x—1)

2 (x+1)3
xS—Ly—§=£—§l"{x+D2
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Chaotic Circuits

Lorenz System
[Buscarino2014], [Lorenz1963]

Developed 1963 by Edward Lorenz to model atmospheric convection.

X is proportional to the rate of convection, y to the horizontal temperature variation and z to the vertical
temperature variation. o depicts the Prandtl number, p the Rayleigh number and 8 the physical dimensions.

The original parameters were: ¢ = 10,p = 28,8 = g

dx

g—t=0'(y—x)
y— . — —
i (p—2z)—y
dz_

XY Bz

1 I .
B = 3 leads to a periodic solution.

For an implementation as an electronic circuit, the equations have to be scaled to keep the variables within
the desired range. This can be compared with calculating per-unit values by dividing by reference values:

,_x
X—kx
,_Y
y k_'y
,_Z
Z_kz
Lt
t'=-

T

We also have to take into account that the analog multiplier divides by Vs to avoid overflow of the output.

After that, none of the computing block should encounter an overflow.

This leads to the following set of equations:

1 dx’ - ky, |

Tar T T,

1 dy’ ky , ke ky Vs X
_._,=p._.x _y —_

T dt, k, o k,
l'd_Z:kx'ky-VS'x 4 —B-z

T dt’ k, Vs

These equations can easily get implemented as blocks or as an electronic circuit.
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Chaotic Circuits

Roessler System
[Roessler1976], [Roessler1979]

A simple system of 3 ordinary nonlinear differential equations to study chaos without physical background.

dx_
5o

y— .
dt—x+ay
dz_b+( )
ar X—¢C) Z

a = 0.2, b =0.2 and c = 1 give periodic results. Changing ¢ = 5.7 reveals chaotic results.
For an implementation as an electronic circuit, the equations have to be scaled to keep the variables within
the desired range. This can be compared with calculating per-unit values by dividing by reference values:

=
I

- <
Il I
e NS =

We also have to take into account that the analog multiplier divides by Vs to avoid overflow of the output.
After that, none of the computing block should encounter an overflow.
This leads to the following set of equations:

1 dx' ky, | k,
_._=__.y —_—Z

T dt ks Ky

1.dy" ky |, ,

T Tk, e

1 dz’_b+k v x' -z ,
At K, s Ty T

These equations can easily get implemented as blocks or as an electronic circuit.
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Chua’s Circuit

[Berkeley], [Buscarino2014], [Chua1983], [Kennedy1993a], [Muthuswamy2009], [Zhong1985]

diy, ,
dt =vy—Ry i
C. . dv, ;P2 n
it § A —
dt R
C _dv1 . V=1
Yodr T Tt R
—0 <V <=V, =Gy (v +V) =Gy Ve
—iny() ={ Ve <vi <+ = Gy vy
Ve <vy <+ -Gy (V1= V) + 6o Ve
Ve
—00 <y <=V, > Gy — (Gg — Gp) - —
1 1
INL
MV, <v, <4V, > G,
V1
Ve
+Ve<'l71<+00—>Gb+(Ga—Gb)v_
1
diNL —00 < 41 < _Ve ad Gb
_d =_‘/€<171<+l/e_)6a
1%
1 +V€ < V1 < 400 > Gb
Ty "VRL = V2 — VRL
_ R
T2 VU =40 — 1, ~R VR
L
Tl'ﬁl =_v1+v2 +R'g'v1
v,
_ )il > Ve = Gy + (Gg = Gp) -7
g(vy) = |v1]
lv1] < Ve = Gq
Chuals dIOde parameter SI.Resistance R=1.9e3 "Resistor";
parameter SI.Inductance L=18e-3 "Inductor";
parameter SI.Resistance RL=14 "Resistance of Inductor";
resistor [
l:l parameter SI.Capacitance Cl=10.e-9 "Capacitor 1";
R=R R=R45 parameter SI.Capacitance C2=100e-9 "Capacitor 2";
= //parameter of Chua's diode
é g parameter Real k0=15000.0 "No-load amplification ";
: “_<l:‘ parameter SI.Voltage Vs=9 "Supply voltage of opAmps";
é 19 é L 9 parameter SI.Resistance R12=220 "Rl and R2";
% IS g IQ A parameter SI.Resistance R3=2200 "R3";
- 5 parameter SI.Resistance R45=22e3 "R4 and R5";
g 1> ,’E parameter SI.Resistance R6=3300 "R6";
s ¢ R=R45
T !
. N g;
grnT.md

This implementation of Chua’s Diode with opAmps combines two NICs — see NIC (negative impedance

converter).
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Chaotic Circuits

Chua’s Circuit: Inductor Replacement

— OpAmp input currents neglectible
' OpAmp differential input voltage neglectible
R1'1+R2'(l+l2)=0
R3'(i+i2)+v6=0
L dv,
'<]:: i+t =i, =C—
opAmp1 dt
R
i+i, = _R_; 1
Rl " R3
v, R
B Rl : R3 dl
. opAmps lC B Rz dt
I . R]_ " R3 " R4 dl
vV=Ry i, =C R, i
This TwoPin is not a OnePort i, # i and i; + i, # 0!
lv" : ¥ The ground at the bottom is necessary.
R, =1000Q
R, =1kQ
F R3 - 1 kQ
v’ 2| |z R, =18kQ
C =100nF
= L=C .m = 18 mH
ground R2

Prof. A. Haumer June 2025 page 10 of 23



Chaotic Circuits

Chaotic Diode Circuit

[Pham2016]
c dv, vy
dt R
c dv, V3
dt R
c dvs vy V3 Uy
dt R R, R
Vs =
2= (e —1
Rq
T=R-C
dv,
T -— = -7,
dt
dv,
T s
dt
dV3 R _vé
T —=—-v, —— U3+ R, Iz et —1
dt R,
a4 = Rg " ls
nV;
Ry
T X1 = —Xp
T- xz = _X3
o — X
T X3 =—x1+a-(e*2—1)—b-x3
parameter SI.Current Ids=le-9 "Diode: saturation current";
parameter SI.Voltage nVt=2*26e-3
" n*voltage equ. of temperature";
//time constant and dimensionless parameters
parameter SI.Time Tau=0.le-3 "Time constant";
parameter Real a=1/5200 "Parameter a = Ra*Ids/nvt";
parameter Real b=1.5 "Parameter b = R/Rb";
//configuration of the opAmps
ground1 parameter SI.Capacitance C=10e-9
;{ﬂ "Capacitance of {cl, c2, c3}";
parameter SI.Resistance R=Tau/C "Resistance of {rl,r2,r3,rd}";
2 2 diode
} parameter SI.Resistance Ra=a*nVt/Ids "Resistance of ra";
parameter SI.Resistance Rb=R/b "Resistance of rb";

groundé

ground2
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Chaotic Oscillator
[Tamasevicius2005], [Tamasevicius2007]

Vx
. eth — 1

Z - iL Ve Ve
nV, nVy nl;
Z-1 Lo
DS . (371D% 1

inductor

e a
L=L R=R0 $ ra -1
Zi])2
. RN
H g [

Il —F— ®
g ® ’

ground

//time constant and dimensionless parameters

parameter SI.Current I0=Vb/RO "Estimated supply current";
parameter SI.Time Tau=sqrt (L*C) "Time constant";

parameter SI.Impedance Z=sqrt(L/C) "Characteristic impedance (rho)";
parameter Real k=Z/R*a + 1 + RL/R "Amplification";
parameter Real a=0.95;

parameter Real b=2Z*I0/nVt;

parameter Real c=Z*Ids/nVt;

parameter Real e=Cs/C "epsilon";

//components

parameter SI.Resistance R =1.0e3 "Resistor r";

parameter SI.Resistance R1=10.e3 "Resistor rl";

parameter SI.Resistance R2=R1*(k - 1) "Resistor r2 (tunable)";
parameter SI.Resistance R0=20.e3 "Resistor r0";

parameter SI.Voltage Vb=20 "Supply voltage";

parameter SI.Inductance L=100e-3 "Inductor";

parameter SI.Resistance RL=50 "Resistance of Inductor";
parameter SI.Capacitance C =100e-9 "Capacitor c";
parameter SI.Capacitance Cs=15.e-9 "Capacitor c*";

//diode

parameter SI.Current Ids=le-9 "Diode: saturation current";
parameter SI.Voltage nVt=2*26e-3

"Diode: n * voltage equivalent of temperature";
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Colpitts Oscillator
[Buscarino2014], [Kennedy1994]

dv, i, —B-i
dt l lp
dv, Ve +v,

@& T r, s
dij, )
'E=VS+_U1+UZ_RL",L

Gy
G

L

vy = Vpg < Vip = 0
ip= _ vy = Vin
vy = vpg > Vep = R
on
parameter SI.Resistance RL=35. "Resistance of L";
parameter SI.Inductance L=98.5e-6 "Inductor";
parameter SI.Resistance R2=1000 "Resistor 2";
- parameter SI.Capacitance Cl=54.e-9 "Capacitor 1";
1] =
e L parameter SI.Capacitance C2=54.e-9 "Capacitor 2";
=
parameter SI.Voltage Vs=5 "Source Voltage”;
s parameter SI.Voltage Vth=0.75 “Transistor threshold voltage”;
+ parameter SI.Resistance Ron=100

“Small-signal on-resistance of base-emitter junction”;

Heq

A

_/
SA=A
1=

Jojanpul

parameter Real beta=200 “Transistor forward current gain”;

=0

ke

ground

.1
§5)< 2| |7 slg

S
=]
z

ground?
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Shinriki Oscillator

[Lueck1995], [Shinriki1981]

i __{lvkl < Vbt 0
z i . . . 3 . 5
|Uz| = Vbt Slgn(vz) [Cl (lvzl - Vbt) +b (lvzl - Vbt) +c (lvzl - Vbt) ]
R N S
1 5. — TE'NICT 5 T
dt R, °*
dv,
Crr——=1i,—
dt
PRI
Uy =L"—— L'l
dt
Gnie = diyie {lvNICI >Viim 9+
NIC — -
dvyie  Uvnicl € Vigm  g-
2 parameter SI.Inductance L=320e-3 "Inductor";
= parameter SI.Resistance RL=100. "Resistor of L";
DiodePair parameter SI.Resistance R1=60e3 "Resistor 1";
NG 444.£>+%<}D44J parameter SI.Resistance R2=20e3 "Resistor 2";
HICp
. parameter SI.Capacitance Cl=10.e-9 "Capacitor 1";
R=4700 0 ] g parameter SI.Capacitance C2=100e-9 "Capacitor 2";
- 2 g
f f H] Vbt - 33 V
L T |2 Bl gL, mA
3 AQI—‘ g—nl'"* a=10862 —
opAmp L V
7| |4 mA
miCn A i b =-0,1615 F
R=4700 0 mA
3 c=0,3021 —
2 Vs
=} Q
sL1® NIC v v 6800
Hm TS 4700 + 6800
L 1000
ground g+ = +4700 mS
1000 g
=== m
g 6800

currentSensorl.i

0.05

currentSensori

0.04

0.034

0.024

0.014

2

0.004

-0.01

-0.02+

-0.034

-0.04+

-0.05 '

0.0012-

0.0008+

0.0004

0.0000+

1A

-0.0004+

-0.0008

-0.0012+

6 -4

0 2 4
rampVoltage.v [V]

-10 0 10
rampVoltage.v [V]

Characteristic of the Zener diode pair

Characteristic of the NIC
(negative impedance converter)
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Investigation of the Zener diode pair approximation:

i, = {lvzl < Vbt 0
vl 2 Vir  sign(vy) - [a- (1vz] = Vo) + b - (vl = Vipe)® + ¢ (Iv] = Vo) ®]
& _ {Ivzl < Vbt 0
dv, vl 2 Vy sign(v,)-[a+3b- (v, = Vp)? + 5c - (Iv,] = Vpe)*]

: o diy . .
The first derivative dl is not continuous at |v,| = Vj;.

vZ
If voltage v is prescribed, the current i can be unambiguously determined.
If current i is prescribed, between —V},; and +V,, there is a manifold of solutions for the voltage v.
For this application, this restriction has no influence.
This restriction could be solved by adaption the approximation, i.e. exchange the horizontal line in the range
—Vpe < v, < +V,; against a characteristic with small constant positive slope and adapt the polynomial
approximation to achieve a one times continuously differentiable characteristic.

NIC (negative impedance converter)

j rPos As long as the opAmp operates in the linear region:
p—={ |0 . Vout—V UV R+ Ry
R=R p=———=—"7 > Vyys = V"
V= Vout v
1= = —_
R Ry
b
1
opAmp g- = E
meg 1 M When the opAmp’s output saturates:
—
e Jo LR
R=R Lim = Vs '
R+ R,
a v —- V .
2| |2 V> AV i = —2
v v out R
o 1
Y Y g+ = R
gr;nd

If voltage v is prescribed, the current i can be unambiguously determined.
If current i is prescribed, in the range between the zero crossings the voltage v has 3 possible solutions.
For this application, this restriction has no influence.
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Jerk Circuit
[Buscarino2014], [Sprott2011]

The name of the system stems from the third derivative of x, which —in a mechanical system —is the
derivative of acceleration called jerk. The Jerk equation has been investigated in different versions.
X¥X+G(,x,x)=0
The version implemented here uses a diode as described in the mentioned publications:
G, x,x) =A%+ f(x)+x
X+A-X+f)+x=0
f(x) is modeled using the Shockley equation of a diode:

X
ji€3) =R-IS-<en_Vt—1>
This leads to a system of 3 ordinary differential equations with one nonlinearity:
xX=y
X=y=z
X=y=2
z=-A-z—x—f()

The values stay pretty inside a practicable range for a normal voltage supply.

Using 4 operational amplifiers and an acceleration factor of 1000, the circuit can be implemented as follows.
The parameter A influences only the feedback resistor at opAMp_z:

r parameter Real A=0.3 "Parameter to be varied";

e parameter SI.Resistance R=1le3 "Resistance";
2 parameter SI.Capacitance C=le-6 "Capacitance";
parameter SI.Current Ids=le-12 "Sat.current";

parameter SI.Voltage nVt=26e-3 " voltage equ.";

A=0.3 for periodic results

A=1.0 for chaotic results

ground cy
—

c=C
opAmp_invy

L

ground_xyz.
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Rikitake System
[Rikitake1958], [Rikitake1973]

The system proposed by Rikitake has been used to explain irregular reversals of the Earth’s magnetic field.
2 identical magnetically coupled disc dynamos (t - w covers the losses R - i?):

di, . .
L.E-}_R'll:M.lZ.wl
dwl_ M-in-i

J dt =T 'l
di; . .
L'E‘l‘R'lz:M'll'wz
dwy M-ii-i

J dt =T l1° 13

¢12 = M - i, is the magnetic flux in machine 1 excited by current i,,
¢21 = M - iy is the magnetic flux in machine 2 excited by current i;.
The circuit could be implemented using two series excited DC machines
with the armature current of the other machine as excitation current.
The equations of motion have identical right hand sides:

dw; dw, A .
—=—= > w; — w, = Aw = const.
dt dt T2
Mechanical and electrical time constant:
R
. LR
T M
. L
¢ R

used to scale the variables:

lead to the scaled equations:

dx; N

T U X1+ Xy 2

dx, N ( )
T U X, +x1(2

dz _q

e e

The states stay within a range that needs no scaling when implemented with an opAmp-circuit.
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Chua’s Circuit with Memristor

[Muthuswamy2010a]
Muthuswamy suggested 2010 a special memristor function to replace Chua’s diode:

resistor,

1ojanpul
=1
Zioyaedea

R=R

20=0

Joyaedea

|

10=0

Jojsuwelw

-

ground

di;,
=1 -—=
v . dt
Vo . V2=V
C, ddt+LL R =0
U . U =11
.Cl ac M R -0
iy = Grer - (@+3-B-&%) 1y
d¢
d)Ref'E:vl

®rey is choosen to scale the system.

R2
=2k}

Replacement of the memristor according to Fig. 6 of [Muthuswamy2010a]:

Note that the scaling factor has been adapted (adapting R6 and/or C3):
8200-47-107°

Ref —

10

The division by 10 of the analog multipliers is taken into account with the resistors R3, R4, R5.
Note that the summing input z of the analog multiplier U3 is used.

This way the circuit can be implemented by standard electronic components.

A voltage follower U1_1 is used as a buffer.
Note that this circuit implements a different relationship between flux and voltage:
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Memristor models

[Biolek2009], [Biolek2015], [Chua1971], [Chual977], [Itoh2008], [Joglekar2009], [Majetta2012],

[Maurer2014], [Muthuswamy2010], [Muthuswamy2010a], [Oguz2018], [Strukov2008], [Yakopcic2011]

Charge-controlled memristor

® = fp(q)

o
]
§e]
@

o

State = charge: i = 44 _d¢ dfy dq _ .
dt vV=—=—-"—=Rpem"i

which remembers the history of current. ddt dq dt

. q .

L= E = fq (q' I')
Flux-controlled memristor q = fq(p)
State = magnetic flux: v = ae . dq . dfq . d¢ _ )

dt i=—=—"—=Gpem "V
which remembers the history of voltage. dt d¢ dt
=L foipv)

V=g felov
[Majetta2012] Charge-controlled memristor Rmem = Ron *x + Ropr* (1 —x)
(HP) drift model: x = 7= ff__#v'Ron_i_fw(x)

i dt  D?
D . . m?
- ol Uy is the dopant mobility: [u,] = e
W__, fw(x) is a window-function.
[Joglekar2009]
i fw(x) =1—(2x —1)%
undoped [Biolek2009]

e =1- (e 23207

[Muthuswamy2010] Charge-controlled memristor

v=F-(x*-1)-i
dx )
STl ax—xi

Rinem =RO'(§2 -1

qRef R,
dé [ i

.Ezz_f_f.a

Appendix B.3 of [Muthuswamy2010] demonstrates the implementation of this special memristor

using operational amplifiers and analog multipliers.

[Muthuswamy2010a] Flux-controlled memristor
d
d—z=i=(a+3-ﬂ-¢2)-v
q=a ¢p+p-¢°
do _
dt "

Gmemchef'(a"l'B'.B'fz)

£ = ¢ _ Gmem _ a
_¢Ref_ GRef'?",B 3B
df _dp _

Ref "Jr — dr

Fig. 6 of [Muthuswamy2010a] demonstrates the implementation of this special memristor

using operational amplifiers and analog multipliers.
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RLD - Resonator
resistor inductor [Hellen2024]
The dynamic diode model in parallel to the

R=R L=L Shockley-equation junction and diffusion
g =3 . capacitance.
™3 z © .
(/, = 2. E l;s ... Reverse saturation current
~ -2 = & nV; ..n Xvoltage equivalent of temperature
i ® o [Tietze2019]
Note: High current injection and break through

are not taken into account.
Natural frequency:

|H—-

ground

1

2m- fo =
\/L " (C + C](U=0) + CD(U:O))

N di
V-sin@r-f-t)=R-i+L-—+v,

dt
= (ip +i0) +C dvc
i=( i —
p Tl dt
e
iD = IdS ' (ean - 1)
. _dq
ic =—
€T de
q= (C]+CD)17C
Co
ve < fe Vo m
_ “7:)
¢ = ve
1—fo-(A+m)+m-3=
0
UC>fC.VO CO. (1_f)1+m
Cc
TT - IdS ( U_C
Cp=——7 (et — 1)
b nV;
Parameters of the junction capacitance are Cy, V, m and f. 77 is the transition time.
— diode.Cj —— diode.Cd
1.2E-10
1.0E-10
8.0E-11+
_ BOE-11-
4 0E-11
2 DE-11
0.0ED
4 3 2 4 ' 0

dioden V]
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