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Memristor: the missing element

resistor fr(v,7) =0
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e 1971 postulated by Leon Chua
e 2008: “Invented” by Stan Willilams et al, HP Labs
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Memristive Devices & Applications

[devices] [applications]
UMich, Stanford, e nonvolatile memories
HP, HRL Labs,  FPAAS
Micron, Crossbar, e neuromorphic circuits
Samsung, ... e oscillators
Knowm [ Compact Models ]

hone works in DC
. Verilog-A problems

y idt(), $bound_step,
$abstime, @initial_step,
° $rdist_normal, ...
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Verilog-A problems

DC failures

problematic physics
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——— poor understanding of VA

ill-posed models



Good Compact Models

e “Simulation-ready”

> run in all analyses (DC, AC, TRAN, homotopy, PSS, ...)

> run In all simulators consistently

a IS-specific
co

®
; Kyce Spectre® HSPICE

) cadence |Remii

e \Well-posed

> a solution exists
> the solution is unique

> the solution's behavior changes continuously with the

Initial conditions.

https://en.wikipedia.org/wiki/Well-nosed problem
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https://en.wikipedia.org/wiki/Well-posed_problem

Challenges in Memristor Modelling

e hysteresis : )
> internal state variable g

e model internal unks in Verilog-A

> use potentials/flows

e upper/lower bounds of internal unks

> physical distance

> clipping functions

e smoothness, continuity, finite precision issues, ...
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How to Model Hysteresis Properly

+ /VR- ipn = f (vpn)
P n
b= iS = f2 (vpn, s)

—0 Internal state variable
“memory”
Example:
» vpn

vpn|  fi(vpn, s) = - (1 + tanh(s))

R
fo (vpn, s) = vpn —s° + s

multiple stability and
abrupt change in DC sols

T. Wang, J. Roychowdhury, University of California at Berkeley Slide 7




How to Model Hysteresis Properly

Template: ModSpec

ipn = f1 (vpn, s) ipn = qe (vpn, s) + f. (vpn, s)
d 0 -

ES = f2 (vpn, s) 0 = iqz (vpn, s)+ f; (vpn, s)

_‘\ —S J2
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How to Model Hysteresis Properly
homotopy
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Internal Unknowns in Verilog-A

Template Example:
= fi s) fi(vpm, s) = == - (1 + tanh(s))
—s = fo (vpn f2(vpn, s) = vpn —s° +s
?
DO NOT

e declare internal unks as "real" variables

e code time integration inside model
> With sabstime, @initial step and memory states

e USE idt()

e use implicit contributions
> unless you know what you are doing
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Internal Unknowns in Verilog-A

: vpn
ipn = —— - (1 4 tanh(s)) _
J I use a potential or flow
E(T'S) — vpn —s° +s e

1 “include "disciplines.vams" internal

2 module hys(p, n); hode
inout p, n; /

electrical p, n, ns;

parameter real R = l1le3 from (0@:inf);
parameter real k = 1 from (@:inf);
parameter real tau = le-5 from (0:inf);
real s;

3
4
5
6
7
8
9
10 analog begin
11
12
13
14

internal
s = V(ns, n: unknown
I(p, n) <+ V(p, n)/R * (A+tanh(k*s));
I(ns, n) <+ V(p, n) - pow(s, 3) + s;
I(ns, n) <+ ddt(-tau*s); implicit
15 end differential
16 endmodule equation
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RRAM Model
Template: RRAM:

ipn = f; (vpn, s)  fi (vpn, Gap) = I - e~ ¢2P/90 . sinh(vpn/Vj)

d Boy . . VPN -7-ag
— — G’ _— — . — — . h
o8 = fa(vpn, s) Jf2(vpn, Gap) vo - exp( VT) sinh( o Va )

Jiang, Z., Wong, H. (2014). Stanford University Resistive-Switching
Random Access Memory (RRAM) Verilog-A Model. nanoHUB.

minGap < Gap < maxGap

Gap® 1, =0
+ -
+ + 1" -

4+ f2>0 fo<0O = >

+ + T |- _ =vpn hybrld model
4+ + - -

+ +
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RRAM Model
Template: RRAM:

ipn = f1 (vpn, s) fi(vpn, Gap) = I - e~ Gap/g0 sinh(vpn/Vy)

d Eo, . . ,vPn-v-ag
e fo (vpn, Gap) = —vg - exp(——) - sinh
oS fa (vpn, s) ( ) ( VT) ( 7 )
1 XFw’indO’w (Gap)
minGap max(}ap>
I \ Biolek, Jogelkar, Prodromakis, UMich,
TEAM/VTEAM, Yakopcic, etc.
Gap® £, = 0
+ o
+ + _ -
+ + + -
+ f2 > () f2 <0 -
F >
4+ + = _  =vypn
+ T |- -
+ +
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RRAM Model

<— clipping functions

Analogy: MEMS switch

Zener diode voltage reqgulator

Guan X, Yu S, Wong H S. A SPICE compact model of metal
oxide resistive switching memory with variations[J]. IEEE
electron device letters, 2012.

Vourkas |, Sirakoulis G C. Memristor-Based Nanoelectronic
Computing Circuits and Architectures[M]. Springer, 2015.

+ f2>0 f2<0 - «}

+ + T |- _ =vpn
+ T |. -

+ +
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Memristor Models

Another (deeper) problem with f2

TEAM/VTEAM, Yakopcic models fix flat f, region

f {L,” {-"u off . if vpn > v*
n = “.I'f
[ } ’ ol Mn—1 Uy e
koff (l% —1)%1f if vpn > veps : Kon (J_v,,,, )%n  otherwise,
.fz — 4 ;\ru;r { 1{::: — l)m”i . if vpn < Vo where

0, otherwise v = (1—5) Vogf +5* Von
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Memristor Models

d
%S = f2 (vpn, s) ipn = f; (vpn, s)
Available f2: Available f1:

@ Iinear ion drift @ fi=(Ron s+ Rogs - (1=5))"" - vpn

f2 o I fl(VPn 3)
@ J1= ! g7 M(1=9)
@ nonllnear ion drift R

fo=a-vpn™

- vpn

@ fi=s"-B-sinh(a-vpn) + x - (exp(y-) — 1)
@ Slmmons tunnelling barrier

aff

Coff - smh( ) exp(— exp(Z — - o), ifi>0 A - s-sinh(B - - >0
2= {Con Slﬂh( ) exp(— exp(ten==2 + %) - =, otherwise, fl = 1°95 S?Il ( Vpl’l), 1vpn =
@ ‘ Ag - s-sinh(B - vpn), otherwise.
TEAM model

_ @ fr=1o- e Gap/g0 sinh(vpn/Vp)
@ YakOpC|C mOdel Gap = s - minGap + (1 — s) - mazGap.

Stanford/ASU * set up boundary
S eXp<_&) sinh( VPR 90, e fix f2 flat regions

VT tom : VT -
e smooth, safe funcs, scaling, etc.
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Memristor Models

A collection of 30 models:
e all smooth, all well posed
e nhot just RRAM, but general memristive devices
e not just bipolar, but unipolar
e not just DC, AC, TRAN, but homotopy, PSS, ...

MNA DAE for Memristor model test bench: transient using GEAR2 LMS solver
el
(B
Vin:ipr
M1
@
o
K]
>
0.05
time (sec)
— HB on MNA DAE for Memristor model test bench: — HB on MNA DAE for Memristor model test bench:
e ]_ e 2 g 8 Fourier comp. magnitudes, freq=8.185031e+01 (Hz) E Fourier comp. magnitudes, freq=8.185031e+01 (Hz)
= E o T S RRRBBET N T T
VWA 2 ==l S T =
220 H UL T e || T lo o { —9 &)
2 L | %) Jﬁ T 5 | el
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2 a0 -20 10 ] 10 20 30 g -3 -20 -10 0 10 20 30
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HB on MNA DAE for Memristor model test bench: ' HB on MNA DAE for Memristor model test bench:
| Time-domain waveforms, period=1.221743e-02 (sec) Time-domain waveforms, period=1.221743e-02 (sec)
N 0.8 ]
— 0.8 — Mizs N I -
= 20 ——F g 06 P :
B o4 - T 04 D |
= 0.2 5, - 0z
I ) I I L i - et L L L
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Challenges in Memristor Modelling

e hysteresis : )
> internal state variable g

e model internal unks in Verilog-A

> use potentials/flows

e upper/lower bounds of internal unks

> filament length, tunneling tap size

> clipping functions

e smoothness, continuity, finite precision issues, ...

> use smooth functions, safe functions

> GMIN

> scaling of unks/egns

> SPICE-compatible limiting function (the only smooth one)
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