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Nonlinear Circuit

w 4 How do we solve a
vsb 'DJ, Vou simple diode circuit
' az v problem?

Graphical method... ... solve transcendental equations
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Diode Circuit — lterative Method

... or use the Newton-Raphson method... AW — f

Use: X=X —[f '(Xk)]_1 f(x,) V. -V, VS&) 'DﬁZvout
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Where v is the value of V, at the kth iteration

Procedure is repeated until convergence to final (true) value of Vy which is the
solution. Rate of convergence is quadratic.
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Newton Raphson Method

(Graphical Interpretation)
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Newton Raphson Method

If initial guess is not close enough, NR will
lock into oscillations and solution will not
converge

f(x) A

\ X Xkl /‘

solution solution
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Limitations

* |BIS data can be unpredictable

* Transient response requires solution of
nonlinear system

* Most simulators use Newton-Raphson (NR)
technigue combined with modified nodal
analysis (MNA)

°* NR may not converge
* NR may slow down simulation
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Why LIM?

* LIM does not iterate on nonlinear problems
* There is no convergence issue
 MNA has super-linear numerical complexity

e LIM has linear numerical complexity

e LIM uses no matrix formulation
e LIM has no matrix ill-conditioning problems
e LIM is much faster than MNA for large circuits
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Latency Insertion Method**

Each branch must have an inductor*
Each node must have a shunt capacitor*

Express branch current in terms of history of
adjacent node voltages

Express node voltage in terms of history of
adjacent branch currents

*If branch or node has no inductor or capacitor, insert one with
very small value

** J. E. Schutt-Ainé, "Latency Insertion Method for the Fast Transient Simulation of Large Networks," IEEE
Trans. Circuit Syst., vol. 48, pp. 81-89, January 2001.
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LIM: Leapfrog Method
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Leapfrog method achieves second-order accuracy, i.e., error is
proportional to At?
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LIM Algorithm

 Represents network as a grid of nodes and branches

Branch structure
Node structure

* Discretizes Kirchhoff's current and voltage equations

n-1/2 Ng
CiVAit +H" =1 At
k=1 Iirj1+l — IIT + _(Vin+1/2 _an+1/2 . RIJ IIT)
—1+G L

n+l/2
V2 =

e Uses "leapfrog” scheme to solve for node voltages and branch currents
 Presence of reactive elements is required to generate latency
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LIIVI

branch
loop
time
loop
node
loop

ECE-Illinois

is Easy to Code...

For time=1, N,

—For branch =1, N,
Update current as per Equation:

n+l _ n At n+1/2 n+1/2 n n+1/2

I _h+t{m —VE R I+ B
ij

—  Next branch;

— For node=1, N_

Update voltage as per Equation

CV n-1/2 N
——+H'-) I Jo
At Z ; q

V_n+1/2
G +G,
At
— Next node;
Next time;
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LIM is Fast...

Comparison of runtime for LIM and SPICE
per 100 time steps.

e o
0.0058's 0.0005 s
1709 4243 0.369s 0.041s
4850 13880  1.94s  0.184s
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... and gets faster as circuit size increases

LIM v.s. SPICE
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LIM has NO Convergence Issues

Introduce latency in diode circuit U W f
through a small inductor L +

. ZOR A
... then use colocation and leapfrog: ‘

n n+1 n+2
VD _)VD ’VD ’VD pe |2 V2

n—1/2 yn+l/2 yn+3/2 with V"=L
e T E Sl b L At

...and if time steps are sufficiently small,

ID

Current 1242 =1 (eVS’VT —1)
solution o
or Explicit !
I n+1/2
Voltage VI =V, In| 2—+1
solution I
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LIM Suffers from Stability Issues ...
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...but they can be controlled...

¢ 2zuH 5.3 Obm "

> The LIM algorithm is conditionally stable
> No faster than speed of light propagation

22 uH 4.53 Ohm 5 20.20H  21.2 Okm

» The Amplification Matrix [5] 2 2
. Eigenvalues must be less than — A
. i 5 i unity for the system to be stable " "
g 3 8 % . . I
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Application of LIM to IBIS

* |BIS Data Processing

* Ku/Kd Extraction

* |BIS Standard Formulation

* LIM-IBIS Formulation

* LIM-IBIS Solutions

* Extension to Gate Modulation Effects
® Conclusion and Future Work

ECE-Illinois IBIS Summit — Sorrento, Italy — May 16, 2012




IBIS Data Processing

1. Arrange static IV data

2. Pulldown data (current vs voltage) = I 4, m 4 points

3. Pullup data (current vs voltage) = I, m, points
4. Ground clamp data (current vs voltage) = I, , m,. points
5. Power clamp data (current vs voltage) = I,., m  points
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IBIS Data Processing

 Next Get VT data. VT data is presented as: Rising
waveform:

* Voltage versus time for V;, low = Vi, m,; points

* Voltage versus time for Vj;, high = V,, m,, points: Falling
waveform:

* Voltage versus time for V;, low = V, , m, points

* Voltage versus time for Vj;, high = V,, m,, points
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IBIS Ku/Kd Extraction™

Pwr pin Pwr clamp pin

)
K, OL,,(Veomp) o pc(Vcomp) -
comp fixt vV Rixt Ve
Y'Y o.ut L AARA fixt
{ ee—
(V ) Tout Chixe == Ifixt
Ky(Olgg(Veomp) loc(Veomp
Gnd pin Gnd__clamp pin )
| . Vout _Vfixt | =C Vout (t) _Vout (t At)
fixt — cap  fixt
Rfixt At
Al
_ out
Vcomp Lflxt At +Vout Iout — Icap + |f|xt
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Ku/Kd Extraction

We need to extract K, and K
Procedure is well documented*®

* PickvalueV,,

* Find closest corresponding currents in static IV data
* Set themasl,;, I, I,;,and I,

* PickvalueV,,,,

* Find closest corresponding currents in static IV data

e Set them as Ipdz, Ipuz, Igc2 and IPC2

*Ying Wang, Han Ngee Tan "The Development of Analog SPICE Behavioral Model Based on IBIS Model",
Proceedings of the Ninth Great Lakes Symposium on VLSI, GLS '99.
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IBIS Circuit Analysis

2 equations, two unknown system

-1 ., =K,

outl u’ pul + Kd I pdl + I

pcl + I gcl

—1 K, I

out2 — My pu2

Rearrange as:

K, I

u- pul

K, I

u- pu2

{Ipul Ipd1:||:Ku:|:|:IRH81:| Solve for
Ipu2 Ipd2 Kd IRHSZ Ku and Kd

+ Kyl gz + 1+

pc2 gc2

+Kd|pd1:_| Ipcl_lgclleH81

outl

+ Kdlpd2 :_IoutZ ~ Tpe2 Igc2 = IRHSZ

or
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Example of Ku and Kd

Rising Waveform Falling Waveform
55 actel-tti3fl . ibs. tut is IaCtE|-tt|3T1.ihS.h{1 |
1 _/\ r
c n8f c
£ gl — £ o
= — KU £ KD
T 4t —— KD b
e || :
< 0zt é
g —\PL
g, .
0 1 2 3 4 B 7 5 0.2 '
Time (ns) 1 2 4 : 4 5 &
Tirme (ns)
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IBIS Simulations

Pwr pin Pwr clamp pin
0
Ku(t)lpu(vcomp) G pc( comp)

Vcomp kag \Y%

. ¢ *
) Idev
Ceomp == Coxt— = Gext
Kd(t)lgd(vcomp)T e Veomp) | Geomp Lout ex ex

Gnd pin Gnd clamp pin

Ku I pu (Vcomp ) + Kd I pd (Vcomp ) + I pc (Vcomp ) + Igc (Vcomp )

+ I out (Vcomp ) + ICComlo (Vcomp ) + IGcomp (Vcomp ) = O

Nonlinear system =» use Newton-Raphson
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...or Better: Use a LIM Formulation

Pwr pin Pwr clamp pin

Ku(t)[pu(vcomp) Ipc(vcomp)

comp P npﬂl\gn Vext

=l T3,
comp ¢
K4(Olgg(Veomp) gc(vcomp) Comp Tout Cex T
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At 2
L R
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V n+1/2 _V n+1/2 —L out out i pkg ( | n+1 T n ) [t At 2
comp ext pkg out out out L R
At ( pha, Mpkg j
At 2
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IBIS-LIM Solution

Pwrpin  Pwr clamp pin

Ku(t)lpu(vcomp) pc(vcomp)
.
Idev —p |
Ky(0lgg(Veomp) gc(vc‘;‘:;“pp)— Geomp Lout Coxt— = Gext
Gnd_pin Gnd -clamp pin )
n+1/2 n-1/2
C (Vcomp _Vcomp ) Gcomp Vn+1/ 2 Vn—1/2 L
comp At + 2 comp + comp out dev
—|" " (Ccomp GcomIO )V n-1/2 / EXPIICIt equatlons
+
Vn+1/2 _ out dev At 2 comp
comp (C G j
comp n comp
At 2

I(;]ev = Ku | pu (Vcomp ) + Kd | pd (Vcomp ) +1 pc (Vcomp ) + Igc (Vcomp)
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Transient Simulation Examples

NR and LIM give same results...

altera-crmos33-cio-r25c. tut
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Transient Simulation Examples

... in some cases Newton-Raphson fails to converge...
NR: failed convergence

Falling Waveform /

LIM
ng T ‘ T T ¢

\ Rising YWaveform
0.g T T T
07 \ - 0a
— Standard Voomp
0. - A Comp M 0.7
= i — — = Golden Yaveform )
@
20 ! : 305 —
c ! 2
e f 1 £lih W,
5 [ g
£ 0 i 1 50
2 ! =
20 I i c 0.
= i =
v [ ] w
! 1 1
I L
< . . \
‘0-.
1 1 1 1 e
15 2 25 3 / o
Tirne (ns) Tire {ns)

NR: failed convergence
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Handling Gate Modulation Effects
(BIRD 98.3)

Vou \

LIM-IBIS formulation ¥
can easily be modified... GP‘%TI C%_%pr ... to handle SSN
Viux Epu, Lpu }gpptlll lslcﬁc Lpe EPC_ \%

. p X
Pwr pin “O)*E VP l pe Pwr_clamp pin
G - " . Isspu (Vpu )
Tpux Croux Igpu C..- Gpcx K V -
T° “T s Vo) =715
L 1 s = sspu ( )

KooV KOy 1
K (1) 135 = Koo (vgd ) Kq (1)1,

KU (t) I pu
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Gate Modulation Effects
(BIRD 98.3)

simpleisaS.txt
25

VEOMP-ISEP

Large power a % b
Supply inductance — ——PU-NO ISSP
Small decoupling " &
capacitance 3
S
05+
L,, =5nH
C,, = 0.001 nF 0
-0.5 ! L L L ! ] i
0 0.5 1 1.5 2 25 3 35 4

Time (ns)
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Gate Modulation Effects
(BIRD 98.3)

simpleisaS.txt
1.6
Small pOWEI‘ i ——— YCOMP-ISSP
° 121 — == COMP-ND [S5P
supply inductance ——VPUIsSP
N | == = PUND |S5P
Large decoupling 1
° E L
capacitance >
% 0G|
=
04F
L,, =0.005nH
C. =0.1nF h2r
pu ‘
] )
_Dz 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.4 4
Time {ns)
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Conclusions

> We demonstrated that LIM can be used to simulate IBIS-
based circuits with optimum accuracy.

» Because of the inserted latency, LIM does not use an
iterative scheme to solve nonlinear equations and thus
does not suffer from convergence problems

» LIM-based simulations were successful in instances
where the traditional Newton-Raphson technique failed
to provide a solution

» LIM is expected to be several orders of magnitude faster
for large circuits containing a multitude of IBIS models.
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