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Macromodels for SI/Pl: Requirements

General macromodel structure

Loue () = F(IN' Voue (1), vdd(t))
iga (t) = GUN, Vo (£), vg4(t))

Requirements for SI/PI Co-Simulation:
« Accuracy of currents and voltages at output and supply ports
o igq(t) & vy(t) & vy, (t) mutual effects (distortions & timing)

« Speed-up factors, compatibility with SPICE solver, ...
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Two-Piece Macromodels Vg

: B Laa
Lout = F(IN» Vout vdd) l
iga =|GUN,Voyut, Vaq) .
H //"
\/ J PU v
. . . . ._“Pre- 5/7 .Out
lout =|Wylg + Wil v |Priver” gv 5; —
. . . Lout
lgd =|Wylgy +wiigr + 0; ] PD
\\
Wy, ~

Most state-of-the-art macromodels .
adopt a “two-piece” structure. l
Key differences are:

Wi /L () VS wy /(£ v44(1))

Approximations on iy, (static & dynamic)

Estimation of §;

EPEPS IBIS Summit — San Jose, California — October 28th, 2015

G. Signorini, C. Siviero, I. S. Stievano, S. Grivet-Talocia



Static & Dynamic Characteristics: IBIS

Vda For a given input-state (H,L):
« output static characteristics are extracted with a
N Vout .DC sweep. Results stored in I-V tables (PU/PD)
H/°L « output dynamic characteristic corresponds to

the j-v behavior of a capacitor C,p

Iout,static lout,dynamic

—
T

—

CCOMP

Lout = Iout,static T+ lout,dynamic
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Weighting Functions: IBIS

Vpp (nominal) Vpp (Nnominal)

(At least) two .TRAN simulations are needed to characterize the
rising and falling switching behaviour of the output port.

Output voltages are stored in V-t tables

The SPICE solver uses the tables to solve a 2EQ/2UK problem,
and extracts K, (t) and K, (t)

Vt: {iout,l =ky(yy +ig1) + kp(Ipy + 1) Weighting Functions

tout,z = kyUpz + ig2) + kp(I2 +ir2) kU:/E: 1
; . . . k — 0
key] — [Unn + ig) Uy + i) Lout,1 kp =0 u

-1
[kD] LU+ ig2) (1L2+iL2)] [ioum]
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Supply Current: IBIS

From IBIS v5.0 onwards, IBIS model structure has

been extended in order to model supply-current
profiles.

Vpp (nominal) Vpp (nominal)

Using the same .TRAN simulations, supply-current
profile icomp12 IS stored in Icoyp — t tables

From I-oyp — t tables, Pre-Driver/Crowbar current
can be computed as iprg = icomp — lout
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Supply-Dependency: IBIS

Vpp (Nnominal)

‘Ik T SSO_PU(PD) tables obtained from .DC sweeps:

: « VDD(VSS) changes
isso_pu Vpp (nominal) .

DUM

output node is tied to GND(VDD)

ITE
O
(=
<

1

Ksso_pd(Vtable pd) = Isso_pd(Vtable_pd)/Isso_pd(0)
—> Ksso_pu(Vtable pu) = Isso_pu(Vtable _pu)/Isso_pu(0)
lSSO_PD IBIS v6.0, pg.60

Kpu(t)FIpu(Vcc-Vout(t))fKsso_pu(Vtable pu)
Kpd(t)31Ipd(Vout(t))fKsso pd(Vtable pd)

[E@BIs
| reference

modulate the output
static characteristics to reproduce

supply-variations effects

15 | . | - The approximation deviates
S ‘ from DUM’s 3D static char

abs error mA
)

a

o Same issue affects also
- G standard MPILOG models!

vaaV

So
LN
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Proposed Enhancements: Static Characteristics

The static characteristics are now extracted
with nested .DC sweeps at output and
supply ports.

1 output, 1 supply, 1 current: 3D-surface

Is = F(Vout: I/dd)

Such 3D surfaces are calculated for:

ISH (Voutt Vdd)

ISL (Vout' Vdd)
Lia st Voutr» Vaa)

laa,st Vout» Vaa)
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SVD Approximation of 3D Surfaces

Static Characterization
Testbench

Y,samples @
Vout: Vdd -
from SPICE

Singular Value Truncation Process:
Decomposition Maximum compactness
(SVD) meeting target accuracy
N SVD-approximation can be written as:

~ _ « SPICE Netlist (vcvs, cccs, ...
Y = F(Vour,Vaa) = z 0k P1.k Vour) P2k Vaa) | Verilog-A Codé /
k=1

EPEPS IBIS Summit — San Jose, California — October 28th, 2015

G. Signorini, C. Siviero, I. S. Stievano, S. Grivet-Talocia



Proposed Enhancements: Dynamic Characteristics

v Vpp (nominal)
nose 1 Dedicated v, (t) and v, (t) stimuli
Vdd ~ are applied, simultaneously.

ldd Dynamic characteristics are reproduced by rational
approximations obtained post-processing the simulation results

IN using Time-Domain Vector-Fitting (TD-VF) algorithms.

VUnoise Lout,H = f Wout» Vaa)
(e.g., pull-up dynamic MISO TDVF model)

These models are computed for:

—reference .
-=-model | Lout,H (Vout» Vaa)

LL iout,L (voutt vdd)

iga H(Vout) Vaa)

iga L (Vout» Vaa)

‘ . . . ‘ and implemented as:
0 5 o 15 20 25 + SPICE Netlist
« Verilog-A models
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Proposed Enhancements: Weighting Functions

Viq € [80%,...,100%, ..., 12|P%] X Vpp (nominal)

Weighting functions wy and w; are
calculated for several V,, values.

This allows the creation of 3D-surfaces i |
' : é\}DDT,deIayi
wy (£, Vaq) and wy (¢, vaq)

16 i 1y g}_era -
reproducing the complex dependency === /DD ., delay
of the switching events on VDD. :

Vpp 0 0.8 ;'1. o ‘(TxA --:;J.(,‘ o ‘0—4. .‘0' e
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Comparative Summary

OuTPUT 3D Surfaces
2D I-V Tables
STATIC E.(Vout, Vaa)
OuTPUT Capacitive State-space models
DYNAMIC Ccomp fxWouts Vaa)
WEIGHTING 2EQ/2UK @VDDygum 3D Surfaces
FUNCTIONS ky(t) and kp(t) Wi2n (t, Vaq) and wy,y (¢, vaq)
SUPPLY 3D Surface
I —t Table
CURRENT coMP 8;(t, vaq)
SUPPLY Static Modulation 3D surfaces & MISO models

EFFECTS Ksso pucpp) Static/Dyn/Timing Effects
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MPILOG Model Implementation

Mpilog models can be syntheS|zed as:

SPICE Netlists

Verilog-A Modules

IBIS (v5.1/6.0) ®

IBIS using [External Model]

[External Model]
Language Verilog-A(MS)

| Corner corner_name file_name circuit_name (module)

Corner Typ mpilog.va mpilog_model
Corner Min NA NA
Corner Max NA NA

| Ports List of port names (in same order as in Verilog-A(MS))

| v_in v_out vdd_io ref_io v_oe

Ports my_drive A_signal pos A puref A_pdref my_enable

|

| D_to_A d_pert portl port2 vlow vhigh trise tfall corner_name
D_to A D_drive my_drive A _pdref @.8 1.1 @.ln @.ln  Typ
D_to_A D_enable my_enable A pdref @.8 1.1 @.1n @.ln Typ

[End External Model]

mpilog.ibs

it — San Jose, California — October 28th, 2015

ro, I. S. Stievano, S. Grivet-Talocia

mpilog.cir
IVDD

~ouT
L

VSS

mpilog.va

// Output + supply perts driver macromodel
// VERILOG-A implementation autogenerated by Mpileg

“include "constants.vams”
“include “"disciplines.vams"
B

// COMPLETE MACROMODEL
B e R L e e

madule mpilog_mode]l (v_in,v_io,vdd_io,ref_io,v_ce);

J// ELECTRICAL VARIABLES

electrical v_in,v_io,vdd_io,ref_io,v_oe;
electrical wl,w2,fl1,f2,fs1,fs2,f7,f=7;
electrical f3,f4,fs3,fs4,di,f8,fs8;
electrical ul,u2;

// PARAMETERS
parameter real PVDDcore=1l; // logic core nominal wvoltage
parameter real PVDD=1.2; //output power-supply nominal voltage

analog begin
// MODEL STRUCTURE...




Validations: Ideal Supply

100% vDD,
1.5

reference
mamaEn IBIS
——mpilog

reference

0.5

Un g (f) v

-0.5

0 1 2 3 4 5 0 1 2
t ns t ns

Good agreement! (output ©, timing ©, IBIS supply ®)

90% VDD,
1 |- el
0.8 H | — L
Z 06 E

Speed-up: 5 04 3
MPILOG x350+ 02
IBIS x1500+ 0]

°2 1 2 3 4 5 o 1 2 3 4 5

t ns t ns

IBIS: timing ®, output/supply ® -- MPILOG: timing/output/supply ©©
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Validations: Non-ldeal PDN

Vo _f_ PDN ~

I
—reference
cnnnn |BIS

~——mpilog

T I
reference
jo| o IBIS
——mpilog

— 1T

reference 1*
——mpilog
il

50 60

oxe(t) V

29 30

t ns

IBIS: timing ®, output/supply ©®
MPILOG: timing/output/supply ©©
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Validations: LPDDR3 SI/PI Co-Simulation

Pazcx=Vl/2

98 99 100 101 102

Inaccurate predictions of supply-noise induced
jitter can lead to wrong/dangerous estimations
on system functionality/margins T —

(e.g., tSU, tH, tCK in (LP-)DDR) -1 S 1.
15 312 W
" 95 95.5 =41

IBIS ® fos | 95 95.5 96 96.5
MPILOG © -

't.‘fr (f) A"
o
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Macromodeling of Differential 1/O-Buffers

VDD
IN OUTP
OUTN IBIS PROPOSED
N s OuUTP
IBIS — . Py
OUTN il = WHl(t' Vad ) : iyl(v) + WLl(tr Vda ) ' lLl(v)

iy = Wip(t,Vgq ) 1y (D) + wi(t,vgq )« 1,(D)
Wys(t, Vaq ) igzs(D) + wis(t,vgq ) - i3(D)

where v = (Woyrp, Vourn, Vaa)

Pseudo-Differential

[External
Model] | OuTP A ) .
« Multi-dimensional Static Surfaces

« MIMO TDVF Dynamic Models
« 3D Weighting Functions (e.g., wy(t,v44))

—e
OUTN

True-Differential

This model structure (SPICE/Verilog-A) can be
embedded in an IBIS file as an [External Model]
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Low-Power Voltag

VDD
V3 ‘“3
VREF
CLDO
TX '
VLDO '
=
e
ON<n:1> (|
Pre-Driver TXP
f- vl
IN
ru— PY
\_. v2
TXN
OFF<n:1> _\
|
fi
H-bridge v/

Example of Circuit Topology
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e-Mode Drivers

T VDD T
7 VReg1

Output Swing and Common-Mode

can be configured tuning an
internal VREG v
- P Vbirr,1 VCM’l T
Reduced Swing to minimize ' vV T
power consumption M2 Vorrr,2
VSS

Impact of LDO performance
on output signals

LH-brid
VDD > Py ai (t)
T "[\V‘J\fv—"iNOM
VREF t
CLoo
B Ing

_{

ah

Perturbations 9,(t) across iyoym
introduce voltage bounce AVLDO(t)
(depending on LDO dynamics)

+ ® Distortions on output signals

VRXF’ VRXN M

0.14

o
-
N

o
-

0.08

0.06

0.04

A LN A
W

CLD0:4ODF

—-1_ch:10;)|= Ideal LDOl‘




Validation Test

Internal

PROPOSED model structure:

Vgeeg-induced effects are correctly captured

(Signal distortion, common-mode noise,

IBIS model-structure cannot reproduce

the effects introduced by the internal Vggg.

( V-t vs “long” Vpee regulation transient)
( I-V & Cromp VS complex Z,po(T) )
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Conclusions and Future Enhancements

Enhanced two-piece model structure (to accurately reproduce
output and supply ports :

- SVD + truncation-process for (multi-dimensional) Static Char.
- Multiple-Input TDVF for Dynamic Characteristic

- 3D switching characteristics w(t,Vpp)

Flexible and modular modelling solution

Model implementation in SPICE/Verilog-A

IBIS compliant (v5.1/6.0) via [External Model] keyword

Validation tests highlight good speed-up factors (x350 +) and
excellent accuracy in SI/PI co-simulations

What's next?
= Pre/De-Emphasis stages in high-speed transmitters
= Continuous-time linear equalizers in high-speed receivers
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Thank you for the attention!



