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Requirements for SI&PI co-simulation

Vga(t)

VRM

T

Accuracy at Output Port (v(t), i(t))

1

+ Supply-Current Profile (i 4 (t))

+ Supply-Voltage Noise (v;4(t))

+ Supply-Noise Effects (f(Avgy)) Targets:
v(t),i(t)

= |/O-buffer model for SI&PI D30 (6, 10g (6)
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Power-awareness in IBIS v5.0

VDD
V-dd(t) Pull-Up Pull-Down ”Dynian;ic”
. , %
IN i(t) i(t) = wy(t) - Ipy (V) + wy (6) - Inp (¥) — Ceomp .
° - t
+ e : :
v(t) Up/Down Events IBIS v3.2 @ nominal VDD

VSS -+
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Power-awareness in IBIS v5.0

VDD
li dd(t) Pu[I-Up Pull-Down ”Dyniamic”
: dv
IN i(t) i(t) =wy(@)  Ipy(w) + wi(¢) - Ipp(v) — Ceomp 3t
° - t
+ e : :
v(0) Up/Down Events IBIS v3.2 @ nominal VDD
L Iy
IBIS v5.0
. KSSO PU/PD
i(t) = wy(t) - Kssopu(Avaq) - Ipy (V) introduce approximations of
0 Kosono 00 Ipo(s) o et
— CCOMP av/at
_ Supply-current is explicitly modeled,
iga(t) = Wi (t) * Kssopu(Avaa) - Ipy (V) and corresponds to pull-up and
+{0i44(t) crowbar / pre-driver contributions
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he Problem...
CA-bus (10x CA 1/Os
.|
—-II-““” and 1x CLK Driver)
CAL CR-E"' Tl :Li: |
[cho .
o .
TT S op
Peaza=Ul/2 %(_ I —f:
T = 05
Reference (XTOR-level) At :;IIESF."“
vs IBISv5.0 ® L e T
143 1435 144 1445 145 1455 146
t [ns]
Supply-Current

Supply-Noise

1.05

143 143.5 144 1445 145 1455 146 146.5 147 147.5 148

+ [1.1[_}] 145.5 146 146.5 147

t [ns]

o L " L L
143 143.5 144 144 5 145
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Open Issues

() Static Characteristics & VDD

(i) Rising/Falling Waveforms & VDD
(ii) Supply-Current & VDD

(iv) Power-supply port modeling
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IN_PUM

IHI

f{(V,VDD) mA

Static 1

IBIS

40

30

(1) Static Characteristics & VDD

i(t) = wy(t) - Kssopy(Avgg) - Ipy (v)

Vaa Nested .DC sweep

on Output and Supply ports

Vout

Static Curves

=

Il BiS v5.1

IREF

abs error mA

+ wy (t) * Kssopp (Avss) * Ipp (V) ...

25

20

Possible approximation inaccuracy ?

Abs Err on Static Curves

Ml eis v5.1
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() Rising/Falling Waveforms & VDD

Vdd E [80%; L | 100%, ey 120%] X VDD,NOM

wH Rising

Switching Profiles (w,, w,)
can have a very complex
dependency with VDD variations

i(t) = wy(t) - Kssopu(Avgq)  Ipy (v) 04—
+ w(t) - Kssopp (Avss) * Ipp (V) ...
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(i) Supply-Current & VDD

Vdd E [80%; L | 100%, ey 120%] X VDD,NOM

x1073

12 —

10 —

taa(t) = wy(t) - Kssopy(Avaq) - Ipy(v) 5.
+ 0igq(t) 45
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0.6

DeltalDD(t) Rising

Pre-Driver/Crowbar Current

has also a complex

dependency with VDD

0.7

t ns

variations (timing, peak)

1.4

1)

Ve A%

1
0.8 0.9 1
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(iv) Power-supply port modeling

VDD VDD

ZDUM(f)

DUM VDD

ZIBIS

— IBIS

VDD
-

Z% 1 Zipis =?
PRE A

*7 bRV | =+ ﬁ@
| Event- T O
1
%

n n driven

________________

How to correctly model

|/O-Buffer “supply-port impedance”?  <4(? = W#() Kssoru(Bvaa) lpy ()

+ dig4(t)
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Optimization for RF, Microwave and Terahertz Applications (NEMOZ2015), Ottawa
(Canada), Aug. 2015.

[2] G. Signorini, C. Siviero, |.S. Stievano, S. Grivet-Talocia, M. Mirmark “IBIS + Mpilog:

Current and Future Developments on I/O-Buffer Modeling”, IBIS Summit @ SPI2016,
May 2016.

[3] G. Signorini, C. Siviero, S. Grivet-Talocia, I.S. Stievano, “Macromodeling of 1/0
Buffers via Compressed Tensor Representations and Rational Approximations”,
IEEE Transactions on Components, Packaging and Manufacturing Technology, Oct. 2016.
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Enhanced Mpilog Models: R&D work

i(t) =wy(t,vaq) - Upy (W, v4q) + fu(,v44; d/dt)]
+w,(t, vaq) * Upp (v, v4a) + fL(V,V44; d/dt)]

igq (©) = wy(t, vaa) * [Ipy, sV, vaq) + fu,s(V, vaq; d/dE)]
+ w(t,vaq) [IPD,S(U» Vaa) + fL.s(V, Vag; d/dt)]

+ al(t, vdd)
Wy -7

|

o -7 i

: ”‘ ————— out
- VDD1, delayt '

e g

"

;

\

VDD 4, delay 1

© o (4] o (9]

Multivariate Multiple-Input Single-Output
1- icti MISO) Rational Approx.
Multivariate Switching 12 14 -V Characteristics . (. ) . PP e
o 0 ! @ (i) via Time-Domain Vector-Fitting
Characteristics .
o fees @ (iv)
@ (i) & (iii)

- Explicit dependency with VDD in model sub-components
- Mathematical structure = re-cast as Verilog-A or SPICE circuit
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Enhanced Mpilog Models: R&D work

i(t) =wy(t,vaq) - Upy (W, v4q) + fu(,v44; d/dt)]
+w,(t, vaq) * Upp (v, v4a) + fL(V,V44; d/dt)]

iga(©) = wy (6, vaa) - [Ipu,s(W, vaa) + fus(W, vaq; d/db)]

+ wi (€, v44) - [IPD,S(v; Vaa) + frs(W, Vaa; d/dt)]

+ al(t, vdd)
Wy -7

i
of l l VDD, delayd
o v
VDD 4, delay 1

\

-

Multivariate Multiple-Input Single-Output
- isti MISO) Rati A .
Multivariate Switching -V Characteristics) ) (. ) Ra |?na ppro?( .
. : @ (i) via Time-Domain Vector-Fitting
Characteristics @ (iv) [3,4]
@ (ii) & (iii) '

- Explicit dependency with VDD in model sub-components
- Mathematical structure = re-cast as Verilog-A or SPICE circuit

[4] S. Grivet-Talocia, B. Gustavsen, “Passive Macromodeling - Theory and Applications,” John Wiley & Sons, 2016..
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Compact Multivariate Surface Approximations (i)

« Basis function approximation and fitting techniques (e.g., Sigmoids or Gaussians,
global or local polynomials) not always successful @

« Alternative solution is needed...

Collected TRAN/DC data casted
into a rectangular matrix 4

v

—

2 WH

i
2, q
of ! DD, delayd

A .}
0 V —
— j -
uVDD L, delaytr 2

© o (4] o (]

16

Mx N
Yy = G(tl vdd) y = F(vl vdd)

TASK : Find an accurate & compact model that can be easily incorporated into SPICE
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Compact Multivariate Surface Approximations (ii)

Singular Value Decomposition (SVD) [5]

)

A = U,zUL=|U,

RX R Rx N
Mx N Mx R
R=rank(4), R<min(MN)
Y= diag{o-l, Oy .., O-R} 0, > 0,>... > 0p singular values

[5] G. H. Golub, C. F. Van Loan, “Matrix Computation,”, The Johns Hopkins University Press, 3rd edition 1996.

------
-----
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Compact Multivariate Surface Approximations (lii)

Singular Value Decomposition (SVD) [5]

A = u,zUl | U,

Kx K Kx N
Mx N Mx K
R=rank(4), R<min(MN)
Z: diag{ 01, 0y ey 0-1(} Truncation up to the K-th largest singular value

- Addresses compactness & analytical description

[5] G. H. Golub, C. F. Van Loan, “Matrix Computation,”, The Johns Hopkins University Press, 3rd edition 1996.

------
-----
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SVD & Image Compression (i)

Original matrix collects grayscale pixel intensity values, each ranging from 0 to 255 (1 byte )

U,

Kx K Kx512

512x K

512x 512
R=1512

Complexity Factor: CF =( #SVD) / (#original ) = (2:(512-K) + K) / (512)2

Image size compression occurs when CF<1 - K< 255
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SVD & Image Compression (ii)

K=5

CF= 2%

K =50 K =100
CF=20% CF=40%
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Static characterization and modeling (i)

y=Fw,vg) ' il

v}

v, Vgqq from ~
SPICE and dc — ...the rows are the basis
sweeps functions @, (V44)

Truncation process :

maximum compactness meeting target accuracy
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Static characterization and modeling (ii)

y =FW,vg4q) =20i

K

=1

relative error < le-2

T
Udd Vv

<P2,i(17dd)

16

Tunable accuracy

Compact representation :
expansion order K = 9,
CF=30%
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Static characterization and modeling (iii)

K
y=FW,vgq) = 2 0; ®2,i(Vaa)
=1
0.4, * Readily implemented in SPICE with voltage
controlled sources or Verilog-A modules
0.2
* High order generalization to the tensor case
° ' available [6]
~0-2 0 05 : 15
- VIR S
04— . . . . , . x QH b +H b, +M+H =
0.2 (,02’5 (vdd) (,02,3 (vdd) | u J d

=
Q2
>

-0.2

[6] T. G. Kolda and B. W. Bader, “Tensor Decompositions and Applications”, SIAM Review, Vol. 51, No. 3, 2009, pp. 455-50
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CLK/DATA Far-End Signals

Validation

CA-bus (10x CA I/Os —
and 1x CLK Driver) 1 PILOG

o
&)

N\
7

Vpp . Uopy [V_

©
©

I Reference (XTOR-level)

143 1435 144 1445 145 1455 146 1465 147 1475 148

vs IBISv5.1 ©® ¢ [1‘1{-1]
vs MPILOG ©
195 — o0« F Supply-Current MPiLoG | 1

Supply-Noise

1.05 L L L L M L L L L
0
143 143.5 144 1445 145 f’lEnE!.El] 146 146.5 147 147.5 148 143 143.5 144 144.5 145 1455 146 146.5 14T 147.5 148
LS
t [ns]
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3-curve approx. of 3D-Surfaces in IBIS

[Model] DDR_PAD

| variable typ min max
[Temperature Range] 25 -30 125
[Voltage Range] 1.2 1.1 1.3

[Rising Waveform]

| Time
0
25ps

1.21ns
1.22ns

IBIS v5.1:

How to include 3-curve
approx. data in an IBIS file?

POLITECNICO DI TORINO

v(typ) v(min) v(max)

Process: TT Process: SS Process: FF

VDD: TYP VDD: MIN VDD: MAX
Temp: Typ Temp: Max Temp: Min

For all IBIS table ...

PU/PD
Rising/Falling V-t
Rising/Falling I-t

1 [Model],

3 PVT Corners
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3-curve approx. of 3D-Surfaces in IBIS

[Model] DDR_PAD

| variable typ
[Temperature Range] 25
[Voltage Range] 1.2
[Rising Waveform]
| Time v(typ)

min max
-30 125
1.1 1.3

v(min) v(max)

0
25ps

1.21ns
1.22ns

How to include 3-curve
approx. data in an IBIS file?

b1

J

For all IBIS table ...
PU/PD
Rising/Falling V-t
Rising/Falling I-t

“enhanced” Process: TT Process: TT Process: TT 1 [Model],

VDD: TYP VDD: MIN VDD: MAX

IBIS Temp:25 Temp:25 Temp: 25

POLITECNICO DI TORINO

1 PT Corner (e.g., TT/25C)

Accuracy @SI&PI
(capture VDD-effects)
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: : CLK/D - ignals
Validation SR~ —
CA-bus (10x CA I/Os 1 ‘ N MPILOG [
™ and 1x CLK Driver) e 2
ﬁ‘:f\i -:}- 0.5
o 1 T =
T 5
3 o \
T < / ©
5 05 ©
Reference (XTOR-level)
M1l -1F (o /A -
vs IBISv5.1 ® '
' vs MPILOG © . . . . . . . . .
143 143.5 144 1445 145 1455 146 1465 147 1475 148
vs e-IBIS @ # [1‘1{-}]
_ 0.04 | Supply-Curfent MPILOS

1.08 o L " L L M L " L L
143 1435 144 1445 145 1455 146 1465 147 147.5 148 143 143.5 144 144.5 145 145.5 146 146.5 147 147.5 148

¢t [ns] t [ns]
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Conclusions

Enhanced Mpilog models to accurately reproduce
currents and voltages at output and supply ports :

v' Compact Multivariate Surface Approximations SVD + truncation-process
for I-V and switching characteristics

v Multiple-Input Rational Approx. & TD-VF identification for Dynamic
Characteristics

Flexible and modular approach using Mpilog + implementations possible in
SPICE/Verilog-A

|dentification of potential limitations of IBIS models power-awareness and
proposal on possible IBIS enhancements

Validation tests highlight excellent accuracy in SI/PI co-simulations
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