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Requirements for SI&PI co-simulation 

𝑣(𝑡) 

𝑡 0 

VDD 

IN: 

𝑖𝑑𝑑(𝑡) 

𝑡 
𝑣𝑑𝑑(𝑡) 

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

+    Supply-Current Profile (𝑖𝑑𝑑 𝑡 ) 

+    Supply-Voltage Noise (𝑣𝑑𝑑 𝑡 ) 

+    Supply-Noise Effects (𝑓 ∆𝑣𝑑𝑑 ) 
 

= I/O-buffer model for SI&PI 

∆𝑡, ∆𝑣𝑜𝑢𝑡, ∆𝑖𝑑𝑑 = 𝑓 ∆𝑣𝑑𝑑  

𝑣𝑑𝑑 𝑡 , 𝑖𝑑𝑑(𝑡) 

𝑣 𝑡 , 𝑖(𝑡) 

Targets: 

3 

VRM 

IN 

DUM 
+ 

- 
𝒗(𝑡) 

𝒊𝒅𝒅(𝑡) 

PDN 

𝒗𝒅𝒅 𝑡  

CH 

CL 
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Power-awareness in IBIS v5.0 

𝑖 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐼𝑃𝑈 𝑣 + 𝑤𝐿 𝑡 ∙ 𝐼𝑃𝐷 𝑣  − 𝐶𝐶𝑂𝑀𝑃
𝜕𝑣

𝜕𝑡
 

Up/Down Events 

Pull-Up Pull-Down “Dynamic” 

IBIS v3.2 @ nominal VDD 

𝒊(𝑡) IN 

DUM 
+ 

- 
𝒗(𝑡) 

𝒊𝒅𝒅(𝑡) 

VSS 

VDD 
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5 

Power-awareness in IBIS v5.0 

𝑖 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐼𝑃𝑈 𝑣 + 𝑤𝐿 𝑡 ∙ 𝐼𝑃𝐷 𝑣  − 𝐶𝐶𝑂𝑀𝑃
𝜕𝑣

𝜕𝑡
 

Up/Down Events 

Pull-Up Pull-Down “Dynamic” 

𝑖 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝑈 ∆𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣

+ 𝑤𝐿 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝐷 ∆𝑣𝑠𝑠 ∙ 𝐼𝑃𝐷 𝑣  

− 𝐶𝐶𝑂𝑀𝑃 𝜕𝑣 𝜕𝑡  

𝑖𝑑𝑑 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝑈 ∆𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣

+ 𝜕𝑖𝑑𝑑 𝑡  

KSSO_PU/PD  
introduce approximations of 

supply/ground noise on output 
static characteristics 

Supply-current is explicitly modeled, 
and corresponds to pull-up and  

crowbar / pre-driver contributions 

IBIS v5.0 

𝒊(𝑡) IN 

DUM 
+ 

- 
𝒗(𝑡) 

𝒊𝒅𝒅(𝑡) 

VSS 

VDD 

IBIS v3.2 @ nominal VDD 
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The Problem… 

6 

 

 

 

   Reference (XTOR-level)  
    vs  IBIS v5.0  

 

Supply-Noise 
Supply-Current 

CLK/DATA Far-End Signals 

CA-bus (10x CA I/Os  
and 1x CLK Driver) 
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Open Issues 

7 

(i)  Static Characteristics & VDD 

(ii) Rising/Falling Waveforms & VDD 

(iii) Supply-Current & VDD 

(iv) Power-supply port modeling 
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IN DUM 

𝑽𝒅𝒅 

‘H’ 
𝑽𝒐𝒖𝒕 

IBIS 

Nested .DC sweep 

on Output and Supply ports 

𝑉𝑜𝑢𝑡 

𝑉𝑑𝑑 

𝑉𝑑𝑑 
𝑉𝑜𝑢𝑡 

(i) Static Characteristics & VDD 

Possible approximation inaccuracy ? 

𝑖 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝑈 ∆𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣

+ 𝑤𝐿 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝐷 ∆𝑣𝑠𝑠 ∙ 𝐼𝑃𝐷 𝑣  … 

8 
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𝑉𝑑𝑑 ∈ 80%,… , 100%,… , 120% × 𝑉𝐷𝐷,𝑁𝑂𝑀 

ZLOAD IN 

+ 

- 

𝑣𝑜𝑢𝑡@𝑉𝑑𝑑 

DUM 

IBIS v5.0 model structure may be limited in representing this behavior 

(ii) Rising/Falling Waveforms & VDD 

𝑉𝑑𝑑 
𝑡 

Switching Profiles (wH, wL)  
can have a very complex  

dependency with VDD variations 

𝑖 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝑈 ∆𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣

+ 𝑤𝐿 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝐷 ∆𝑣𝑠𝑠 ∙ 𝐼𝑃𝐷 𝑣  … 

9 
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𝑉𝑑𝑑 ∈ 80%,… , 100%,… , 120% × 𝑉𝐷𝐷,𝑁𝑂𝑀 

ZLOAD IN 

+ 

- 

𝑣𝑜𝑢𝑡@𝑉𝑑𝑑 

DUM 

IBIS v5.0 model structure may be limited in representing this behavior 

(iii) Supply-Current  & VDD 

𝑉𝑑𝑑 𝑡 

Pre-Driver/Crowbar Current 
has also a complex 

dependency with VDD 
variations (timing, peak) 

𝑖𝑑𝑑 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝑈 ∆𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣
+ 𝜕𝑖𝑑𝑑 𝑡  

10 
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IBIS 

VDD 
ZIBIS 

Event- 

driven 

VDD 

𝒁𝑰𝑩𝑰𝑺 =? 

DUM 

VDD 

𝒁𝑫𝑼𝑴 𝒇  

≠ 

How to correctly model  
I/O-Buffer “supply-port impedance”? 

PRE 

DRV 

𝑛 𝑛 

𝑛 

VDD 

𝒁𝑫𝑼𝑴 𝒇  

(iv) Power-supply port modeling 

𝑖𝑑𝑑 𝑡 = 𝑤𝐻 𝑡 ∙ 𝐾𝑆𝑆𝑂𝑃𝑈 ∆𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣

+ 𝜕𝑖𝑑𝑑 𝑡  

11 



C. Siviero et al., Compact Multivariate Surface Approximations for Power-aware I/O models, 10 May 2017, SPI2017, Baveno, Italy 

Our Contributions  

12 
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Enhanced Mpilog Models: R&D work 

𝑖 𝑡 = 𝑤𝐻 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣, 𝑣𝑑𝑑 + 𝑓𝐻 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡
+ 𝑤𝐿 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝐷 𝑣, 𝑣𝑑𝑑 + 𝑓𝐿 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡  

𝑖𝑑𝑑 𝑡 = 𝑤𝐻 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈,𝑆 𝑣, 𝑣𝑑𝑑 + 𝑓𝐻,𝑆 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡

+ 𝑤𝐿 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝐷,𝑆 𝑣, 𝑣𝑑𝑑 + 𝑓𝐿,𝑆 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡

+ 𝜕𝑖 𝑡, 𝑣𝑑𝑑  
wH 

Multivariate  Switching 
 Characteristics 

@ (ii) & (iii)  

time 

𝒊out 

Multiple-Input Single-Output 
(MISO) Rational Approx. 

via Time-Domain Vector-Fitting 
@ (iv)  

Multivariate 
 I-V Characteristics 

@ (i) 

- Mathematical structure ⇒ re-cast as Verilog-A or SPICE circuit 

- Explicit dependency with VDD in model sub-components 

13 



C. Siviero et al., Compact Multivariate Surface Approximations for Power-aware I/O models, 10 May 2017, SPI2017, Baveno, Italy 

Enhanced Mpilog Models: R&D work 

wH 

Multivariate  Switching 
 Characteristics 

@ (ii) & (iii)  

time 

𝒊out 

Multiple-Input Single-Output 
(MISO) Rational Approx. 

via Time-Domain Vector-Fitting 
@ (iv) [3,4] 

Multivariate 
 I-V Characteristics 

@ (i) 

- Mathematical structure ⇒ re-cast as Verilog-A or SPICE circuit 

- Explicit dependency with VDD in model sub-components 

𝑖 𝑡 = 𝑤𝐻 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈 𝑣, 𝑣𝑑𝑑 + 𝑓𝐻 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡
+ 𝑤𝐿 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝐷 𝑣, 𝑣𝑑𝑑 + 𝑓𝐿 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡  

𝑖𝑑𝑑 𝑡 = 𝑤𝐻 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝑈,𝑆 𝑣, 𝑣𝑑𝑑 + 𝑓𝐻,𝑆 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡

+ 𝑤𝐿 𝑡, 𝑣𝑑𝑑 ∙ 𝐼𝑃𝐷,𝑆 𝑣, 𝑣𝑑𝑑 + 𝑓𝐿,𝑆 𝑣, 𝑣𝑑𝑑; 𝑑/𝑑𝑡

+ 𝜕𝑖 𝑡, 𝑣𝑑𝑑  

[4] S. Grivet-Talocia, B. Gustavsen, “Passive Macromodeling - Theory and Applications," John Wiley & Sons, 2016.. 

14 
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Compact Multivariate Surface Approximations (i) 

15 

wH 

A 

M x N 

= 
, 

Collected TRAN/DC data casted  

into a rectangular matrix A 

TASK : Find an accurate & compact model that can be easily incorporated into SPICE   

{𝑣, 𝑡} 

𝑣𝑑𝑑  

• Basis function approximation and fitting techniques (e.g., Sigmoids or Gaussians, 

global or local polynomials) not always successful 

• Alternative solution is needed… 
 

𝑦 = 𝐺 𝑡, 𝑣𝑑𝑑  𝑦 = 𝐹 𝑣, 𝑣𝑑𝑑  
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Compact Multivariate Surface Approximations (ii) 

16 

Singular Value  Decomposition (SVD) [5]  

 

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

∑= diag{σ1 , σ2 , … , σR } σ1 > σ2 >… > σR  singular values 

R x R 

A  

𝑼2
𝑇  

M x N M x R 

R x N 

∑  

R = rank(A) ,  R ≤ min(M,N) 

 



C. Siviero et al., Compact Multivariate Surface Approximations for Power-aware I/O models, 10 May 2017, SPI2017, Baveno, Italy 

Compact Multivariate Surface Approximations (iii) 

17 

Singular Value  Decomposition (SVD) [5]  

 

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

R = rank(A) ,  R ≤ min(M,N) 

Truncation up to the K-th largest singular value    

 Addresses compactness & analytical description 

∑= diag{σ1 , σ2 , … , σK } 

K x K 

A    

𝑼2
𝑇  

∑  

M x N M x K 

K x N 

 
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SVD & Image Compression (i) 

18 

K x K 
 

𝑼2
𝑇  ∑ 

512 x 512 512 x K 

K x 512 

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

Image size compression occurs when CF<1  K ≤ 255  

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

512 x 512 
R = 512 

 
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SVD & Image Compression (ii) 

19 

K  = 5 
CF  2% 

K  = 20 
CF  8% 

K  = 50 
CF  20%  

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

20 

𝑦 = 𝐹 𝑣, 𝑣𝑑𝑑  

𝑣 

𝑣𝑑𝑑 

𝒀, samples @ 
𝑣, 𝑣𝑑𝑑 from 
SPICE and dc 
sweeps 

 

𝑼2
𝑇  𝜎𝑘  

IN DRV 

VDD_IO 

Truncation process : 

maximum compactness meeting target accuracy 

Static characterization  

Testbench 



C. Siviero et al., Compact Multivariate Surface Approximations for Power-aware I/O models, 10 May 2017, SPI2017, Baveno, Italy 

Static characterization and modeling (ii) 

21 

relative error < 1e-2 

𝑦 = 𝐹(𝑣, 𝑣𝑑𝑑) = 𝜎𝑖𝜑1,𝑖(𝑣)𝜑2,𝑖(𝑣𝑑𝑑)

𝐾

𝑖=1

 

• Tunable accuracy 

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

22 

relative error < 1e-2 

• Readily implemented in SPICE with voltage 
controlled sources or Verilog-A modules 

• High order generalization to the tensor case 
available [6] 𝜑1,3(𝑣) 

𝜑1,5(𝑣) 

𝜑2,3(𝑣𝑑𝑑) 𝜑2,5(𝑣𝑑𝑑) 

[6] T. G. Kolda and B. W. Bader, “Tensor Decompositions and Applications”, SIAM Review, Vol. 51, No. 3, 2009, pp. 455–500 

𝑦 = 𝐹(𝑣, 𝑣𝑑𝑑) = 𝜎𝑖𝜑1,𝑖(𝑣)𝜑2,𝑖(𝑣𝑑𝑑)

𝐾

𝑖=1
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  

 

Validation 

23 

 

   Reference (XTOR-level)  
    vs  IBIS v5.1  

    vs  MPILOG  

Supply-Current 

CLK/DATA Far-End Signals 

 

Supply-Noise 

CA-bus (10x CA I/Os  
and 1x CLK Driver) 
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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                    v(typ)  v(min) v(max) 
  0 
  25ps 
  … 
  1.21ns 
  1.22ns 

Process: TT 
VDD: TYP 
Temp: Typ 

Process: SS 
VDD: MIN 
Temp: Max 

Process: FF 
VDD: MAX 
Temp: Min 

1 [Model], 
3 PVT Corners 

For all IBIS table … 

IBIS v5.1: 

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

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

24 
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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                    v(typ)  v(min) v(max) 
  0 
  25ps 
  … 
  1.21ns 
  1.22ns 

Process: TT 
VDD: TYP 
Temp: Typ 

Process: SS 
VDD: MIN 
Temp: Max 

Process: FF 
VDD: MAX 
Temp: Min 

1 [Model], 
3 PVT Corners 

Process: TT 
VDD: TYP 
Temp: 25 

Process: TT 
VDD: MIN 
Temp: 25 

Process: TT 
VDD: MAX 
Temp: 25 

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

Accuracy @SI&PI 
(capture VDD-effects) 

For all IBIS table … 

IBIS v5.1: 

“enhanced” 
IBIS 

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

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

25 
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 

  

Validation 

 

   Reference (XTOR-level)  
    vs  IBIS v5.1  

    vs  MPILOG  

   vs   e-IBIS   

Supply-Current 

CLK/DATA Far-End Signals 

 

Supply-Noise 

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

26 
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Conclusions 

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

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

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

 

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

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

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

27 
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Q&A 

28 


