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Inphi Moves Big Data Faster

The Evolution, Pitfalls, and Cargo Cult Engineering of 

Advanced Digital Timing Sign-off
Christian Lütkemeyer, April 2021
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Welcome on Board!

▪

▪

▪

▪

▪

Buckle up and enjoy

the movie! ☺
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MOSFET Scaling and Disruptive MOSFET Device Innovation

MOSFET scaling

(process nodes)

•10 µm – 1971

•6 µm – 1974

•3 µm – 1977

• 1.5 µm – 1981

•1 µm – 1984

•800 nm – 1987

•600 nm – 1990

•350 nm – 1993

•250 nm – 1996

•180 nm – 1999

•130 nm – 2001

•90 nm – 2003

•65 nm – 2005

•45 nm – 2007

•32 nm – 2009

•22 nm – 2012

•14 nm – 2014

•10 nm – 2016

•7 nm – 2018

•5 nm – 2020

•Future3 nm – ~2022

■

■

■

■

■
15 years

50x

SSTA

https://en.wikipedia.org/wiki/List_of_semiconductor_scale_examples
https://en.wikipedia.org/wiki/10_%C2%B5m_process
https://en.wikipedia.org/wiki/6_%C2%B5m_process
https://en.wikipedia.org/wiki/3_%C2%B5m_process
https://en.wikipedia.org/wiki/1.5_%C2%B5m_process
https://en.wikipedia.org/wiki/1_%C2%B5m_process
https://en.wikipedia.org/wiki/800_nm_process
https://en.wikipedia.org/wiki/600_nm_process
https://en.wikipedia.org/wiki/350_nm_process
https://en.wikipedia.org/wiki/250_nm_process
https://en.wikipedia.org/wiki/180_nm_process
https://en.wikipedia.org/wiki/130_nm_process
https://en.wikipedia.org/wiki/90_nm_process
https://en.wikipedia.org/wiki/65_nm_process
https://en.wikipedia.org/wiki/45_nm_process
https://en.wikipedia.org/wiki/32_nm_process
https://en.wikipedia.org/wiki/22_nm_process
https://en.wikipedia.org/wiki/14_nm_process
https://en.wikipedia.org/wiki/10_nm_process
https://en.wikipedia.org/wiki/7_nm_process
https://en.wikipedia.org/wiki/5_nm_process
https://en.wikipedia.org/wiki/3_nm_process
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The Innovation Domains of Digital Timing Verification

Bottom: few $100k 1)

Top mask cost: few $k

1) Fixing tiny mistakes can be very expensive!
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Sources of Timing Variation in Digital Circuits

Process Operating voltage Operating temperatures

InterconnectLocal variation

Coupling (SI) Aging

Spatial variation

Simultaneous Switching

SS

FF

-10%, -10%

VDDnom,VDDMnom

+10%, +10%

0oC

125oC

+"3𝜎"

−"3𝜎"

−𝑥
P, V, T

+𝑦

Cworst

RCbest

RCworst

Cbest

5

3
𝐶

1

3
𝐶

1.1 𝜏

0.5 τ

uncorrelated 

layers,

correlated 

models  

1. 𝑥 𝜏

1.0 τ
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The Timing Variation Matrix
Variation parameter Range Scenario multiplier

Process SS, FF 2

Operating voltage corners [VDDlow, VDDhigh], [VDDMlow, VDDMhigh] 4

Operating temperature corners 0oC, 125oC 2

Interconnect corners Cworst, RCbest, RCworst, Cbest 4

Coupling 1

3
𝐶,

5

3
𝐶

Local variation −3𝜎,+3𝜎

Process gradients +/- 10%/10mm

Voltage gradients +/-x mV

Temperature gradients +/-10K

Interconnect variation (layer-to-layer) 0.9, 1.1

Multi-Input Switching 0.25, 1.1

Aging 1.0, 1.x

Modeling errors vs. SPICE -3%, 3%

Silicon to SPICE model gap -3%, 3%

ς = 64 scenarios
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A Simple 65nm OCV Signoff Margin Model (circa AD 2005)
Variation parameter Range Scenario multiplier

Process SS, FF (total corner models) 2

Operating voltage corners VDDlow, VDDhigh (no VDDM rail) 2

Operating temperature corners 0oC, 125oC 2

Interconnect corners Cworst, RCbest, RCworst, Cbest 4

Coupling 1

3
𝐶,

5

3
𝐶

Local variation −3𝜎,+3𝜎

Process gradients +/- 10%/10mm

Voltage gradients +/-x mV

Temperature gradients +/-10K

Interconnect variation (layer-to-layer) 0.9, 1.1

Multi-Input Switching 0.25, 1.1

Aging 1.0, 1.x

Modeling errors vs. SPICE -3%, 3%

Silicon to SPICE (S2S) model gap -3%, 3%

ς = 32 scenarios

• -/+10% flat OCV derate, independent of path length

• 100ps uncertainty margin

• This flow reduces pessimistic margin stacking by implicitly 

allowing for statistical cancelations between variation effects.
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Foundry 

manufacturing 

margin

Foundry 

manufacturing 

margin

The Saving Grace of Fixed Voltage Design in the Good Old OCV Days

▪

▪

pdf

total corner

model

manufacturing

Foundries leveraged their manufacturing margins to improve yield by tweaking process 

targets, or to create second source silicon for customers who owned their GDS.

SSFF

TT

delay
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SPICE Model Innovation
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CMOS SPICE Model Evolution and Methodology Changes for Digital 

Timing Verification

■

■

■

■

■

Planar MOSFET

FinFET
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Local Variation Emerges as a Major Concern in Digital Timing at 65nm 

pdf

Total corner

model

Global corner 

SS

TT

VthFFG SSG
FF
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Total Corner SPICE Model Pessimism

Corner model:

∆𝑉𝑇,𝜎𝑔𝑙𝑜𝑏𝑎𝑙

∆𝑉𝑇,𝜎𝑙𝑜𝑐𝑎𝑙

∆𝑉𝑇,𝜎𝑔𝑙𝑜𝑏𝑎𝑙

∆𝑉𝑇,𝜎𝑙𝑜𝑐𝑎𝑙

Total corner pessimism

1) The statistical distributions for total corner

models can be measured directly.

2) Global corner parameters require the statistical subtraction of

local variation.

∆𝑉𝑇,𝜎𝑡𝑜𝑡𝑎𝑙
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Modeling of Local Variation on Digital Timing Paths

▪

▪

▪

▪

𝜏1, 𝜎1 𝜏2, 𝜎2 𝜏3, 𝜎3

𝜏4, 𝜎4

𝜏5, 𝜎5

𝜏6, 𝜎6

pdf

𝜏𝑖

3𝜎𝑖

delay

Statistical 

averaging
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Evolution of Total Corner SPICE Model Optimism and Pessimism

Long path

total corner 

pessimism

Short path local variation risk

Global corner library modeling reduces total corner long path pessimism in STA. It also provides the 

correct center point for local variation margins to model timing at the global manufacturing corners. 

total corners
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Evolution in Local Variation Models
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The Dawn of Statistical STA at 65nm 

▪

▪

▪

▪

▪

▪
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Innovation in Sign-Off Margin Modeling for Local Variation 

=> LVFFlat derate Derate =f(path length, spatial spread)

IMHO “poor man’s” statistical model
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AOCV, POCV, and Liberty Variation Format (LVF)

▪

▪

▪

pdf

𝜏

3𝜎𝑙𝑎𝑡𝑒

delay

3𝜎𝑒𝑎𝑟𝑙𝑦
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Why was it important to innovate to absolute variation data in LVF?

Derating as a margin mechanism has a hole! 

▪

▪

▪

In Out

time

Wire with large RC delay
tr

ip

p
o

in
t

p
d

f

1) This is the reason why derating of constraints is not a reliable

margin mechanism. Constraints are differences between longer paths. Margin needs to cover uncorrelated variation on the sum of the paths.

In

Out

[V]
variation 

hotspot
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Slew Dependence of Constraint Variation, Tau 2014

▪

▪

▪

1) Christian Lütkemeyer and Praveen Ghanta (Broadcom): “Modeling slew dependent constraint arc variation in Static Timing Analysis”. Tau Workshop 2014.

Hold time met?

variation 

hotspot

State of the art:

𝝉𝒉𝒐𝒍𝒅 = 𝒇(𝒕𝒓,𝑪𝑲, 𝒕𝒓𝒇,𝑫)
D

CK

Not modeled at that time:

𝝈𝒉𝒐𝒍𝒅 = 𝒇(𝒕𝒓,𝑪𝑲, 𝒕𝒓𝒇,𝑫)𝑡𝑟,𝐶𝐾

𝑡𝑟𝑓,𝐷
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The Abstraction Layer Error Pile in Digital Circuit Timing Verification

SPICE model

.lib model

STA timing

results

SPICE to .lib model errors (simplified model of non-linear input capacitance, 

discretization of loads, slews and CCS output current waveforms).

STA Tool

Sign-off 

recipe 

The Foundry provides most components for a sign-off recipe, but there are 

significant holes (MIS, layer-to-layer interconnect variation).

Different STA tools will almost never produce the same slack values. (Assumed 

input waveform shapes, interpolation in load/slew tables and CCS waveforms, SI 

modeling, Advanced Waveform Processing). It is important to be able to 

distinguish significant differences from analysis noise!

All slacks ≥0.0? ☺. Path with slack ≤0.0? . It is not that simple. 

We can pass all timing checks and have non-robust silicon.

Silicon to SPICE model error. The FinFET SPICE Models have ~50 parameters. Making an accurate 

model with this complexity from silicon measurements is a challenge! 

And the process may shift vs. the early models if you are designing at the bleeding edge!

Early 

adopter risk

SPEF

Interconnect
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Resolution, Accuracy, and Pessimism in STA

▪

▪

▪

1) difference between latest arrival, and latest arrival

that meets timing for a timing check.

pdf
A B

A<B? 90%
C

A<C? 100%

victim receives SI penalty when its transition falls into the early-late aggressor window

aggressorearly late

time

switches here?
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STA Modeling Error Characteristics

▪

▪
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Additional Important Verification Aspects

▪

▪

▪
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A Story About Strained Silicon and Cargo Cult Engineering
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The Story About Cargo Cult Science from WWII
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Strain Engineering and Proximity Error (40nm Node)

▪

▪

▪

▪

INV CKINV
S
tr

a
in

 d
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fi

n
in
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n

d
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p

perimeter DUT

NMOS PMOS
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Clock Insertion Delay Balancing

▪

▪

…

20ps / CKINV

DLY250

2ns

Cargo cult 

innovation CKDLY250

S
tr

a
in

 

d
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d
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n
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Suddenly, “CKDLY” cells appeared in an in-house 40nm library update. 

I stumbled on them by accident when I reviewed a path report for sign-off waiver questions.
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Schematic View: INV vs. DLY

■

■

■

■

■

I ZI ZN

Red + 4 wheels!

But do they match?
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The Cargo Cult Story Behind the “CKDLY” Cells

▪

▪

▪

▪ What the library team gives, the sign-off team had to take away! 

We must follow robust design principles! 

“Only the paranoid survive!”1)

1) Guiding principle of Andy Grove, 3rd employee (COO) 

at Intel, later CEO.
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The Multi-Input Switching Modeling Hole
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Multi-Input Switching

A1

ZN

A2

A3

A4

A1

A2

A3

A4

C

For N falling inputs:

𝜏~
𝐶 ∙ 𝑉𝐷𝐷/2

𝐼𝑠𝑎𝑡
~
1

𝑁

A1

A2, A3, A4

ZN

tMIS significant speed-up => hold risk

2

2

34
1

# inputs falling: N MIS derate: Rrise

1 1

2 1/2

3 1/3

4 1/4

The faster Multi-Input Switching events (#2 to #4) 

are not captured in the Liberty model of the library. 

UNMODELED HOLD RISK!

1) The “Mystery Bag & Blindfold Set is a good learning tool for the 

Montessori classroom. When we make $10M mask sets, mysteries should be avoided.

1)

Unmodeled 

hold risk
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Multi-bit FF

Example of a Potential MIS Failure Scenario 

▪

▪

▪

▪

&

“slow NAND4”

delay (SPICE):

SIS: 90.5ps

MIS: 29.6ps

clk

STA: Hold time
met!

Silicon: Violation! 
(-61ps)

How do we know this circuit does 

not exist in our 100M+ gate design?

4-bit counter wrap-around (1’b1111 to 1’b0000). Zero detect fires early.
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History of Multi-Input Switching Margining (My View)

▪

▪

▪

▪

1) Christian Lütkemeyer (Broadcom): “A practical model to reduce margin pessimism for Multi-Input Switching in Static Timing Analysis”. 

Tau Workshop 2015. http://www.tauworkshop.com/2015/slides/Lutkemeyer_TAU15_PPT.pdf

2) The holes in Swiss cheese are vanishing as they were created

by tiny hay particles in the milk collection buckets.

http://www.tauworkshop.com/2015/slides/Lutkemeyer_TAU15_PPT.pdf
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NAND4 x

NOR4+

NAND3 x

NOR3+

Example of Multi-Input Switching Derating Data

▪

▪
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MIS Fixing Cost Example from M200

▪

▪

▪

▪

▪

▪
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Interconnect Modeling and Pitfalls
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Fully Correlated Interconnect Modeling Corners

Wire cross section bias

Inter layer dielectric thickness bias

3σC

Cworst

RCbestCbest

RCworst

σM

ti,nom

σc

3σM

tnom

wnom

ti,nom

σc

RCbest_T

Cworst_TRCworst_T

Cbest_T

For setup modeling, *_T 

corners are 1.5 sigma 

models that reduce 

interconnect pessimism. In 

older technologies, 

designers would combine 

SS total corner models with 

3 sigma interconnect.

The interconnect corner 

models suffer from the 

unrealistic assumption that 

the variations on all layers 

point in the same 

direction.1)

1) CMP is a force vector that will create a thinner layer if the previous

layer was thicker => reverse correlation is more likely.

Ctyp
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Complexity of Interconnect Modeling

▪

▪

▪

σMw

ti,nom

σc

tnom

wnom

σMt
Rvia
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A Clock Balancing Example Over Different Metal Layers

clk

Launch path
Cycle n
(early)

Metal9/10

-||- ↓

Capture path
Cycle n
(late) Metal11/12

-||- ↑ 

Hold time

met?

 Data arrives 

before clock. 

1) Fully correlated interconnect models are pessimistic when metal loads are matched against gate loads. If the model is accurate!

• When clock branches 

are balanced over 

different metal layers 

the layer-to-layer 

variation can cause hold 

failures that are not 

revealed by analysis 

with fully correlated 

models.1)
Unexposed

hold risk
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Interconnect Ring Oscillator (ITCRO)

orun n13n0 n3 n6 n9

sl[0]

not(sl[0])

sl[1]

not(sl[1])

sl[0]

not(sl[32])

sl[1]

not(sl[33])

weak inverter

test load 0

• Capacitance change => change 

in period.

• From period changes vs. 

“unloaded” cases we can 

calculate capacitance ratios with 

~1% accuracy.

Tau Workshop 2016: Layer-to-layer interconnect variation is a significant but unmodeled source of hold time optimism in conventional BEOL corner models

Christian Lutkemeyer, Ali Anvar, Broadcom; http://www.tauworkshop.com/2016/slides/1_TAU_2016_Christian_LTLIV_SBUS-ETP101-Rshort.pdf

test load 1

http://www.tauworkshop.com/2016/slides/1_TAU_2016_Christian_LTLIV_SBUS-ETP101-Rshort.pdf
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16FF+ Data: Interconnect Capacitance Ratio-of-Ratios

M2

M4

1) If the foundry manufactured typical metal, and the extraction 

models were correct, we expect ratio_of_ratios=1.0 (-------)

1)

+50%

+35%
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7nm Data: Interconnect Capacitance Ratio-of-Ratios

M2 and M3 show significantly increased “2w” capacitances. The “gray” box extraction may still be off.

Set A Set B

2
0
%
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The Sensitivity SPEF (Standard Parasitic Exchange Format) in

IEEE Standard 1481-2009

▪

▪

▪

▪

▪

▪

1) Christian Lütkemeyer and Ali Anvar (Broadcom): “Layer-to-layer interconnect variation is a significant but unmodeled source of hold time 

optimism in conventional BEOL corner models”, 

http://www.tauworkshop.com/2016/slides/1_TAU_2016_Christian_LTLIV_SBUS-ETP101-Rshort.pdf

SSPEF RIP

http://www.tauworkshop.com/2016/slides/1_TAU_2016_Christian_LTLIV_SBUS-ETP101-Rshort.pdf
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Capacitance Scaling to Cover Interconnect Layer-to-Layer 

Variation

Corner Scale early Scale late

Cworst (C↑) 0.8 1.0

Rcbest (C↑) 0.8 1.0

RCworst (C↓) 1.0 1.2

Cbest (C↓) 1.0 1.2

Cap-scaling
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Chip Power Integrity 

Modeling



49© 2021 Inphi Corporation. All rights reserved.

The Complexities of the Chip Power Delivery System

100s of balls 1000s of bumps 100sM of cells,
deterministic

+ random
switching

What is the worst-case voltage on any critical path 

over the lifetime of many chips?

Vin
+

Regulator

Board Package Chipfs ~ MHz

fc ~ 100 MHz to GHz

L     R500uF 1uF
.47uH

12V 0.75V iVDD

vdd(t)
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The Power Integrity Modeling Complexity Challenge

▪

▪

▪

▪

▪

1) https://resources.pcb.cadence.com/blog/2019-how-does-spice-simulation-work

https://resources.pcb.cadence.com/blog/2019-how-does-spice-simulation-work
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A Cargo Cult Engineering Example from the “Flat Earth” 
Power Integrity World

■

■

VDD

i o

Cload

iVDD
iVDD

i o

Cload/2

Cload/2

Electromigration Chip Level Power Integrity
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CMOS Demand Current Characterization with Lumped-VSS Load

▪ iVDD

▪

▪

▪

t

v(o)

iVDD

VSS

VDD

i o

Cload

iVDD
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Power Integrity Cargo Cult Engineering Example: 

Minimizing peak current via opposite-phase clock tree.

▪
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A Lot of Work to Fix a Non-Existent Problem

i o

Cload

iVDD

t

v(o)

iVDD

VSS

i o

Cload/2

iVDD

t

v(o)

iVDD

VSS

Cload/2

CMOS layout 

symmetry

VSScratio=1.0 VSScratio=0.5

“o” can couple to:

Well(VDD) | Substrate(VSS),

Power nets VDD | VSS,

Victim nets @ VDD | VSS

The imbalance is just 

a modeling artifact!1)

1) Shielding clock wires with VSS-only can create this imbalance.

It is better to use VDD | VSS shields!
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Supply Resistance of a Switching CMOS Inverter 

▪

▪

▪

VDD

i o

C

iVDD

t

v(o)

iVDD

VSS

iVDD,avg
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EDA Solution to Handle Power Integrity for 100M+ Instances:

Clobber Resistive CMOS Logic Into Current Sources

RCMOS

ICMOS

VDD ICS

VDD

Current source modeling eliminates the need to iterate to find  𝑣𝑑𝑑 𝑡 = σ 𝑖(𝑡) ∙ 𝑍



57© 2021 Inphi Corporation. All rights reserved.

DSP2  DSP1   

Experiment to Show the Beneficial Damping of Switching Logic on a 

Single Supply Plane in a CMOS SOC With Load Steps

DSP1

0.1Ω

DSP2

0.5Ω
vdd(t)CMIM

IDSP1
IDSP2

IPKG

IMIM

CMIM

IDSP1
IDSP2

IPKG

IMIM

Resistive Model Current Source Model

VDDboard=0.6V, Lpkg=0.1nH, Rpkg=0.25mΩ, 

C=60nF 1)

6A 1.2A

steps

vdd_cs(t)

1) Parameters chosen to highlight the CS-problem.
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Load Step Response
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State of the Art in Commercial SOC Power Integrity Modeling Tools

▪

▪

▪

▪
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Example of SOC Power Integrity

Each data point represents the probability that the voltage will be 
below (◄) or above (►) VDDeff, measured over 60s of operation.

x1

x2
x3
x4
x5
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A 7nm LVF Signoff Flow
Variation parameter Range Scenario multiplier

Process SSG, FFG (global corner models) 2

Operating voltage corners [VDDlow, VDDhigh], [VDDMlow, VDDMhigh] 4

Operating temperature corners 0oC, 125oC 2

Interconnect corners Cworst, RCbest, RCworst, Cbest (1.5 𝜎 for setup) 4

Coupling 1

3
𝐶,

5

3
𝐶

Local variation −3𝜎,+3𝜎

Process gradients +/- 10%/10mm

Voltage gradients +/-x mV

Temperature gradients +/-10K

Interconnect variation (layer-to-layer) 0.9, 1.1

Multi-Input Switching 0.25, 1.1

Aging 1.0, 1.x

Modeling errors vs. SPICE -3%, 3%

Silicon to SPICE model gap -3%, 3%

ς = 64 scenarios

Capacitance scaling

MIS derating

Derating or voltage scaling with 

differential early/late voltage

Waiting for accurate statistical aging support.

Additional derating

and 

uncertainty

Up to 500 

scenarios?

Diagonal of bBox derate

LVF variation model
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Holistic Optimization of Implementation and Sign-Off

▪

▪

▪

▪

Robust implementation

Robust timing sign-off
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Closing the Loop Over Sign-Off, Implementation, and Silicon

Robust 

design style

Robust 

timing sign-off

Interconnect Capacitance RatiosSilicon Measurements in Products

Efficient 

design 

process

Dynamic Performance

Supply Noise

x2

x3

x4

x5

x1

learn
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Summary

▪

▪

▪

▪

▪

▪

▪

▪

Reasonable margins can safe your good-nights sleep!

And your job!
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Thank You for flying 

with us today! 

As we chip away the margins

in our chips

it is good to remember:

“Only when the tide goes out 

do you discover who’s

swimming naked.”

Warren Buffet


