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Overview

2 Statistical Compact Modeling and use model

2 Method is available as GUI based MunEDA WiCkeD App “Statistical Fit”
2 Data normalization for fitting

2 Excluding mismatch effects by calculation from PCM measurements

2 Helpful input data consistency checks

2 Validation of results
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Task and implementation idea

Target User Group
2 CAD Modeling & Characterization engineers

Task

2 Improve consistency of statistical spice models according to variations
and correlations in order to ...

72 Improve the variation of analog device behavior in statistical (Monte
Carlo) simulations

Implementation idea
7 Introducing correlations with statistical spice model card parameters
72 The standard deviation is taken from PCM specification

2 The correlations between PCMs can be extracted from PCM
measurements
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General use model
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Relation between model parameters and PCM re-simulation

4 )
MODEL PARAMETERS
tox, vthoO, u0, ...
\__ J
SPICE simulation Characterization

PROCESS CONTROL MONITORING (PCM)
lon, loff, Vth_lin, Vth_sat, ...
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Correlations between model parameters (vthO, u0, tox, ...)
are necessary to reproduce correct variance and correlation
In process MC for analog circuits
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Why is the correlation between PCMs so important for analog design?

2 Common source single stage amplifier
7 Low frequency gain: A =G, R,
2 There is strong negative correlation between I

G,,and R, ~ON =
GM VTH

.—I—‘—l—“_l_‘ 1
s/ B HREN]. - =
5T H B

ErErEREN
2 The MC model must reproduce this correlation in order to
correctly simulate the variance of the gain
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Typical problem with modeling of the correlation of PCMs

2 Three typical model parameters for process MC:
— tox — oxide thickness lgs ¥ UO/tOX-(V g-VthO-V/2)
— U0 — mobility @ >
— vthO — threshold voltage GM ~ u0/tox | | VTH_LIN = vthO

A Consider two PCMs from the same device: ),
— GM — maximum gm

— VTH_LIN — extrapolated Vth

A The variance of Gm:
— ~ 60% dependence on u0
— ~ 40% dependence on tox

2 The variance of VTH_LIN:
— ~ 100% dependence on vth0

tox, uO and vthO must be correlated to see a
correlation of GM and VTH_LIN in simulation
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Linear dependence of PCM variation on Model parameter variations

2 Assumption of a linear dependency between PCM and model parameters

AP =S- AM
2 AP —variation of PCM

2 S —sensitivity of PCMs w.r.t. model parameters M (by simulation)
2 AM - variation of model parameters

cov(P)=S-cov(M)-ST

7 Least-Squares fit:
miny ||cov(P) - S - X - ST||?
\ ' 4
0 simulated
measured
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Covariance matrix of PCM

2 The variances of target PCMs are defined by specification:
— o(P) are defined from technology , e.g. (USL-LSL)/9

2 The correlation of PCMs are measured by the FAB:
— corr(P) are calculated from wafer

72 Covariance matrix of PCM are constructed from variances
and correlations of PCMs:

cov(P) = o(P) - corr(P) - o(P)

2018 © Copyright by MunEDA GmbH - All rights reserved - www.muneda.com 10



http://www.muneda.com/

Mun(S»J-:\ Empowering Innovation

Capacitor example

2 E.g. two different types of capacitors:
— Modelled with two parameters and one correlation factor

* toxn
} cc_toxn_toxp
« toxp — —

Correlation matrix of PCM measurements Simulation by Monte-Carlo

C_GOX_CNGOP g . o
0.82 C_GOX _CPGOP G . o
_CPGD  0D.8475 . g .

o T_GOx
_CHNGOD -0.9994 -0.6474
T_GOX
-0.83 1 0.83 T_GOX_CPGOP ] ﬁCPGD —l] -3455 _D-HHHE l]-ﬂ‘q'E‘q'

cc(T_GOX_CPGOP,C_GOX_CNGOP)=-0.83 cc(T_GOX_CPGOP,C_GOX_CNGOP)=-0.85

1

C_GOX_C_GOx_T_GOX_ T_GQuH_
08 CHGOF CPGOP CHGOP CPGOP

0.6

-

4 -0.82 T GOX_CNGOP

-
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MunEDA WiCkeD App “Statistical Fit”

2 GUI tool to create Statistical Models considering PCM correlations for
analog transistor behavior that reproduce long-term process variation
2 MunEDA WiCkeD is applied to the PCM netlists
— Simulation setup with initial variation model of spice models
— Selection of statistical model card parameters to consider
2 Additional inputs of “Statistical Fit”
— PCM measurements (data sets) for correlations target

— PCM specification to determine the standard deviation of the statistical model
card parameters as well

7 Results of “Statistical Fit”
— Set of model parameter sigmas (global MC parameters) and
— correlations between them
2 Benefit: More realistic sigmas / correlations of MC parameters
— Safer verification
— Less pessimism in design - better utilization of process technology
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Screenshot of the WiCkeD App “Statistical Fit”

Start Analysis (Mode 2) <1=>

Se|eCti_0n of file PCM targets file {PCM LSL TARGET USL [WWEIGHT])
with target

sigmas

JPCM_targets.dat Browwse
— Method

o Full Carrelation katri=

Selection of » Uncorrelated Model Parameters
Uncorrelated Model Parameters ignore PCM correlation
strategy g

Block Carrelation Structure

—
~— Use PCHM Samples or Correlation file

Selection of PCM
data file or >, * Samples file #PCM_samples.csy Browse

Correlation file

Carrelation file

(

name to
measurement

I\/Iapping PCM PCHM to performance mapping (PCHM "performance name")
{ ® Use mapping file PCR_to_sim.dat Browse

Cancel Execuie
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Nonlinear PCMs with respect to the statistical model parameters

2 Assumption of a linear dependency between PCM and model parameters

AP =S AM
AP variation of PCM
S sensitivity of PCMs w.r.t. model parameters M (by simulation)

AM variation of model parameters

2 Sample PCMs are not linear; transform them to alternative:
— COX — measurements of capacitance = TOX — oxide thickness
— RON — measurements of on-resistance = GON — on-conductance
— ILEAK — leakage current = log(ILEAK) — logarithm of ILEAK

7 In order to include second order nonlinearities into the dependence of
PCMs on parameter variation, consider, “quadratic BPV” *

* |. Stevanovic, C.C.McAndrew, ,Quadratic Backward Propagation of Variance for
Nonlinear Statistical Circuit Modeling“, IEEE on CAD, V.28,No.9, 2009
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Sample structure of correlation matrix of PCMs (Measurement)

Typical correlation matrix of PCMs (Long-term data — 3 years of meas)

2 DEVICES CAP BIPOLAR LV MOSFET HV MOSFET
A CAPACITOR < {8 sy mmG
— Different types a4 0.8
2 BIPOLAR S R Eame
8 o mmEE o
— NPN = [== EEEEEESS
— PNP m mmmmmnss | | O°
— | = EmEmEE- -
2 Low Voltage MOSFET W | &= EEEEEs 02
: L | 58 EmmmE-
— NMOS (diff geom) 8 | EE EE==EE L 0
— PMOS (diff geom) = | popS e NIEEEDE e —
- 0.2
# High Voltage MOSFET 2 - - i o
— NMOS (diff geom) . 'E . F 0
— PMOS (diff geom) LUl Emmm 0.6
LL & am N EEN- EEEEN
(@))] =I H EEETEEEEE
3 { £ EE s
=15 B AN EaEES
> 3 - |
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Strategies for Statistical Compact Modeling

Method Matrix of PCMs Matrix of Model Parameters

Mathematical approach E ||| Full covariance
Full Correlation Matrix | Without physical EFull :
distinguishes of model . ;
Covariance 4
parameters i
Pay attention on ' i **1.| | Only diagonal
correlation of PCMs, but | Fu : || elements
ncorrel M ’ : :
g co etated odel produce uncorrelated Covariance |
arameters model parameters matrix
i
Unknown correlation Only diagonal
Uncorrelated Model between PCMs, Only elements
Parameters ignore preliminary estimation of | diagonal
PCM correlation model parameters’ elements
sigmas
) Known correlation Block-wise
Block Correlation structure of model Full model
Structure parameters, take into Covariance parameters
account correlation
between PCMs
Know correlation Arbitrary
Arbitrary Correlation Zt;?;rt#étee?; ”ga‘tjﬁ'ot biock | FUl SITEEIE
. ' Covariance
Structure wise
Tl
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Normalization for least square fit

72 PCMs have different orders of magnitude (kQ, PA, ...).
Normalization needed to avoid large values dominating.

2 PCMs have different relative variation o/p.
Normalization needed to reduce weights of PCMs with o/|u| <1

%4_ 1

0.1+%4 _‘,u‘—ka

Normalization factor for every PCM:

— i.e. instead of minimizing the difference in 62,
we minimize the difference in o 2/(|u|+0) 2.

miny || N - (cov(P)-S-X-ST)-N|[? with N =diag( 1/(|u|+0) )
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Weight comparison of three example PCM

|
L =0.16 — PCM with smaller o/p
0 H+o are weighted less
1
~i u+o =9 — Works for p=0
2 v
- — Works for 0=0
" L o025
o | u|+o
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Removing of mismatch effects from the target PCM covariance matrix

2 The PCM measurements contain both process and mismatch effects.
But, the correlation shall be just generated for the process variation

72 Mismatch can be removed via the covariance matrix
cov(P, process) = cov(P, measured) — cov(P, mismatch)

72 The mismatch covariance matrix is determined assuming a linear
dependency between PCM and mismatch parameters

AP=S__ - AMM

AP variation of PCMs
Sim sensitivity of PCMs w.r.t. mismatch parameters (simulation)
AMM variation of mismatch spice model parameters

using

cov(P,mismatch) =S - cov(mm) - S .7
2 cov(mm) is the covariance matrix of the mismatch model card parameters

that are mm ~ N(0,1?) distributed.
So, cov(mm) is typically an identity matrix.
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Input data consistency checks and improved data cleaning

1. Detection of PCMs with a low/no sensitivity towards the process parameters
— There is no process parameter that can be used to model the variation of that

PCMs
— Case can be detected in the sensitivity matrix Pl s
as (close to) zero row(s) M

=» User to add the missing process parameters
=» To continue, those PCMs are excluded from further calculations

2. Detection of process parameters with a low/no sensitivity towards the PCMs

— Without a sensitivity to PCMs, the statistics of those process parameters cannot
be determined

— Case can be detected in the sensitivity matrix Pl S
as (close to) zero column(s) M

=>» User to pick the correct process parameter set
=>» To continue, such process parameters are excluded from further calculations
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Input data consistency checks and improved data cleaning

3. Detection of PCMs nominal simulation outside of the PCM specification
— The nominal PCM simulation does not fit to the PCM targets
— Can be detected comparing the PCM

Sim PCM 4.50

nominal simulation with the PCM targets fl SPECS
=>» Adjust the nominal simulation in the spice models Nominal
=2 To continue_, those PCMs are excluded from PCM 2 simulation
the calculations SPCM 1
4. Detection of PCM measurement median outside
f the PCM Ification
of the PC spec catio Meas PCM 4 50
— The PCM median of the measurements A specs
does not fit to the PCM specification
— Can be detected comparing the median PCM 2 Data set
with the PCM targets median
=> Verify that the preprocessing steps of the >PCM 1

PCM measurements are correct
=>» Correct the PCM targets and specifications

© Copyright by MunEDA GmbH - All rights reserved - www.muneda.com 21
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Input data consistency checks and improved data cleaning

5. Removing outliers from PCM measurements
— Values outside of median £5.50 are considered as outliers

— PCM data sets have many missing values
« Do not remove complete data sets =» would reduce the number of data sets significantly

* Instead mark outliers as missing value
=>» Simplifies preprocessing of PCM measurement data

6. After determining the new statistics:
identify almost not varying process model parameters

— The calculated standard deviation of the process parameter will be very small
=» Those model card parameter do not need to be varied in the spice models

2018 © Copyright by MunEDA GmbH - All rights reserved - www.muneda.com 22



http://www.muneda.com/

Mun(S»J-:\ Empowering Innovation
Monte Carlo based validation of determined statistics

2 Allows comparisons of new model statistics to target and original
statistics
2 Three PCM covariance matrixes to compare
— PCM target covariance
— Covariance based on newly created statistics (result of Monte Carlo analysis)
— Covariance based on original spice models (result of Monte Carlo analysis)

newly
created
statistics

Newly created statistics Target

72 New result displays

— Correlation matrix
* multi-column/row sort
* rearranging columns/rows manually

— Delta in correlation matrix
— Comparison of standard deviation

2018 © Copyright by MunEDA GmbH - All rights reserved - www.muneda.com 23
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Comparison of the standard deviations

2 NMOS and PMOS PCMs of an IC technology
2 Standard deviation is matched very well

e WiCkeD'- Statistical Fit (Node 11) <1>
%g Eile Analysis OCplions Help
PCM sigma values = PCM sigma ranges = PCM correlations
' PCM PCM
PCM sigma sigma
target | simulated new

Vi_N_10/4_gm/S 2z.22m 21.53m
G_N_10/4_gm/5 5.556u 5.635u
Vi N_10/4_250n/0.1 2z2.22m 2z.2ém

Vi _N_10/4_25n/5 22.22m 2z.2m
Yi_N_10/4_250n/5 22.22m 22.35m
Dibl_N_10/4_5 1.333m 114.9u

Slope_N_10/4_5 zm 378u

Ron_N_10/4_5¢10u 55.56 5.426
Isat_N_10/4_5/5 44 44u 44 45y
Vt_P_10/3_gm/5 258.69m 21.54m

G_P_10/3_gm/S 6.667u 6.02u
Yt _P_10/3_133n/0.1 28.89m 2z41m
Vi P_10/3_13.3n/5 28.69m 22.56m
Yt _P_10/3_133n/5 22.2z2m 22.49m

Dibl_P_10/3_5 1.778m 1.78m

Slope_P_10/3_5 1.556m B62.5u

Ron_P_10/3_5/10u 1333 31.82

Isat_P_10/3_5/5 11.11u 28.33u

Spectre model file written to —
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Target PCM correlations

2 NMOS and PMOS PCMs of an IC technology

T LEE
e :
o5 g Eile  Analysis Help
PCh sigma values = PCM sigma ranges =~ PCM correlations
Target PCM correlation (TARGET) —_
VEN | Isat | GN_|Ron_ vtP|isat GP_ Ron_| Vil iwte VEPIVRE viw vin sop siop | Dbl | Dbl
PCM o| 107 | N1 | 104 [N 10| 107 | P (108 | P10 | 250 | 107 | 5500 |5 | 107 | 90/ e P |e N | P1| N1
425 04_ | gmi 45 313 03 gmi 35 o 3gm| o Sz dgm | 425 103 | 104 | 03 | 0/4_
oni5 | 515 5 | fldu | 3n/5 | 565 5 | fou 1 I 1 "5 5 ns | 5 | 5 5 5
Relevant vt N_10/4_250n/5 || +1.00 076 -024 +054 -036 +055 41000 -028 -036 -0.33 4089 +{00 -041 +079 -018 +0.13
Isat_N_10/4_5/5 +0.33 +043 +0.36 +044 +0.41 +0.55 +022 -015
NMOS PCMs G_N_10/4_gm/5 : +0.33 +0.43 +0.31 +040 +0.37 +022 -017
Ron_N_10/4_5/10u | +0.76 4+100) - 6 + +080 -038 -046 -042 +073 +080 =057 +063 -021 +0.11
Rel VIP_10/3_133n/5 | -0.24 +0.33 +0.33 -0.35 [F+1.00 +0.09 -0.35 -0.35 -0.19 +0.01 -0.03
elevant lsat_ P_10/3_5/5 | +0.54 [EONEINSOBEN +0.76 +1.00 -0.38 +0.97 |+054 +0.53 [BOBEN 042 -013 +006
PMOS PCMs G_P_10/3_gm/5 | -036 +043 +043 -043]+009 -038 +1.00 -044 §-035 -0.35 +052 -024 +023 +0.04
Ron_P_10/3_5/10u | +0.55 +0.78 +097  -044 +1.00]+054 53 +0.54 +041 -013 +0.03
Vi N_10/4_250n/0.1 | +1.00 +080 -0.35 +0.54 -035 +054 +100 -028 -036 -033 +089 +100 -041 +078 -018 +0.19
VI_P_10/3_gm/5 | -0.28 +0.36 +0.31 -0.38 +085 -018 B -0.28 0.95 -0.27 +037 -015 -003 -005
VL P_10/3_133n/0.1 | -0.36 +044 +040 -046 +1.00 +0.11 -0.36 -0.36 +046 -020 +007 -003
Further VELP_10/3_13.3n/5 | -0.33 +041 +037 -042 +1.00 +0.06 (=085 -0.33 -0.33 +041 -018 +0.00 -0.03
Vi N_10/4_gm/5 | +0.89 +0.73 -0.23 +0.53 -034 +0.53  +093 00 4099 -041 +079 -018 +0.14
NMOS/PMOS Wt N_10/4_25n/5 | «1.00 +060 -035 +053 -035 +054 +1.00 I +100 -041 +076 -018 +0.14
PCMSs Slope_P_10/3_5 | -041 +055 +0.51 (=067 +0.46 [SOBEY +0.52 JS06EN -041 041 1000 030 +0.07 -002
Slope_N_10/4_5 | +0.79 |BESERIEENEN 069 -019 +042 -024 +041 +0.78 +0.76 -030 #1000 -017 -0.01
Dibl_P_10/3_5 -018 +022 +022 -021 +001 -013 +023 -0.13 -0.18 -018 +0.07 -017 %166 -003
Dibl_N_10/4_5 +013 -015 -017 +011 -003 +0.06 +0.04 +0.03 +0.19 +014 -0.02 -001 -0.03 P00
Spectre model file written to ‘spectre_statistics.scs.
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Comparing the newly created model statistics with the target

2 NMOS and PMOS PCMs of an newly Taret
IC technolo created k
gy statistics
) WiCkeD - '
H ?:! Eile Analysis Help
A Correlations e
PCM sigma values PCM sigma ranges PCM correlations
I“atCh Very Difference bhetween NEW and TARGET ot
We” VEN | isat | GN_ Ron_ vtP | sat G P Ron_ | iMiwte VIRV wtwvin siop | siop | Dbl | Dbl
Bty o| 100 [ Nt | q0es (1o | 9oz [ P 10 | Rao | X | o S0 (S| q0r | 0r (e P |eN | P1| N1
325 0M_ | gw | M5 313 |0A_ | _gw |5 | &5 |dam | S0 | P2 dgm | 325 | 1043 | 104 | 055 | 0
ons | &5 |75 |nou |ans | ss |5 [ Aou | ™ 5 o [ 5 n5| 5| 5 | 5 5
VI_N_10/4_250n/5 [+0.00 -0.00 -0.00 +0.01| -0.05 -0.02 -0.01 +0.01 +0.00 +0.03 +006 +0.08 -0.02 -000 -013 -021 -0.00 -0.02
Relevant lsat N_10/4_5/5 |-0.00 -0.00 -000 -000f +0.04 +0.02 -000 -001 +0.00 -011 -006 -008 +002 +0.01 +0.04 +017 +0.00 -0.00
NMOS PCMs G_N_10/4_gm/5 |-000 -0.00 -000 -000f+0.02 +002 -000 -0.01 +0.01 -0.08 -0.04 -006 -0.00 +0.02 +0.07 +018 +0.00 -0.00
Ron_N_10/4_510u |+0.01 -000 -0.00 -0.00) -003 002 +001 +000 -0.03 +012 +006 +008 -0.01 -0.04 +005 -011 +0.00 +0.01
Yt P_10/3_133n/5 | -005 +0.04 +0.02 -0.03| -0.00 +000 -0.01 -0.00f +0.06 -0.01 -0.00 -0.00 -005 +006 -0.24 -0.06 +0.00 -0.00
Relevant Isat P_10/3_5/5 | -0.02 +0.02 +0.02 -0.02] +0.00 +0.00 -0.03 -0.00f -0.02 +0.08 +0.00 -0.01 -0.06 -0.04 +0.32 +012 -0.01 -0.05
PMOS PCMSs G_P_10/3_gm/5 |-0.01 -000 -000 +001] -001 -003 +0.00 +0.02] -0.01 -0.04 -001 +0.02 +0.06 +003 -051 -0.36 -0.00 -0.02
Ron_P_10/3_5/0u |+0.01 -001 -0.01 +000f -0.00 -0.00 +002 +000] +0.01 +007 -0.01 -0.01 -002 -0.00 +027 +011 +0.00 +0.03
Vit N_10/4_250n/01 | +0.00 +000 +0.01 -003 +0.068 -002 -0.01 +0.01 +0.00 +008 +0.068 +0.08 -0.01 +000 -016 -024 -000 -0.02
VI_P_10/3_gm/5 | +0.03 -0.11 -0.08 +012 -0.01 +0.08 -0.04 +0.07 +0.08 +0.00 -0.01 -0.02 +0.04 +0.07 -007 +016 -003 -0.13
Vit P_10/3_133n/01 | +0.06 -006 -0.04 +0.06 -0.00 +000 -001 -0.01 +006 -001 +0.00 -0.00 +0.07 +0.06 -025 -0.07 +002 -0.00
Further Vi P 10/3_133n/5 | +0.08 -008 -0.06 +008 -0.00 -0.01 +002 -0.01 +008 -002 -0.00 +000 +0.09 +008 -026 -0.07 +001 +005
VIN_10/4_gm/S | -002 +002 -000 -0.01 -005 -0.06 +0.06 -002 -0.01 +0.04 +0.07 +0.09 +0.00 -0.00 -025 -0.38 +0.02 +017
NMOS/PMOS Wt N_10/4_25n/5 | -0.00 +001 +0.02 -0.04 +0.06 -004 +003 -000 +0.00 +007 +0.06 +0.08 -0.00 -0.00 -015 -026 +0.01 +0.03
PCMs Slope_P_10/3_5 | -013 +0.04 +007 +0.05 -0.24 +032 -051 +027 -016 -0.07 -0.25 -0.26 -0.25 -015 +0.00 +0.21 -0.10 -064
Slope_N_10/4_5 |-021 +017 +018 -011 -006 +012 -0.36 +0.11 -024 +016 -0.07 -0.07 -038 -026 +021 +0.00 -0.06 -0.52
Dibl_P_10/3.5 |-0.00 +0.00 +0.00 +000 +0.00 -0.01 -0.00 +000 -0.00 -0.03 +0.02 +0.01 +0.02 +001 -010 -0.06 +0.00 -0.00
DibN_10/4_5 |-002 -0.00 -0.00 +0.01 -0.00 -005 -0.02 +0.03 -0.02 -013 -0.00 +0.05 +017 +0.03 -064 -052 -000 +0.00
Done.
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Further advances in WiCkeD Statistical Fit

7 Input data
— Further input file formats supported
— Comments in input files allowed
— Automatic matching of PCM names of data sets and of spice simulation
7 Log
— Detailed log added
2 While operating
— Progress bar added
— Improved status messages
— Extended error handling
— Improved handling of missing PCM values
2 Export of results
— Export of sigma values and covariance matrixes to Excel format
— Spice include file with determined correlations
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Conclusion

2 Ultimate goal of statistical modeling to reproduce the correlations
between measurements of PCMs can be achieved

7 Ready to use WIiCkeD Statistical Fit solution to determine a correlated
statistics

2 Removing of mismatch effects from PCM measurements

2 Support of different structures of correlation matrixes

2 Several input data checks

2 Monte Carlo based Validation of results
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WiCkeD

Circuit Design Optimizationi
o Vel

Thank You !

2018 © Copyright by MunEDA GmbH - All rights reserved - www.muneda.com 29



http://www.muneda.com/

