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Problem Statement

AMS Verification: System level

Requires extensive simulation System System Verification |
Requirements Verification results & Integration

due to process, voltage, and

temperature (PVT) variations.

Alternately, there is a substantial ‘;‘{,;}};;;;;,‘;;‘5;““;
increase in number of process Block Block level | considered due |
parameters — growth of ~20% Specifications Verification results & Integration E to circuit size & |
every 4 to 5 yrs[1]. i |
i :
. i i
Need: . ) Circuit Design Circuit i PVT variations considered |
................... > 1 :
Accgratg, efficient propagatloh Specifications Verification i by Monte Carlo or Corner
of circuit-level PVT variations in ~.._| simulations i

system analysis.
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State-of-the-Art

Statistical behavioral modeling considering PVT variations:

Polynomial-based approaches Linear model-based approaches
* Response Surface Modeling (RSM) - Felt et al.[2], * Quasi-Sensitivity Analysis - Kuo et al.[9]
Filiol et al.[3] » Affine Kernel Approach - Zivkovic et al.[10]
* Random Polynomials - Lange et al.[4] + Accuracy comparable to RSM with reduced
* Universal Kriging - Okobiah et al.[5] computational costs
+ High model accuracy using quadratic models + Correlation preserved by models; No need for
+ Parameter correlations using matrix(N X N) correlation matrix
- Model complexity ~O(N?)
Learning-based approaches Our behavioral models are constructed using Affine
Kernel approach.
* Correlated Bayesian Model Fusion (BMF) using Bayesian

inference - Gao et al.[6], Alawieh et al.[7]

* Particle Swarm Optimization (PSO) - Garitselov et al.[8]
- Increased fitting complexity and training cost
- No capture of parameter correlations
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Hierarchical Approach

1. Statistical Performance Models(SPM)
= Model circuit performances as a
function of PVT variations

2. Variation-Aware Behavioral Models
(VABM)
= Combine functional behavioral models
with SPMs
=) Account inter-block parameter
correlations

System
leve/

Block
level

Circuit
leve/

Mixed-signal (MS) IP and embedding system

RX

PLE

ADC

;i/ariation-awarebeﬁ;vi&?ﬁiiﬁ&dels-oﬁbui[din blocks

Amplifier Filter
Bahavisial Statistical Behavioral Statistical
el performance et performance [:
model model Mixer
out = gain H(s) = — ¥ k=f(V,T)
Amplifier schematic ~_Filter schemc:tic:\

|

Inter-block correlations
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Va ri atio n-Awa re (STATISTICAL) PERFORMANCE MODEL

Model performance metrics as functions

Behavioral Model (VABM)  * oevsvaiation

yj ~f(P,V,T), yj €Y

FUNCTIONAL BEHAVIORAL MODEL Yj~ Ynom F IZ Ok
=1l

Ynom — nominal value of performance y;

5, — variation of k" parameter
Sk — sensitivity coef ficient

=  Behavior defined as a function:
fren: Inputs — Outputs

= Parameters (Y) <=> key performance = Model generated from statistical
metrics of the modelled circuit block simulation data
4
: . -
e o VARIATION-AWARE BEHAVIORAL MODEL
= Parameters sampled based on distributions
% estimated by the model
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Hierarchical Framework: Bringing characterization
data to behavioral block-level models

VABM Construction

Parameterizer
Functional I;elhavioral Generate Global PV.T set -
mode ’ -> Apply local &
> erformance pply loca
I foen(Y, 1) 0 P lobal SPM Results
— c CAMSI11 samples based on | {—— g Read
ySthm -AMS[11] distribution of parameter
PV.T parameter’ samples
Y={Perfl,Perf2} ﬁ
izati ~2 SPM Results )
Characterization py script P v
Statistical Performance VRIS BRG], i
#Sensitivities:

|:> Statistical :> Model (SPM) Generation :> \Wdd’, 'Mos3’, T . ..

. lati #Dist:
Simulation yl-~f(P,V,T) {['Vdd’ :"gauss’], ["Mos3’ :’
yi € Y C(}.-(E;gauss’],[’T’:’unif’]} )

Z J
4

Circuit of a block
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Phase-Locked Loop

CP Output LPF Output  System Performance:
Iep Vetrt PLL Locktime [ps]
- VABMs act as plug & play
models in hierarchical analysis.
"""""" . VABMs takes care for inter-
Phase _up Charge [Cp Loop Filter | V.. block lati
fref 5 dn Pump o (order2) —— Vvco —— fout ock correlations.
etector ———  yagMm VABM
4 Block Performance | No. of PVT
Performs = Performs = Metri t
faiv s L) (Gain, Poles, etrics parameters
Zeros} Iupt Idn 35
ey Gain, Poles, Zeros 53
RIR(ER Shared variations 23
Discrete Event (DE) Timed Data Flow (TDF) CP and LPF

Fig: SystemC AMS model of a phase-locked loop[12]

of ISimulator in SystemC-AMS,” Américo Dias, Mar. 02, 2018. https://americo.dias.pt/docs/technical/pll/ @35

10 DESIGN AND VERIFICATION ™

CONFERENCE AND EXHIBITION




Model Accuracy: VABM vs Circuit Monte Carlo

Monte Carlo Runs 2000

Probability
Distribution Function
(PDF) Comparison

Jenson Shannon
Divergence (JSD)[13]

Mean(p),

Statistical Measures SEIEE| DERTE e
Skewness(y),
Kurtosis(f;)

Target Sigma 30

,/ based on the shannon entropy,” IEEE Transactions on Information Theory, vol. 37, no. 1, pp. 145—
361115

A

/

200 Circuit simulation Circuit simulation
175 VABM 175 VABM
150 | 150 1
> Ly &
o | 125 1
= 125 é
S 100 2 100
o & |
g 75 g 75
50 | 501 \
25 251 |
0 0 v — - -
0 50 100 150 200 250 —250 —200 —150 —-100 —-50 0
lup(uA) lan(LA)

Up

-of
|

_drE N

Fig: Example Charge Pump
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PLL System Performance

--- VABM +-3sigma rang'e
° s VABM PDF
using VABMs
* Performance metric: Lock time of PLL 5
* PDFs also highlight cases where PLL Ef
fails to lock (at 0 seconds)
e #Monte Carlo runs: 2000 . -
P U L
. . . 0O 20 40 € 8 100 120 140
Simulation Metrics PLL Lock Time(us) .

Single run time 0.76 [s]

Simulation overhead

incl. Parameterizer B[]

Output frequency fout [Hz]| | | ||| | |

2000x0.76[s]
~ 25 mins

[] 258-6 508-6
Time [s]

Total wall clock time
Example: PLL output frequency for 10 Monte Carlo runs
Model simulated for 200 [ps], Sampling rate 100 [ps]
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System Analysis: PLL

Charge Pump Variation — PLL
locally sensitive to CP

Loop Filter Variation — Poor
damping introduces harmonics in
locking behaviour

CP + LPF Combined Variation

o Capture effect of inter-block
correlations on PLL

o Charge pump removes meta-
stability

Frequency
- N w B w
(=) (=3 (=] o (=]
o o o o o

o

43.57,

Nominal value : 43.57

Lock Time(us)

0 20 40

60 80

100 120

Lock Time(us)

140

Fig: Charge pump variation effect

350 1

300 -

Frequency
N
[9,]
o

=
w (=]
o o
L L

o

43.57

fffff Nominal value : 43.57
Lock Time(Ls)

30 35 40

45 50 55 60

Lock Time(us)

Fig: Loop filter variation effect

N

o

o
1

=

w

o
L

————— Nominal value : 43.57
Lock Time(us)
43.57
0O 20 40 60 80 100 120 140

Lock Time(us)
Fig: CP + LPF variation effect
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Comparison with other scenarios
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Gaussian Model

What if PV,T variations and dependencies are not considered in system level?
Solution -> All block performance metrics are independent random variables.

Scenario 1:
Gaussian model — Assume block performance metrics follow a normal distribution.

300 Circuit simufation 300 Circuit simulation
Genersted normal distibition Generated normal distribution
250 250
L;f 200 g 200
: | : |
g0 ( | 2 150
[0] . (]
{ tul
= 100 ,,‘ = 100 | |
N | -
50 I TLW 50 I
0 . 5 i r‘l .
0 50 100 150 200 250 —250 -200 -150 -—100 -50 0
lup(HA) lan(UA)

Fig: Probability distribution functions(PDFs) of charge pump currents — Gaussian model vs Circuit simulation
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Gaussian Model: Limitations

Limitations:
1 Assumes symmetric distribution
[ No information on PVT data & inter-block correlations

O Estimated +30 ranges are narrow, potentially overlooking
outlier behavior




FMKL Generalized Lambda Distribution
(FMKL GLD) model

Scenario 2: FMKL Model: Freimer, Mudholkar, Kollia, and Liontas [14]
e Circuit performance distributions modeled using FMKL GLD.
* Quantile function defined by inverse cumulative distribution [14,15]

uts —1 (1 —w)*—1 | Parameters:
A3 A Ay — location
“100) — 3 4 1
Fr = A+ Ay A, —scale
A3, 14 — shape

where0<u <1

[14] A. Lange, |. Harasymiv, O. Eisenberger, F. Roger, J. Haase, and R. Minixhofer, “Towards probabilistic analog behavioral
modeling,” in 2015 IEEE International Symposium on Circuits and Systems (ISCAS), Lisbon, Portugal: IEEE, May 2015, pp. 2728-2731,

ISBN: 978-1-4799-8391-9. DOI: 10 . 1109 /ISCAS.2015.7169250.

fa / z, “Fitting the generalized lambda distribution to data: A method based on percentiles,” 60—2\5
“Sifulation and Computation, vol. 28, no. 3, pp. 793-819, 1999. DOI: 10 . 1080 R\Z N

it: ttps :/ / doi . org / 10 . 1080 /03610919908813579. ’ - CONFERENCE ANDEXHIBITION



FMKL GLD Model: Limitations

Limitations: |
O Noinformationon PVT data &  §” | g 10
inter-block correlations & 1001 |
A Limited support for 0 < A5, L . 2 | .
2,4 [16] lup(HA) lan(UA)
1 No closed-form for PDF; values —
derived from the quantile T Finite
) t
function 3 support suppor
4 S
Infinite Upper
— infinite
support
[16] Y. Chalabi, D. J. Scott, and D. Wuertz, “Flexible distribution modeling with the (')
generalized lambda distribution,” 2012. /13

Fig: FMKL GLD Support Region [16] | (5055
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Effect of inter-block 250
correlation o

= Lower variances in PLL spread for FMIKL GLD and
Gaussian model.

= VABM spread similar to Gaussian model but also
accounts effect of inter-block correlations.

400 1

Performance Metrics VABM Gaussian Model FMKL GLD >

-based model e

Mean 4435 41.55 39.50 S 2501

Std. Dev. 22.29 21.40 18.54 2 2001

. Skewness 1.28 0.91 0.59 g

Locktime 18] | gy 322 2.3 1.88 .
JSD " 0.0438 0.0433

+30 range | [0.00,149.69] | [17.60,121.62] [25.55,86.63] 201

Fig: Comparison of system performance metrics using all approaches

20

[ VABM
@ Generated normal distribution

40 60 80 100 120 140

PLL Lock Time(us)

[ VABM
I Generated FMKL GLD distribution

40 60 80 1(')O 150 140
PLL Lock Time(us)
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Summary

= A scalable hierarchical methodology for propagating process variations
to system-level simulations using VABMs

= Effectively account for inter-block parameter correlations

= Effectively capture circuit behavior while aligning boundaries of the
distribution

= Accelerate simulation speedup with minimal computational overhead




Outlook

= System analysis using improved SPM (employing piecewise linear models) over
linear affine kernel.

= Explore significance of number of PV,T parameters on system performance.

= Evaluate system performance using hierarchical regression analysis.

= Explore advanced statistical sampling technigues to observe tail behavior.
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Questions?

neha.chavan, jan.rodel, carna.zivkovic @nxp.com,
cgrimm@rptu.de

Y] NXP Semiconductors GmbH, BeiersdorfstraRe 12, 22529 Hamburg
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Proposed VABM

e Our proposed VABMs are
defined based on the

fbeh:IXY_)O

concept of parameter _ . —°
adaptive models[2]. e
 The functional process
(fpen) represents !
functional behavior where
I ={iy, iy, ...i;}; 1 is set of input signals
° (Y) enables functional 0 € O,where O is a set of output signals
adaptiVity using Affine Y = {yj|yj ER1S) < m}; m are performance metrics
kernel[3]

[2] 1. Sander and A. Jantsch, “Modelling adaptive systems in ForSyDe,” Electronic Notes in Theoretical Computer Science, Proceedings of the First Workshop on Verification of Adaptive Systems
(VerAS 2007), vol. 200, no. 2, pp. 39-54, Feb. 29, 2008, ISSN: 1571-0661. DOI: 10.1016/j.entcs.2008.02.011

[3] C. Zivkovic, J. Roedel, N. Chavan, F. Rethmeier, and C. Grimm, “Variation-aware performance verification of analog mixed-signal systems,” in DVCon Europe 2023; Design and Verification
Conference and Exhibition Europe, Nov. 2023, pp. 7-13.
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Hierarchical Framework

1. Read statistical | Circuit level MC results |
performance model S ll“’f ;”te”e“
results onto performance RHEEE pellDIIETIE
. model generation
objects I
2. Inject all parametersina Save generated model
global PVT set — ensures _AfereahyinY e FOTAMERETZET
consistency of sampled loop_| populatew/ | Random Number Generator i
value for all VABMSs i per formance, Ynpm» S1..n paqumes, :
itivi | Construct performance object RErIRAYGe = sl pder v :
3. Apply local sensitivity and E P J L/ Global PVT parameter set | |
calculate performance ] ! nandling shared : :
values | Calculate performance value [———9 "= P77 77> i
4. Feed the calculated o ly T NABM
performance to functional || Functional behavioral model ;
behavioral blocks i foen(Y) |

(2025

DESIGN AND VERIFICATION ™

CONFERENCE AND EXHIBITION




Data Format (.par)

—_

Metadata -

[

\

Performance
data ]
Parameters _
data

/!
/!
/2
/k_cluster: 1
/tau_relevant: 0.01
//tau_lin: 1le-28

//#MC samples: 2000

LUITITLTTETI7L 117 1) Pextormances [////11/111111117000000011117177
cp"

L1010 1001100177777 Metadata [/////7/117/77 1177010070 070777
golder: /home/.../simulation/ChargePump

/
/ L
/ 24-08-02 13:13:32.289737
/
/

moduleName =

cp_performances = {("i_up_p", 0.000101167012965), ("i_dn_p",-0.00010442586830000001)}
sens_i "Wsup ly_unlf 1", 3.4996726827876146.-05), ("rl_io",

j I 0396522042038212e OE "rl9_io", 3.945994105012961e-06),...}

error_mean_i_up_p = -4, 724115689876391e—10
error_stddev_i_up_p = 9.192259238706476e-06

sens_i_dn_p = {("Vsupply unif 1", -3.574452437801205e-05), ("rl_io",
-1.1692098714331887e-05}, ("r2_ Lo" 5.025710131731148e- O6),("r19_io”,
error_mean_i_dn_p = 4. $30224785094836e-10

error_stddev_i_dn_p = 9.52854047335167%e-06

-4.510244056577494e-06), ...}

LITTETI0700( 111171/ Parameters ///////////////////////////{i//////////

parNames = {"Vsupply_unif 1", "rl io p _deo
parMeans = {(0.0,...}

parDistType = {'"gauss" }

parStdDev = {1.0,...}

parZscore = {10.0, }
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Results — Charge Pump and Loop Filter VABM

Performance metric Statistical measures E“llruul-le‘vlel VABM Gaussian Model FM_KL s
onte Carlo -based model

Mean 99.25 98.90 99.69 99.61
Std. Dev. 449 36.79 29.23 34.08
Skewness 0.27 0.11 0.63 0.51

CP lup [MA] Kurtosis 2.22 2.94 3.21 2.94
ISD - 0.0551 33 0.0466
430 range [28.00,210.26] [-2.51,216.89] |[32.02i228,501 [27.77,220.99]
Mean -101.89 -102.09 -105.29 -105.99
Std. Dev. 46.18 38.23 32.53 34.08
Skewness -0.28 -0.11 -0.48 0.51

CP Iqn [pAl Kurtosis 2.24 2.96 2.87 294
JSD - 0.0548 0.0425 0.0508
+30 range [-219.23,-27.74] [-227.52,5.11] [-222.7&-29.95]' I-I??.S;IIS.J‘)]
Mean 48.74 48.49 49.12 48.89
Std. Dev. 5.83 4.10 7:25 6.87

¥ ; EWNess 153 -0.02 X E

LF Lincar Gain [x10°] | e e 207 286 204 296
JSD - 0.0039 0.0066 0.0064
+30 range [35.09,71.57] [32.10§70.13] [33.66.76.41] [33.89,73.19]
Mean 525.77 521.16 536.86 528.28
Std. Dev. 75.13 74.14 106.07 68.71

3 = Skewness 0.50 0.07 0.67 0.47

LF P1 [x10%rads™ 1 | ois 2.95 2.90 2.89 296
ISD - 0.0072 0.0097 0.007
+30 range [348.48,794.42] [315.56,782.88] [317.09,936.14] [378.22)771.29]
Mean 15.32 75.81 75.82 75.70
Std. Dev. 5.20 6.02 7.17 6.11
Skewness 0.5 -0.03 0.82 0.65

LFZ1 [x10%rads™] | Y0 2.94 274 2.9 2.62
ISD - 0.0059 0.0097 0.002
+30 range [63.04,93.91] [38.70,112.85] [61.40,107.92] | [[67.23ps.40]
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Benchmarks - Response Surface Modeling vs Quasi Sensitivity Analysis

o Our proposed PLL Top-down PLL H I
”:;:I,EE beh:vi;)r: model bch::vioral model H:‘Pé(éE Ouig\?é;SA 1;';:433
Using 1™ RSM for behavioral parameters " | Using our proposed accurate PLL model
Value Value | em. (%) | Value |err. (%) Value | Value | err.(%) | Value |err. (%)
Vit (V) Mean 0.9941 0.9931 -0.1 0.9254 -6.9 Mean 0.9941 0.9947 0.1 0.9934 0.1
ock 1T ISt Dev. [ 0.0343 T 00365 | 6.4 | 0.0384 | 120 Viek V) 55T 00303 Too3e T 17 T o0as3 | 321
oo (s Mean | 3.3743 = 3.4489 2.2 3.1641 6.2 . Mean | 3.3743 | 3.4383 1.9 3.4409 2.0
” St.Dev.| 0.5764 | 0.5729 | 06 | 05447 | -5.5 tock (U9) [ Dev.] 0.5764 | 05717 | 08 | 05406 | 62
pk-pk Jitter | Mean | 132 | 122 | -7.6 8.0 | -394 pk-pk Jitter| Mean | 132 [ 124 | -6.1 124 | -6.1
@ 800MHz [ St. Dev. | 1.40 1.36 -2.9 461 | 2293 @ 800MHz|St. Dev.| 140 | 141 0.7 229 | 636
(Ps) [ Worst | 170 | 166 | -24 | 182 | 71 (Ps)  [worst | 170 | 167 | -18 | 164 | -35
, 4n+1)x1.71=342 . n=4 - -
Texraction (hours) EN4S (n: # of device parameter variation) Textraction (hours) | N/A - #(c.)"l‘..-(lle)vi:el [;,alrm:eiil: :"ari:lion)
Toimutaion (hours) | 598.54 2.95 | 2.10 Tyimulation (hoUrs) | 598.54 3.50 [ 2.93

C.-C. Kuo, M.-J. Lee, C.-N. Liu, and C.-J. Huang, “Fast Statistical Analysis of Process Variation Effects Using Accurate PLL Behavioral Models,”
IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 56, no. 6, pp. 1160-1172, Jun. 2009, doi: 10.1109/TCSI.2008.2008502.
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Benchmarks - Learning-based approaches

- Correlated Bayesian Model Fusion (C-BMF) — Case study Operational Amplifier

Number of PVT parameters | 1184 P + 36 VT
Training cost 540 samples
Simulation cost 1.05 Hours
Fitting cost 20 Mins

- Particle Swarm Optimisation (PSO) — Case study PLL

Number of PVT parameters 35
Training cost 200 Monte Carlo Samples
Circuit Monte Carlo 1000 runs over 5 days

[1] Z. Gao, F. Wang, J. Tao, Y. Su, X. Zeng, and X. Li, “Correlated bayesian model fusion: Efficient high-dimensional performance
modeling of analog/RF integrated circuits over multiple corners,” IEEE Transactions on Computer-Aided Design of Integrated Circuits
and Systems, vol. 42, no. 2, pp. 360-370, Feb. 2023, ISSN: 1937-4151. DOI: 10 . 1109/TCAD.2022.3174170.

s /” E. Kougianos, and GiZheng, “Particle swarm optimization over non-polynomial metamodels for fast 2025
jésisn of nano-cmos PLL” in Great Lakes Symposium on VLSI, Salt Lake City, UT, USA, ACM, 2012, pp. 255— DESIGNIAND VERIFICATION
DVCOIN

2206843
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Jensen-Shannon Divergence (JSD)

KL is the Kullback-Leibler divergence or JSD vs PDF Match (Overlap) - log base 2
¢ . ), P[1,0], Q[m,1-m], match m; P,Q~U(0,1)
relative entropy
. P(i)
KL(P 11 Q) = 3;P() * logs (55) 1

KL(P || Q) = 0 (P identical to Q)

1.2

0,1

0.8 10, 0.758277

KL(P || Q) #KL(Q || P) &
= 20, 0.609987
S o0s
30, 0.493423
JS divergence between two PDFs P & o p—
and Q . 50,0.311278 95, 0.025462
1 1 oo = 0‘2364530, 0.169195 S8y%ions012
— : ; 99.9,0.0005
]SD(PHQ) - EKL(P ” M) + EKL(Q ” M) 80'01080350,0.051899‘ 1000
M = (P+Q) / 2 ’ 0 20 40 60 80 100 120
Match/Overlap (%)

JSD [0,1], for log base = 2
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Jensen-Shannon Divergence
Example: For disjoint distribution
Consider probability distribution functions(PDFs) of P and Q, where

P(number of occurances of x
POX = x) = ( f f x)

Total number of elements
P=1100]
Q=1[0,0/]

then M = %(P +0Q) = %([1, 0,0] +[0,0,1]) = [0.5,0,0.5]

1KLP|M)—111 L) 4 010 (2) 4 0108 (-2 )| = Liog, 2
> KL(PIIM) = 5| Tlog| 5= %6\ 0 %6\0s5)| = 2982

1KL |M)—O+O+111 ! —11 2
> (Q] - > |11og| 5z || = 51082

JSD(PIIQ) = 5 KL(P|IM) + 7 KL(Q|IM) = 1
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PVT Variation

Process Variation

Wafter-to-
Lot-to-lot wafer (within

lot)

Die-to-die
(within wafer)

Global variations (e.g. Vth due
to doping concentration
variation across wafers)

(Systematic +
Random)

Correlated process

variations

Intra-die (within die)

Independent
mismatches

Local variations (e.g. Wesf, Lesr, Vin)

Environmental variations (e.g.
Temperature, Supply voltage)
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Functional Behavioral Modeling

Analog behavioral models are typically constructed using hardware description languages (HDLs), such as SystemC-AMS and Verilog-
AMS.

Use of equation-based approaches to model circuit behavior

significantly faster simulation compared to SPICE
- may lack accuracy because of various simplifications

- application-specific, significant efforts required for adaptation

[2] G. Zheng, S. P. Mohanty, E. Kougianos, and O. Garitselov, ‘Verilog-AMS-PAM: verilog-AMS integrated with parasitic-aware metamodels for ultra-fast and layout-accurate mixed-signal
design exploration’, in Proceedings of the great lakes symposium on VLSI, 2012, pp. 351-356.

[3] M. D. Hershenson, S. P. Boyd, and T. H. Lee, ‘Optimal design of a CMOS op-amp via geometric programming’, IEEE Transactions on Computer-Aided Design of Integrated Circuits and
Systems, vol. 20, no. 1, pp. 1-21, Jan. 2001.

[4] G. Stehr, M. Pronath, F. Schenkel, H. Graeb, and K. Antreich, ‘Initial sizing of analog integrated circuits by centering within topology-given implicit specifications’, in ICCAD-2003.
International Conference on Computer Aided Design (IEEE Cat. No.03CH37486), 2003, pp. 241-246

[5] H. Tang, ‘Symbolic Statistical Analysis of SNR Variation for Delta—Sigma Modulators’, IEEE Transactions on Circuits and Systems Il: Express Briefs, vol. 54, no. 8, pp. 720-724, Aug.
2007.
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