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~| Analog Horkbench IT {AHB/Hixed-5ignal 3.5}

cadence Analog Workbench IT
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D EF Design
Design Environment Tools o)
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//” small signal analysis (frequency domain) “

cadence

Freq

Frequency Swespe]

Frequency Range

Linear/Log (Now Log) |

Present Frequency Range:

1 Hz to 10 EHz
Mumber of Steps: 100

Chamnel Sounrce Awipli tude ;
1 Sweeper Set 1)) & ko :
[ 2 Sweeper Set OFF :
- Sweeper Set OFF !
D 4 Sweeper Set OFF ‘

Input Tools
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Function Generator: GCIRCUIT

Utility

dm B
Simulation Time
Chamnel Sonrce Scale
0 1 Fgen set | 0N & 200m i
D 2 Fgen Set | OFF 200m
‘I 3 Fgen Set | OFF 200m
\{;l 4 Fgen Set | OFF 200m v

\

\
>” large signal analysis (time domain)




“ Output Tool

small signal analysis (frequency domain)

Worst Case Analysis
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_—
e

S

er: CIRCULT

¥ Axis |

Fregs | Markers | Utility |

Marker Function M1
allows for the

100

i Axis: Freg >C |l at 390 Hz —~ ., |42 at 10 KHe AM(1,2) = 9. 61 KHe
M3 at 1 He RN 2t 10 EHe AM(3,4) = 9.999 KHz

SN
A

Charnnel Lock| Display Crplx qk:ele,fdiv Func Value

01wt set | on PEE (L) e |10 dBGeg | M1 — — — > 107

|:| 2 Net Set | OFF cl PH&SE | 100 de\g‘e” I\Il'— e

B 3 wet set | OFF LEE UFE

0 4 wet set | OFF LEY UFE

measurement of the
magnitude and phase
at 390Hz to be made

A. G. Bell
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Output Tool large signal analysis (time domain)
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cilloscope {AHB/Hixed-S5ignal 3.5}

(1}

Worst Case Analysis
e Using Analog Workbench

Markers

Utility |

4.0403 msec—3.8462 msec = 0.1941ms

. 0.1941msect| — 200" |_ 5738
/ 2.562msec
20log(0.98777)= ~107md [
\ !

Use of these Marker
Functions can show that the
large signal results match the

R Ml at O s T small signal results

M3 at 3201 ms Md at A.533 ms = e i
Chamel Lock |Display ScalesDiv e Value
0 1 scope set | ox PRE (3) 200 1 uz 999 99818 wy A
e Scope Set | OFF cl 200 m‘}\\ i 3. 8461546 ms l
B 3 scope set | ow o1 [eme(o 200 nv | w2 98T 77187 ny
[0 4 scope set I 200 ¥ zero_cross M3-M4 P4, 0402988 ns =

A. G. Bell
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WCA Example

Consider the following example:

A requirement is established and a circuit must be designed to meet the requirements worst case.
Analog Workbench will be used to develop statistical device models and perform the worst case
analysis using Monte Carlo and Sensitivity analyzes.

For the parts:

All parameters will be assigned a Flat distribution
All parameters will vary independently
Passive tolerances will be set to their extremes

For the analysis:

A Sensitivity/Worst Case analysis will be performed
A 400 sample Monte Carlo will be run

If needed additional analysis will be done to show the expected worst case performance

|
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First it is necessary to develop device models ||

W

WCA Worksheet for WCA Worksheet for

RNR55 Type Resistor CCRO5 Type Resistor

Purchase Tolerance IRC CGH-1/4-X = +1% Purchase Tolerance Kemet CCR05 = £1%

Aging (10 year) MIL-STD-1547 = +1% Aging (40Khrs) Kemet Engineering Bulletin = £5%
Radiation = 0% Radiation = 0%

Temperature (75C) MIL-R-55182F = +0.5% Temperature (75C) MIL-C-20G = +0.5%

tol =/(1%)?2 + (1.5%)° + (0.5%)° =+1.87% tol = /(L%)? + (5%)? + (0.5%)* = +5.12%

Will use +2% for resistors Will use £5% for capacitors

\/'
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TLO&1, TLOG1A, TLOG1E, TLOGTY, TLOGZ, TLOG2A

Worst Case Analysis
Using Analog Workbench

TLOGZB, TLOGZY, TEOGA, TLOG4A, TLOGAE, TLOGAY
LOW-POWER JFETINPUT OPERATIONAL AMPLIFIERS

SLOENTS - NOWEMBER 1978 - REVISED JANUARY 339

electrical characteristics, Voo = £15 V {unless otherwise noted)

TLOGIC TLOE1AL
TLOGZC TLOEZAL
PARAMETER TEST COMDITIONST TLBGAT TLOGAL uniT
MiH  TYP  HMAX] MK TYP  BAX
V=0 Tp = 25°C 3 15 N
W, fripast offset waltage : = | ™
o P B Rz =500 |7 = Ful range 20 S 78]
WO Tesmperalure cosflicken Va=0 Rg =500 0
of inpul offsat veltage T, = Full ranpe
Tp, = 265°C 5 20
ho et ofisat cuimant Wo=0
T, = Ful range i
) + I Tp, = 26°C 30 400
R Inpit Lise curment o T, = Full range io
12 12
Yicr F:ununs;l_ I1'IL'A'J-E' T, = 260 11 o 1% o
inpul voladge ranpe 15 [ 1 5
v aitraim peak oulput Ry =10 kik.  Tp=25C D 135 (210 w135
on volage Swing Ry =10 kil T = Full pangs 10 :1[:-
o Large.-signal differsnial Va=2i0V, |Ta=26°C 3 ] {
wolRage amplificafion Ry =10k Ta, = FUl Fainge 3
By Uraby-gsin bl By =10 ke,  Tp=25C 1
fj Inpul resisianoe Ta =25C ot
CRRR Corniman-rode rejection ratka 1%:;'?5::"; :E ,50' T fils]
— Voo =+9%Wia 2 16Y,
Suipply-vakage rejection rafio
kanm l,__\‘y"gc"' i = Ve =0 Re = B w68
+ Ta = 26C
Teal perweer digaipation Vo =0, Ta = 26°C
Po esch armplifier) P Il @ s
Suipply clrand Vo= Ta = 26°C
Ico ench amplfier) P Jessl s 250
Yooz  Crosslal atbenustion ey = 100, Ta = 25°C 120 120 i 1]

Tl chorscterstios are messured lnder opendoop comndiions wilh zevo comiman-mods inpl vollage didess olferwise specilied. Foll mnges o

Ta IBTC 10 70°C for TLOE_C, TLDE_AC, and TLDE_BC and —40°C be 85°C for TLDE_L

] Il biars curents of & FET-ingull opeational amplifier are nenmal junchion reverse cirents, which e lemperalive el a8 shown n

Figure 15. Pulse bechniques an wed bs mairdsin the jurclion kemparalun as doss 1o e ambint femperalue o poasibie,

ITT Industries

Extracting device
parameters may require
assumption to be made

about max or min values
not defined.




Extracted parameters used to create
a device model using Analog
Workbench’s Parameter Entry Tool

Paraneter Entry {AHB/Nixed-5ignal 3.5}

Worst Case Analysis
Using Analog Workbench

Parameter Entry: TLOG64_AGHE

Similar | Copy EBody Location Utility |
[A
Model Parameters Lewel 1
Nffset woltage (VoS b3 3m 4.5 m; 1.5 m; FLAT) ¥
Input bias current (IE 7: 30 p (7T n; 15 p; FLAT) &
Input offset current [(IE0S 7:5p (3 n; 2.5 p; FLAT) &
Open-loop gain (&0 7o 6000 (2000 ; 2000 ; FLAT) ¥/ /¥
Gain-BW product (GEW 3. 1 M {10 %; 10 %; FLAT) H=
Fositive slew rate [SERE b:osra [ ;1 Visec
Negative slew rate [ SEM Y osra ;0 ;) Wisec
Model Parameters Lewel 2
Common-node reject. [CMEE 3. 20000 ¢10000 ; 10000 ; FLAT) W/W
GEW excess phase =41 Yoo (i i 3 deg
Quies. power dissip. (PD T:6m (1.5 m; 1.5 m; FLAT) W
I short(+ =ink) [ISCE T (0 A
I short(- source) (ISCH Yoo (i 1A
D.C. output res (ROUT Y (0 ;) ohms
A C. output res [EOALC T ;) ohms

Device Placement: /TLOE4 &GEH
Device Type: FET Input Opamp
Similar Dewice:

Body: TLOG4 AGE
Similar Dewice Lihrary:

tolerance.
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When in doubt it’s a good idea
to assign a small symmetrical




Now the design...

Worst Case Analysis
Using Analog Workbench

=

=

HELP ALLCMDS
PASSIVES. .. :)I
ELEMENTS. . . =)I
PROFILE. .. :)I

LIBRARTES. .. =)I

KoL

REPLACE

PARAMS
lp=7

EDITOR

R

WIRE

RS
uuﬂ

HOSTICS

Active View DWG: XFER.SPICE.1.1
GRID: 0.1000 2 DIR: bin.wrk

(In Context)

Server supports <clients: GCONCEPT>.
Server supports {clients: EDITTOOL:.
Server supports {clients: FORMIOOL:.

s +Als+A8

The requirement is that when
implemented the above transfer
function should be within +0.1dB at

four frequencies with a +2¢

confidence interval

A. G. Bell
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Simulation of the
transfer function
show a close but not
exact match with
the requirements

A. G. Bell
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Network Analyzer (ANB/Hined-Signal 3.5}
|cailE"(E| Network Analyzer: XFER
Log Axis X hxis | T Axis | Fregs | Markers | Utilitsy |

Requirements

Freq

Gain

Tol

390Hz

-0.1dB

+0.1dB

780Hz

-0.5dB

+0.1dB

1.17kHz

-1.2dB

+0.1dB

1.57kHz

-2.5dB

+0.1dB

+2c

X Axis: Freg ‘31 at 300 Heo~ M2 ot 780 Hz'\ AM{1,8) = 390 Hz

I3 st 1.17 EHE~ =~ at 1.57 Kﬁz::\\ i AMi3, 4y = 400 Hz

: ~ =~ N
Channel Lock | Display CmplX  Scale/div \-Eun\\ N\ Value
01wt st | o PRE (B MAG (10,0 O |1 \\\‘\\>I{iﬁ§fseu39"i{iﬁl}{:ﬁ; i
£ R

0 2 wet set ‘ OFF cl MAG  |10.0 dBap oy M2 T \\ )
B 3 met set ‘ OFF cl MG 10.0 dBap gy |M3
O 4 wet set | o o1 MAG  [10.0 dBapy |14 23 5614308 dB




A circuit implementation is Worst Case Analysis

proposed and simulated Using AHGIOQ Workbench
against the requirements

I [l

PASSIVES J

ELEMENTS J 1 )

PROFILE. .. J T I
|TLE‘154_|’—'||:3E:

Stfe| (a1 Te U

ngigs S Parameterized
5 model for the op

WIRE | MOVE amp was created

Passive part
values and

tolerances were
also determined

DIAG-
NOSTICS

Active View DWG: CIRCUIT.SPICE.1.1 {In Context)

GRID: 0.1000 2 DIR: bin.wrk
UTILITY
writing comectivity file...
MENUS =J writing dependency file...
. . .written
write |
A.G.Bell 1
ITT Industries
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Network Imalyzer: CIRCULT

Worst Case Analysis
Using Analog Workbench

T Axis |

Fregs |

Markers |

Utility

Requirements

Freq

Gain

Tol

390Hz

-0.1dB

+0.1dB

780Hz

-0.5dB

+0.1dB

1.17kHz

-1.2dB

+0.1dB

1.57kHz

-2.5dB

+0.1dB

+2c

Simulated

| circuit matches

H Awis: Freg Ml at 350 H= MZ at 780 Hz AM{1,2) = 390 He

M3 at 1.17 KHz Ml at 1. 57 KHz \\\ AM(3,4) = 400 Hz
Charnel Lock| Display Crplx | Scalefdiv | Famc \\\ valqu 77777 3
0 1 wet set | N PRE (C) MAG | 10.0 dBgp gy M1 }\""1'/107.35157 nds ]
[l 2 Het set | FF cl MAG 10.0 dBag gy |M2 : -467. 34531 mdE
B : net set | FF Gl MAG 10.0 dBag o | M3 : -1 2086071 dB ;
0 4 net set | FF cl MBG 10,0 dBgy o 14 -2.5012989 dB

closely with
requirements




A Sensitivity Analysis is performed next to determine Worst Case Analysis
how changes in each parameter will change the the

frequency response at all four frequencies. Using Analog Workbench
Sensitivity/Morst Case Analysis (AMB/Mined-Signal 3.5)
1
! Sensitivity/Worst Case Analysis: CIRCUIT
1
| Display | Ordec | Control Utility |
1
i Comporent |Para.meter | Maom | Min | Max Relative (1%) Sensitivity
E (CRC) (A&
: Wariable cZ En 5. 25n 4. TEn -3.126m  —
! Variable cd En L. 25n 4 Thn -3.126m ——————
I
i Variable cl 10n 9. 5n 10. 5n 1. 988m ——
Varizhle o3 NG 0n  0.5a  10.5n  1.088m — Most sensitive to
i Variable 1l 14. 3K 14 SH6E 14 014K -1.676m — 1ati
; : variations
i Variable rd E.49% 5 3802K 5. 5498K  573.521u =
; Variable 2 5. 49K 5. 3802K 5. 5008K 573 5E20u = I
| TLO. U2 a0 EE 4K 5 13. 835u | RelativelV i iti
I
Keyed to i TLO, Ul L s e K — — — ik — — — g — 438 — — — — | — — e g;}v'il\);lg]sﬁny Ve
Network ! TLO. Ul GEW 1M 1.1 q00x, -11.014n I to changes
! LI 4
Analyzer N ;
I\E'.,Qalyszl.s Complete: 45 of 45 runs completed
marker [~
functions | || chamel> Display L Ly
1101 senssee >ow | mer1 {17280 mde | 107352 nap
: ~
002 sons st | orr P mer 2 ~467. 345 ndE
|
| [0 3 sens set | orr || wer 3 -1.208 dB
I N\ y
110 4 sens set | OFF |  Netd AL -2.501 dB

A. G. Bell
ITT Industries
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SensitivitysHorst Casze Analysis (AMB/Hixed-S5ignal 3. 53
Semsitivity/Worst Case inalysis: CIRCULT
Display Order | Control Utility |
Component | Parameter | Nom | Min | Mazc Relative (1%) Sensitivity
{CRE) A
Variable o2 Sn 5. &25n 4. 75n -46. 995n =
Variable c4d En 5. 2En 4. TEn -46. 995n  —|
Varishle 3 14, 3K 14. B8EE 14. D14, -20 E8Em —— . .-
Varishle rl }é\ 14 3K 14 E8EE 14 014 -29 E58Em —— still mOS‘E sensitive
Variable =l /) 10n 9. 5n 10.5n 15 32Em — to p_ass_lve part
Variable c3 }< 10n 9. En 10. En 15 32Em — variations bUt
Varishle 2 5.49K 5 590SK 5. 3802K 1083 o order of sensitivity
Varishle rd 5.49K  5.5998K  5.3802K  -1.983m n has changed for the
TLO.UL  GBY 1 1.1 900K -84.937u | 1.57kHz gain
TLO. U2 GEW 1n 1.1 00K -84 6T71u I
TLO. U1 Al BE. 4E 8K 26. 01T I
¥
Analysis Complete: 45 of 45 runs completed
Chamnel Display Min o Max
[l 1 sens set OFF Het 1 -172. 820 ndE -107. 352 mdE -49 527 mdB
[l 2 sens set OFF Het 2 -T709. 156 ndE -467. 345 mdE -246. 005 mdB
B sens set OFF et 3 -1.697 dB -1.209 dE -T45. 551 mdE
[ 4 sens set oH Het 4 -3. 272 dB -2. 501 dE -1.770 dE
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Monte Carlo: CIRCULIT

COF /EDF | Horizontal | Markers Ml—hd Markers M3—Iv[4 Control | Utility |

M1 M| M| Mg Analyses Complete: 400 of 400 rans compM

Next perform a 400
sample Monte Carlo

Curve appears

1
M1 and M2 set at gaussian
390Hz upper and SR T =
lower limits 100% of the 390Hz Gain
3 . . . performance is met but only

M3 and M4 set at 82.5% of the 780Hz is achieved

780Hz upper and
lower limits
] -120m -100m
-~ .
CS>H st -200 n AN D) =
>4TH3 at 600 m M4 at 400 w AM(3.4Y = 200 m # Bins = 10 N
% = -108 444 m o= 16 3517 m 3= 100% Med = -107 891 m \
Charmel Display Func Value /I I,
0 1 mearlo set | ow  [wet 1 M2 -l 10000000 <€/
/I
0 2 wearlo set | opr [met 2 Wi - 3 82 5oooll x <
B 3 mcarlo set | OFF | Het 3 OFF
0 4 mcarlo set | OFF | Met 4 OFF

A. G. Bell
ITT Industries
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Monte Carlo: CIRCUIT

CDF /PDF | Horizontal | Markers Ml—Md Markers M3—Iv[4 Control | Utility I

M1 | M| M3 | M |4

M1 and M2 moved

to 1.17kHz upper SO i B
PP Only 47.9% of the
and lower limits ]
T 1.17kHz requirement and
30.3% of the 1.57kHz
M3 and Mamoved | Sesiiin L Bl B requirement is met
to 1.57kHz upper 9
and lower limits
o
>t o . AM(1,8) = AN
Sl at -2 & Md ot 0 A > AM{3A) = 200 m | # Binsne B
% = -8 L0777 o= 204,918 m Jor= 100% Med = —D ERFRD B
charmel Display Funec ¥Value \\ \
[ 1 Mcarlo set ‘ OFF | Fet 1 OFF } \|
0 2 mearlo set ‘ oFF  |Wet 2 OFF ,/ /I
B 3 caclo set ‘ 0FF | Met 3 M2 - Ml a7.923055 </
D 4 woarlo set | o [wet 4 1 - 13 30, 206688 2 €

A. G. Bell
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Parametric Plots are performed to determine how
variation in some of the more sensitive components
change the performance at 1.57kHz

Worst Case Analysis
Using Analog Workbench

B . | Paranetric Plotter (AMB/Hixed-Signal 3.5} |
Need to tighten R2 and R4
tolerances on cadence Parametric Plotter: CIRCULIT not that
\ ~ — 7 H
Cl'C41 R1 & R3 \ \i hxﬁ4 M1 | M2 | M3 | ! | Setup | Eu:untru:ull Utlllt?I Important
| ‘\ \ s I
I‘\\ e IMTLI'I\EIHSIH-’-II [ [i
\ \. >~ |
Ay N =
outer: o4 from 4. 750 to 5.25n in Steps Wf 125p units I outer: rl from 14K to 14 6K in steps of 100 u.nit'!
\ X B & T
Inner: None \ \ ~ Inner: None ’
X Axis: cd AT PD}I\{ Wetwork Analyzer Walue 4 bid Rxﬁ\il T Axis: '&‘Ietwork Analyzer Value 4
\
\ T
cd: N/A UM\ rl: N/a S D.q
M1 at 4. 75n MZ at 5. 20n \\ \\ SM(1, 2) = 500p Ml at 14K o M2 at 14. 6K " AMil, 2y = 600
) 1
M3 at 4. 75n Md at 5. 25n \ M3, 43 = S00p M3 at 14K Md at liﬁﬁ\ [ AMi3,4) = 600
AN
A} AN
Display Func ‘\ @Param val\ui value Display Func \?arm value value
Plot Set Ml - M2 Mo oooooo ~[-467. 4119mde ik i Ml - uz ol ooooog (| -123. 75094nde
\ R ] |
Outer: el from 9.5 to 10.5n in steps of 250p urits Outer: rd from 5 38K to 5 6K in steps of 22 u.ni\,s
Inner: None \\ Inner: Mone \
E Axis: «cl Y xis: Nedwork Analyzer Value 4 ¥ Axis: 14 T Bxis: I\}Ftwork Enalyzer Walue 4
\
\ s
cl: N/R 0.0 N rd: N/a oo\
M1l at 9. En Md at 10.En E\M(I,Q) = 1n Ml at 5. 38K MZ at 5.GBE \\ AML, By = 220
M3 at 9.5n M4 at 10.5n AN(34) = In M3 at 5. 38K Md at 5. 6K AM(3,4) = 220
A} ‘\
Display Func eParam walug ‘i'alue 7777777777777777 Display Fmnc @Param vylue Value
R e e
Plot Set Ml - M2 0. 000000 \v\\153.55344mdB Plot Set M1 - M2 0. 000000 > -T.7176333ndE )

A. G. Bell
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Purchase tolerance = £1%  Qriginal Worksheet

Aging (10 years) = £1.5%
Temperature (+75°C to -55°C) = £0.5%

tol = +/(1%)? + (1.5%)° + (0.5%)> = +1.87%

1B BB 090 1T

Purchase tolerance = 0% Modified Tolerance
Aging (5 years) = £0.75%
Temperature (+40°C to 0°C) = £0.25%

tol =/(0.75%)? + (0.25%)? = +0.8%

A. G. Bell
ITT Industries
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Can the passive part tolerances be
relaxed or will other parts be needed?

We can reduce the resistor tolerance
because we know something about how it
is being used, i.e. 5 years, tailored and
over smaller temperature range

This reduces the resistor variation to
+0.8% and likewise we will reduce the
capacitor tolerance by the same
proportion to £2%

We will also change the distribution of
each passive parameter to gaussian and
link the passive part variations together
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=
HELP AlLCHDS
PASSTVES. .. =J
ELEMENTS. .. =;I
FROFILE. .. :J - -
LIBRARTES. .. =J - ‘TI_BEr:l_FIGEI
Stse | K = 7 um Ter &
SELECT | REPLACE
PARAMS To reduce the Severity of
*B? EDITOR the WCA use:
51 Jar1ables: 1. Linked parameters
IR | move Tanerey ceens oea R 2. Gaussian distributions
<2 el e S AN 3. Reduced tolerances

DIAG-
NOSTICS

Active View DOWG: CIRCUITZ.SPICE.1.1
GRTD: 0.1000 2 DIR: bin.wrk

Reading CIRCUITZ.SPICE.2.5 into drawing #1.
ed .spice.l.1

Reading CIRCUIT2.SPICE.1.1 into drawing #1.
|

A. G. Bell
ITT Industries 2
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Monte Carlo: CIRCUITZ2

Worst Case Analysis
Using Analog Workbench

+1o =68.26%

The results look good but just how good?

A. G. Bell

If you used 4000 samples it would take longer but you have more confidence in the answer.

ITT Industries

+20 = 95.44% 20
+30 = 99.74% \Number
1) 92.415%%
92.613%
93 463%
94 900%%
94 920%%
95, 155%%
95 500%%
9 95.613%%
2 95775290
Ml at 1.3 M2 at 1.1 ANi1,2) = 200 m
M3 at 2.6 Mi oat -2.4 AM{3,4) = 200m | # Eins = 10 & 95.961%
= = -2 E05ge5 o = 55 0568 m Jor= 100% Med = -8 50697 04 670 | = MEAN
Charmel Display Func Value 13137% | = STDEV
0 1 Meaclo set | ope [ver 1 oFF 17244% | = VARIANCE
0 2 woarlo se | ore et 2 i We fail to meet the requirements for the
B 5 woacto see | ore e 9 el Lot ; 1.57kHz gain so either the requirements
0 4 wearto see | o [rec 4 gt S need to be changed or we will need to use
MITHM: | MS |14 g analvses Comolete: 4000 of 4000 rurM some tlghtel’ tOIerance pal’tS
O 4 wearlo set | o [wet 4 W o- 3 ‘94.425053 2

Ten 400 sample Monte
Carlo were run. Note six
of the seeds failed to meet
the requirements but the
other four did. When you

are close to the
requirement limit you may
need to take more samples
to prove that you meet the
requirement.




Worst Case Analysis
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Conclusions:

v" AWB is a powerful tool that can be used for WCA

v Marker Functions provide a unique ability to check performance
v" Both the Sensitivity and Monte Carlo tools are needed for WCA

v Much more work is still needed to develop statistical device models
v It still may be necessary to apply some realism to part variations

A. G. Bell
ITT Industries




