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» Mixed-Signal System Decomposition

» Real-Time Transition Structure (RTTS)
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» CTL-AT as the Specification language

» MS Verification Flow

» CTL-AT Evaluation Algorithms

» Verification Results (PLL)
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Mixed-Signal Decomposition (Interfaces)
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< Digital
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D/A-Interconnection: ramp function:
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A/D-Interface: 1-bit quantizer:

Vo) =10 Y3 (6) 2 Viesns VIST <M
yél) - 0: ye(ll) (tk) < yt(f:zesh ' V:I-S | S m

yd (tk) :quant(ya (t)) - {

A Symbolic Approach for Mixed-Signal Model Checking Alexander Jesser 3



Real Timed Transition Structure

 Real Timed Transition Structures (RTTS)
e Time extension of Kripke structures
e Time delay represents the dynamic behavior of
the system

* Inputs are necessary because of the
Intercommunication of both subsystems

 Basic structure for the analog specification
language CTL-AT

L(s,) L(s,)

to

e L ... labeling function
t t ... delay time

g ...INputs
O3
Q ts ] L(s3)
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Characteristic Transition Function (CTF)

RTTS: Characteristic transition function (CTF)

r :(s,s7,9)eo

;(5(5,s+,g):{oo (s,5,0) 20

Xs =\ Tij (Z=Z(s)(Z" = 7(51'))(@ = G(Si’sj))

X5 =0.3 (71727;2;9) v
0.4-(Z2,2,7,9) v

0.6-(z2,2/Z,9) v

©-(z,VvZ,Z, VI,V 2,7, V1,7, )
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CTL-AT syntax

e Syntax:
D=a|z*V|Do®|—D|> 00D |>DdUnd |>dRod
a e AP... atomic proposition oe{v,n}
Z ... analog state variable >e{A E}
velR... state boundaries o=[t,t.] .t eR{t <t
*e{<,>,<, >} 0e{X,F,G,U,R}

« CTL-AT is CTL extended by:
e Analog (state) variables (e.g. voltages, currents)
*e.g.: (V,>1.456)
 Inequalities for describing analog state regions

e Time Intervals [t, ... t,] for describing real-time behavior
* Inverse time path operators
e Y=X1, P=F1, H=G!, S=U"
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e Formal semantic

CTL-AT semantics
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MS - model checking flow
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Discrete modelling of analog circuits

D, C,

Circuit
3

DAE system
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MS - model checking flow (cont.)

MS -
netlist
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Mixed CTL-AT properties

« Mixed CTL-AT formula consists of analog and digital initial
states

p=¢° np"

e Evaluation of MS CTL-AT formulas can not be done
Independent to the appropriate other subsystem

EF"[t,t,1(0) =(EF ™[t,.t,1(0°)) A (EF [t £, 1(0™))

e Pre-image computation by variable quantification

EX(@) =3Z2"383W : x,(Z,8 W) A %, (Z7) e {u,v,u,y}

S {Ud’[ja’yd’ya}

=

- - —

AX(p) =3Z"3eVW: x,(Z,e,W) A%, (Z7)

(D!
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MS CTL-AT Algorithms

Algorithm 1 CTLschedul(¢a, ¢, A, YD, X545 Xops [t th])

Anrin = getMinTransition(¢a, x5, )

Datin = getMinTransition(ép, xs ) Problems:
e . Different time characteristics
fi’“jéﬁe)c; iﬁﬁﬁfuﬁﬁ) P4, X545 [t Darin]) e Digital: synchronous
(Op, ¢p1) = CheckCTL($D, $D, Xop [tet, Datin]) e Analog: continuous

S D e epn oA « Interaction between both
o P sub-circuits

(©p,dpr) = CheckCTL(¢p, ¥D, Xop, [t1, Arin])
w4 = CheckIlmpact(¢pr, pa)

(©4,ar) = CheckCTL(pa, 04, X5, [t1, Artin))
©p = Checklmpact(¢ar, dpr)

ti =t - Apin
th = tn - Aprin
end if

(éA> éD) = CTLSChedU1(¢A17 ¢DI7 PAyPD,y XS4

B Xép > [tlath])
Oa=64U @A
Op =60pUB)p
return © 4, ©p
end if
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MS CTL-AT Algorithms (ex.: EF operation)

« Assumption: Global digital clock 7,

Algorithm 2 CheckDigitalTimeEF(¢p, x5, [t1, tr])
Q; = false,2%i+1 = ¢p, T = ¢p,0 = false
if t; < 7.1 then

© = ¢p
end if
while ¢;, > 7.1 do
if Qz 7& Qi+1 then
th =th — Teik, tt = ti — Teik
Q; = Qg1
T = CheckEX(Y, x5,,)
if t; < 7.1 then

O=0UT - Taking care about time constraints
dif . . . e .
o TUo, « Simple EX operation (Quantification)
else » Returns results and front state for
O=0UN .
by =0 further processing
end if
end while
return ©, T
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MS CTL-AT Algorithms (ex.: EF operation)

e Different transition delay times

Algorithm 3 CheckAnalogTimeEF(¢ 4, x5 4, [ti, tn])
© = false, T = false
for all transitions A(¢a, xs,) € 0 do
Tir = getTransitionTime(A (¢4, X5, ))
if t; < 74 then
O = ¢a
end if
if Ttr S th then
¢pa = CheckEX(¢a, X5, Ttr)
(©,7) = CheckAnalogTimeEF (¢ 4, Xs 4, [ti-Ttr, th-Ttr])
©O=0U6,T=TUT

else . . .
T =4 - Taking care about time constraints
ot  Simple EX operation (Quantification)
return ©, Y * Recursive traversaling through the

analog state space
* Returns results and front state for
further processing
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MS CTL-AT Algorithms (Checklimpact)

« Analysis of dependent

Intercommunication signals

* Modifies the according
transition MTBDD

Algorithm  CheckImpact(¢, xs)

—_
<

N e R cA > i

Q=10

. for V states ¢; € ¢ do
Yout = getOutputCube(¢;)
=0V Pout

end for

: Qinp = getInputCube(§2, xs)

return ¢;,,

0

1.2

0.3
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MScheck Demonstration

u u @ ua< ythresh
Analog —>Anl—> Digital O uis Yoo . _
«—{oAl<— ® v Assumption (w.l.0.9.):
iyt

D

Viith <th

CTL-AT formula:

EF[t,,t,1(D, A A,)

Digital

Analog
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Example: Phase Locked Loop (PLL)

CP LPF VCO ‘

b A
Phase

A/D detector [

AJ

Schematic

Ref. S

clock |

@ T %O -

| g I
Legend: f——
CP: charge pump l ! ! ! ! l
LPF: Low Pass Filter [
VCO: Voltage Control o) | M T
Oscillator e T 1[ ************
! e
Analog
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Verification Results

VCO state space Analog sub-state space

U, wk
0.08 + D

isisd

-0.08 +

T T T T T T T T T
-3.1 Ve, 3.1 u

Verification Results: d

g Reachability D
Go |I= EP[0.0ms, 20.0ms](4, A @)

Locking behavior
\ true |= AF[0.0ms,30.0ms](¢,ock)/
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Conclusion

e A symbolic approach for Mixed-Signal model checking
IS given based on

e Real-Time transition structures (RTTS)
« MTBDDs representing transition relations
o« CTL-AT as the specification language
» based on modified fixpoint algorithms for evaluating
CTL-AT formulas
e The approach is demonstrated on a PLL

e analyzing reachability and
e locking behavior
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