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Model Validation for Verification

Overview:

* Verification target clarification by example

» Digital model of an analog cell: functionality/structure
* Functionality modeling and validation

e Structure preserving model assembly

e Case study: finding bugs by modeling

* Conclusion
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Verification target clarification

* Top-down specification
e Desigh phase

* Bottom-up verification
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Verification target clarification

* Top-down specification
— Specification model describes intended behavior

— Verify that block specs match system requirements

e Desigh phase

* Bottom-up verification
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Verification target clarification

* Top-down specification
— Specification model describes intended behavior
— Verify that block specs match system requirements
e Desigh phase
— Adjust parameters of chosen design architecture

— Verify performance vs. specification

* Bottom-up verification
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Verification target clarification

* Top-down specification
— Specification model describes intended behavior
— Verify that block specs match system requirements

e Desigh phase
— Adjust parameters of chosen design architecture
— Verify performance vs. specification

* Bottom-up verification

— Implementation model: functionality and structure
— Verify integration of implemented block is robust in system
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Simple input buffer example
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Simple input buffer example

e Specification model
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Simple input buffer example

e Specification model
— assign dout= por n && PAD IN;

— Verify system level interactions
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Simple input buffer example

e Specification model
— assign dout= por n && PAD IN;

— Verify system level interactions

e Design by re-using existing cell
vddout
din @——|; x PAD
: B !—& -
- set_pd_res[1:0]
in e J vddin
dout lz»—C < ';
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Simple input buffer example

e Specification model
— assign dout= por n && PAD IN;

— Verify system level interactions

e Design by re-using existing cell

I dd
— Connect: in_e=por_n, out_e=0,... ~vddout]
pp_e K——— PG

— Verify performance )
din @——|; x PAD
NG —x pd_e
out e ® j—{g_
set_pd_res[1:0]
in e X J vddin

dout lz»—C < ';
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Simple input buffer example

e Specification model
— assign dout= por n && PAD IN;

— Verify system level interactions

e Design by re-using existing cell

i dd
— Connect: in_e=por_n, out_e=0,... ~vadout.
I pp_e R— PG
— Verify performance

. din ; PAD
* Implementation model e
NG -
out e ®
j—{g' /l set_pd_res[1:0]
in e X J vddin

dout IZD—C < ';
2016
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Simple input buffer example

* Specification model
— assign dout= por n && PAD IN;

— Verify system level interactions

* Design by re-using existing cell
— Connect: in_e=por_n, out_e=0,... vddout
— Verify performance ppe B PG

* Implementation model P - PAD
— Netlist connectivity/models jﬁ‘g ;—& pd_e

out e ®

— Verify integration including . set_pd_res[1:0]
vddain

supply availability ;“O—uet Z—CJ v
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Digital model of an analog cell

» Specification model = structure independent

* Implementation model = needs structure
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Digital model of an analog cell

» Specification model = structure independent

module NRANDZ (

input gnd, //# TYPE=G dd
input 1ti'dd, //# TYPE=P, HI=2.5 in1 x _q b_ X in2
input inl,

input in2,

output out //# TYPE=D, OK=DUT.supply ok in11in21 out M2

): 00| 1 PMOS:

assign supply ok = gnd===1'00 && vdd===1'0; 0 1 2511

assign out = (supply ok) ? !(inl && in2) 1 1 M4 NMOS
1 1 0

C 1'bx: 10/1

_ O A

endmodule

* Implementation model = needs structure
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Digital model of an analog cell

» Specification model = structure independent

module NRANDZ (

input gnd, //# TYPE=G dd
input 1ti'dd, //# TYPE=P, HI=2.5 in1 x —C{ b_ X in2
input inl,
input in2,
out M2 }7
1 PMOS:
25/1
M4 NMOS:

output out //# TYPE=D, OK=DUT.supply ok
)

in1|in2

assign supply ok = gnd===""'00 && vdd===1"01; 1
assign out = (supply ok) ? !(inl && in2) 1

1'px - 0 10/1
endmodule

* Implementation model = needs structure
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Digital model of an analog cell

» Specification model = structure independent

module NRANDZ (
input gnd, //# TYPE=G dd
input vdd, //# TYPE=P, HI=2.5 in1 EF——"ﬁi k%~——4&in2
input inl,
input in2,
output out //# TYPE=D, OK=DUT.supply ok
)

PMOS
assign supply ok = gnd===1'00 && vdd===1'0; 2511
NMOS:

assign out = (supply ok) ? !(inl && in2)
o 10/1

bx;

endmodule

* Implementation model = needs structure

module cmos out (

input gnd, //# TYPE=G
input wddout, //# TYPE=P, HI=1.8
input pg,
input ng,
R ) output out //# TYPE=D, CK=DUT.out ok

-vddout )
dvdd pg assign supply ok = gnd===1'b0 && vddout===1'bl;
d——_l—:kHﬁ assign out = (supply ok) ? 1'bz @ 1'bu;
en — hg : assign out ok = supply ok && (ng *~ pg)===1'0L0;
g ;PAD pmos PO (out, wddout, pg); )0]6
accellera T rros WO {our, end. ne)/ SN
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Digital model of an analog cell

» Specification model = structure independent

module NRANDZ (

input gnd, //# TYPE=G dd

i / /¥ TYPE= I=2.5 . .
input ?dd' //# TYPE=F, HI=Z.5 in1 = _%4 kk_ = in2
input inl,

input in2z2,
output out //# TYPE=D, OK=DUT.supply ok
)

PMOS:
assign supply ok = gnd=== && vdd=== 25/1
NMOS:

assign out = (supply ok) ? !(inl && in2)
. . 10/1

endmodule

* Implementation model = needs structure

module cmos out (

— No spec for vddout up and down ;. .t ona, /s rvee-c
input wddout, //# TYPE=P, HI=1.8

— Structure =2 well-defined out=0  iput oo,
for en=0, dvdd > vddout=0>1->0 = "

Attt output out //# TYPE=D, CK=DUT.out ok

-vddout é )
dvdd g : assign supply ok = gnd=== && vddout===
d——_i—:xHﬁ assign out = (supply ok) ? : ;
en — mg f assign out ok = supply ok && (ng *~ pg)===
1 - PAD pmos PO (out, wddout, pg);

gnd é nmos NO (out, gnd, ng);
accellera oo 1 ;
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Digital model of

an analog cell

» Specification model = structure independent

module NRANDZ (
input gnd, //# TYPE=G
input vdd, //# TYPE=P, HI=2.5
input inl,
input in2,
output out //# TYPE=D, OK=DUT.supply ok

)
assign supply ok && vdd===
(supply ok) ? !(inl && in2)

gnd===

assign out

endmodule

[0
in1 m——o()o——m in2

PMOS:
251

NMOS:
10/1

* Implementation model = needs structure

— No spec for vddout up and down

— Structure = well-defined out=0
for en=0, dvdd > vddout=0—2>1->0

:vddout

dvdd ;pg
d— >: §
b:
en — :
n

-ng

" PAD

accellera o
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module cmos out (
//# TYPE=G

//# TYPE=P,

input
input

gnd,
vddout,
input pg,
input ng,
output out //# TYPE=D, CK=DUT.out ok
)

assign supply ok = gnd===

HI=1.8

&&(vddout:::

assign out = (supply ok) ? || ng && pg)

assign out ok = supply ok && (ng *~ pg)=== :

pmes PO (out, wddout, pg); 2016

nmos NO (out, gnd, ng):; EICATION™
JN

endmodule
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Digital model of an analog cell

» Specification model = structure independent

module NRANDZ (

input gnd, //# TYPE=G dd

input vdd, //# TYPE=P, HI=2.5 in1 g__qb__& in2
input inl,

input in2,

output out //# TYPE=D, OK=DUT.supply ok

) PMOS:
assign supply ok = gnd=== && vdd=== 2511
assign out = NMOS:

(supply ok) ? !(inl && in2)

endmodule

101

* Implementation model = needs structure

dul t |
— No spec for vddout up and down  “ioout e /s resec

input vddout, //# TYPE=P, HI=1.8
- Structure 9 ng:pg=X 90ut=x input pg,

input ng,

for en=0, dvdd > vddout= 09:190

endmodule

output out //# TYPE=D, CK=DUT.out ok

DHHIEITION

dvdd ;VddOUt } ;
dvdd -Po assign supply ok = gnd=== ss(vddout=== ;
d d— g assign out = (supply ok) ? || ng && pg)
en en ‘ng ; assign out ok = supply ok && (ng * pg)=== :
gnd ; EPAD pmos PO (out, wddout, pg); 016
.gnd : nmos NO (out, gnd, ng); FICATION™
3009/[91-3 — : IN
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Functionality modeling and validation:
The Importance of Being Earnest

module NRANDZ (
input gnd, //# TYPE=G
input vdd, //# TYPE=P, HI=2.5

o[
) ) input inl,
in1 &——q b__m in2 input in2,
output out //# TYPE=D, OK=DUT.supply ok

)
”(])1 "2)2 o1u t M2 }7 assign supply ok =
0o 1] 1 %98: gnd===1"00 || (inl===1'b0||in2===1"50)
ot M4 NMOS: && vdd===1'00 || ({inl,in2}===2"010);
111] 0 10/1 assign out = (supply ok) ? !(inl && in2)
P %) -3
accellera endnodule s
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Functionality modeling and validation:

The Importance of Being Earnest

e Validation: stimulate inputs and compare response
vS. expectation and transistor implementation

module NRANDZ (
input gnd, //# TYPE=G
input vdd, //# TYPE=P, HI=2.5

o[
) ) input inl,
in1 &——C{ b__m in2 input in2,
output out //# TYPE=D, OK=DUT.supply ok

):
lf:)1 If(1)2 01Ut M2 assign supply ok =
01| 1 ggﬁl‘?& gnd=== Il (inl=== | | in2=== )
1o M4 NMOS: && vdd=== Il ({inl,in2}=== ) ;
e 1071 assign out = (supply_ok) ? !(inl && in2)
accellera andnodule L
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Functionality modeling and validation:

The Importance of Being Earnest

e Validation: stimulate inputs and compare response
vS. expectation and transistor implementation

gnd /

module NRANDZ (
out % \ % input gnd, //# TYPE=G
input vdd, //# TYPE=P, HI=2.5
) ) input inl,
in1 m——c{ )o——m in2 input in2,
output out //# TYPE=D, OK=DUT.supply ok
)

assign supply ok =

in1]in2| out M2
0107 1 PMOS: _ _
011 1 25/1 gnd=== Il (inl=== | lin2=== )
1o M4 NMOS: && vdd=== Il ({inl,in2}=== ) ;
R 1071 assign out = (supply ok) ? !(inl && in2)
: ’ DESIGMN ARD VE zgﬁ\]'éow'-
accellera endnodule L
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Functionality modeling and validation:

The Importance of Being Earnest

e Validation: stimulate inputs and compare response
vs. expectation and transistor implementation

* Describe expectation with Wavedrom stim_pass=1

&y EBaseline =0
gnd ||‘ EF| Cursar-Baseling » =6 69us

module NRANDZ (
out % \ % input gnd, //# TYPE=G ;
input vdd, //# TyPE=P, HI=2.5 I
) ) input inl,
in1 m——c{ )o——m in2 input in2,
output out //# TYPE=D, OK=DUT.supply ok
)

assign supply ok =

PMOS: — _ _
2501 gnd=== [l (inl=== | |in2===
M4 NMOS: && vdd=== Il ({inl,in2}===2'511);
101 assign out = (supply ok) ? !(inl && in2)

accellera  endmoule DV
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Functionality modeling and validation:
Expectations beyond the obvious

* Validation: stimulate inputs and compare response

* Describe expectation with Wavedrom —2>stim_pass=1

&y EBaseline =0
EF| Cursor-Baseling « = £ 69us

Mame 4~ Cug~ (I

—K in2

in1]in2| out M2 }—
0|0 1
01 1
110 1 M4
111 0

SYSTEMS INITIATIVE

PMOS:
251

NMOS:
10/1

© Accellera Systems Initiative

module NRANDZ (

input gnd, //# TYPE=G

input vdd, //# TYPE=P, HI=2.5
input inl,

input in2,

output out //# TYPE=D,
)

assign supply ok =

OE=DUT.supply ok

gnd=== |l {inl=== | |in2===
&& vdd===

assign out = (supply ok) ? !(inl && in2)

endmodule

>

Il ({inl,in2}=== );

w210,
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Functionality modeling and validation:

Expectations beyond the obvious

* Validation: stimulate inputs and compare response
* Describe expectation with Wavedrom —2>stim_pass=1

TimeA = 1016.69us

* Apply all stimulus combinations 2> model_valid=1

&= Baseline*=0
EF| Cursor-Baseline = =6.69us

107 0us

Mame 4~ Cug~ (I

dd input inl,

in1 Ek——m%j ﬁyn——ﬁxinZ input in2,
output out //# TYPE=D, OK=DUT.supply ok

)

in1in2| out M2 assign supply ok =

0101 1 PMOS: gnd=== Il (inl=== | |in2=== )
0| 1] 1 25/1 && vdd=== Il ({inl,in2}=== ) ;
110 1 M4 NMOS: assign out = (supply ok) ? !(inl && in2)

111 0 . .

10/1

_ 2016
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Functionality modeling and validation:
Expectations beyond the obvious

* Validation: stimulate inputs and compare response

* Describe expectation with Wavedrom —2>stim_pass=1

* Apply all stimulus combinations 2

&= Baseline*=0
EF| Cursor-Baseline = =6.69us

Mame 4~ Cug~ (I

in1 m——o( )o——m in2

in1|in2| out M2 }—
00 1 PMOS:
0|1 1 25/1
110 1 M4 NMOS:
111 0

10/1

SYSTEMS INITIATIVE

model_valid=1 - Fix model!

TimeA = 1016.69us

107 0us

input inl,

input in2,
output out //# TYPE=D, OK=DUT.supply ok
)
assign supply ok =
{ gnd===1'b0 || (inl===1'b@||in2===1'h0) )
&& | vdd===1'b1 || ({inl,in2}===2'b11) J;
assign out = (supply ok) ? !(inl && in2)
. . 2016
endmodule
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Functionality modeling and validation:

Expect to match schematic
* Validation: stimulate inputs and compare response

e Sign-off: stim_pass, model valid, model_test pass=1

digital |

AMS test bench

Stimulus generator: 1,0, z, x ‘ test bench | schematic
GPI_tb.v | GPIl_tb_ams
i
] |
digital VCORE |=— ! VCORE  npj
madel FB |-= .
OUT mod _ ~—, Model _tes)_pass ouT schematic
GPLv ouT |—+4 e out
V0D VDDREF |= , VDDREF -
- NEN |=—{- out : VCORE | |PEN
»={PAD 5alVDDI | N2 ! —| |sevDDI PAD
w-{DVSS VSUB | L _ o OUT thigh _ VSUB DVSS
sig outv : anazdig i
~ OUT ldw n
| Spec |o ! DVSS
DVDD dig I
checker +—
E—— - | VDDREF
PAD dig - | —
- =~ - VSUE oa
DVSS dig —- . —-_ VSUB
- - o SiQ_inv I dig2ana
[ ——
: vsug !
model ualrd\_ i
stim_pass ! lovss
2016
DVLC LN
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Functionality modeling and validation:

Expect to match schematic
* Validation: stimulate inputs and compare response

e Sign-off: stim_pass, model valid, model_test pass=1

* Script-based
AMS test bench
generation

SYSTEMS INITIATIVE

digital | AMS test bench
Stimulus generator: 1,0, z, x ‘ test bench | schematic
GPI_tb.v | GPIl_tb_ams
i
] |
digital VCORE |=— ! VCORE  npj
madel FB |-= .
OUT mod _ ~—, Model _tes)_pass ouT schematic
GPLv ouT |—+4 e out
V0D VDDREF |= , VDDREF -
= NEN = OUT ana : VCORE | |PEN
»=| PAD o PAD
salVDD| == L | |s=lVDDI
»| DVSS VSUE | _ o OUT thigh _ VSUB DVsS
sig outv : anazdig i
~ OUT ldw n
| Spec |o ! DVSS
DVDD dig |
= Checker =— | VDDREE
PAD_dig - | ——
- =~ - VSUE oa
DVSS dig —- . —-_ VSUB
- - o SiQ_inv I dig2ana
[ ——
: vsug !
model ualrd\_ '
stim_pass ! \ﬁ
2016
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Functionality modeling and validation:

Expect to match schematic
* Validation: stimulate inputs and compare response

e Sign-off: stim_pass, model valid, model_test pass=1

* Script-based
AMS test bench
generation

all models

digital | AMS test bench
Stimulus generator: 1,0, z, x ‘ test bench | schematic
GPI_tb.v | GPIl_tb_ams
i
- |
digital VCORE |=— ! VCORE  npj
model RE [ .
OUT mod _ — Model_tesy_pass ouT schematic
GPlLv ouT |+ e out
V0D VDDREF |- , VDDREF -
- NEN [t out : VCORE | [nEN
»={PAD selVDDI |- N2 || |sevoDi PAD
»| DVSS VSUB j=e L _ o OUT thigh _ VSUB DVsS
sig outv : anazdig i
~ OUT ldw n
| Spec |o ! DVSS
DVDD dig |
= Checker =— | VDDREE
PAD_dig - | ——
—_— | VSUB_oe
DVSS _dig - . - VSuUB
- - o SiQ_inv I dig2ana
{——
: vsup |
modal ualrd\_ '
stim_pass ! \ﬁ
2016
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SYSTEMS INITIATIVE

© Accellera Systems Initiative

COMFERENCE AMD EXHIEITION




Structure preserving model assembly

* Assume models for low-level analog structures

vddout
pp_e R—— PG E
—X pu_e
din x PAD
NG — X pd e
out e ® E—
set_pd_res[1:0]
in e ® J vddin

dout @——
Ou DESIGMN AND VE’HIQFE:]A.I'QQN'
accellera ) DV
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Structure preserving model assembly

* Assume models for low-level analog structures

e Use netlister for model assembly
— Accommodate late design changes
— Re-use sub-blocks and validated models
— Implementation model valid by construction
— Structural design bugs are also in mode| _vddout —[F

pp_e R—— PG E
—X pu_e
din x PAD
NG —X pd_e
out e ® E_
set_pd_res[1:0]
in e ® J vddin

dout @——
Ou DESIGMN AND VEHIQFE:}A.I'éQN'
accellera DV
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Structure preserving model assembly

* Assume models for low-level analog structures

e Use netlister for model assembly
— Accommodate late design changes
— Re-use sub-blocks and validated models
— Implementation model valid by construction
— Structural design bugs are also in mode| _vddout —[F

. ppe ®—— PG
. [ ]
Example: 10 cell designs — e
por_n[>
ddi PAD_OD - x PAD
vddin[> - vadout[ _OD [X] vrgé:glus)z] or n | avdd
Vi
PAD_IN p‘(’)vrd: | vddoutL2 ] :;’d"“‘ D dout NG —® pd_e
o [>dout - i out_enD—— ] | S PAD |:_|_
- Cpor .n din pp_od_.n[HNG-l set_pd _res[1:0]
vss[ vssLO——m— din> {Jvss vddin

dOUt : DESIGMN AND VEH?FQJ‘?QN'
accellera ) DV

© Accellera Systems Initiative
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Case study: Simple input buffer

vddin[>

{Jdvdd

© [ >dout
——Jpor_n

2016
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Case study: Simple input buffer

vddin[>
* Specification model o
— assign dout= por n && PAD IN; . B

— Verify system level interactions

accellera - DV T
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Case study: Simple input buffer

vddin[>
* Specification model Ab | dvdd
= o dout
— assign dout= por n && PAD_IN; o B e

— Verify system level interactions

* Design by re-using existing cell

— Connect: in_e=por_n, pu_e=0,... vddout
pp_e R—— PG E
Da S
din x PAD
NG —X pd_e
out e ® j—{g_
set_pd_res[1:0]
in e ® J vddin

dout lzv—C

accellera - DV T
© Accellera Systems Initiative o coNEreRcEANDSHEmOR
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Case study: Simple input buffer

vddin[>
* Specification model Ab | dvdd
= o dout
— assign dout= por n && PAD_IN; o B e

— Verify system level interactions

* Design by re-using existing cell

— Connect: in_e=por_n, pu_e=0,... vddout
— Remove output stage ppe m—

’iw E — X pu_e

—x pd_e
/l set_pd_res[1:0]
in e ® vddin
H—
dout lzv—C < ';
2016
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Case study: Simple input buffer

vddin[>

* Specification model | o

[ >dout

— assign dout= por n && PAD IN; T Gporn

— Verify system level interactions

* Design by re-using existing cell
— Connect: in_e=por_n, pu_e=0,... vddout
— Remove output stage e m— |
P g pP_ — e
* Implementation model

— Netlist connectivity/models — = pd_e
— Verify integration including set_pd_res[1:0]

in e ® vddin

supply availability o CJ j

2016
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Case study: Simple input buffer

vddin[>

* Specification model | o

[ >dout

— assign dout= por n && PAD IN; T Gporn

— Verify system level interactions

* Design by re-using existing cell
— Connect: in_e=por_n, pu_e=0,... vddout
— Remove output stage e B\ PG —[F
* Implementation model
— Netlist connectivity/models E—'X pd_e
— Verify integration including o e set_pd_res[1:0]
supply availability ot C ]
gValidation exhibits PAD_IN=1bx j;,

2016
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Case study: Simple input buffer

vddin[>

* Specification model | o

[ >dout

— assign dout= por n && PAD IN; T Gporn

— Verify system level interactions

Bug:|vddout=0! e

* Design by re-using existing cell

— Connect: in_e=por_n, pu_e=0,...

— Remove output stage e B\ PG, -
* Implementation model ! — =

— Netlist connectivity/models E—x pd_e

— Verify integration including o i set_pd_res[1:0]

supply availability iy X'—CJ —vdn
gValidation exhibits PAD IN=1‘bx w
2016
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Conclusions

e Distinguish specification and implementation models
- different purpose, different construction
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Conclusions

* Distinguish specification and implementation models
- different purpose, different construction

* Validate models against expectation and schematics
- need script-based test bench generation
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Conclusions

* Distinguish specification and implementation models
- different purpose, different construction

* Validate models against expectation and schematics
— need script-based test bench generation
* For modeling and validation:
— Keep models small (many inputs, but one output)
— Signal flow from inputs to output; no feedback to input
— Design hierarchy supports netlist-based model assembly
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Conclusions

* Distinguish specification and implementation models
- different purpose, different construction

* Validate models against expectation and schematics
- need script-based test bench generation

* For modeling and validation:
— Keep models small (many inputs, but one output)
— Signal flow from inputs to output; no feedback to input
— Design hierarchy supports netlist-based model assembly

e Event-driven model also finds bugs in analog design
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Conclusions

* Distinguish specification and implementation models
- different purpose, different construction

* Validate models against expectation and schematics
- need script-based test bench generation

* For modeling and validation:
— Keep models small (many inputs, but one output)
— Signal flow from inputs to output; no feedback to input
— Design hierarchy supports netlist-based model assembly

* Event-driven model also finds bugs in analog design
* Model is formulation of circuit understanding
2010...
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Conclusions

* Distinguish specification and implementation models
- different purpose, different construction

* Validate models against expectation and schematics
- need script-based test bench generation

* For modeling and validation:
— Keep models small (many inputs, but one output)
— Signal flow from inputs to output; no feedback to input
— Design hierarchy supports netlist-based model assembly

e Event-driven model also finds bugs in analog design

* Model is formulation of circuit understanding
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