Test Generation and Design for
Test



Mentor Graphics CAD Tool Suites

IC/SoC design flow?!

DFT/BIST/ATPG design flow?!

FPGA design flow?3

PCB design flow?

Digital/analog/mixed-signal modeling & simulation?-?
ASIC/FPGA synthesis'?

Vendor-provided (Xilinx,Altera,etc.) back end tools?

User-setup selection: eda/mentor/ICFlow2006.1
User-setup selection: eda/mentor/EN2002.3
User-setup selection: eda/mentor/FPGA



Mentor Graphics CAD Tools

(select “eda/mentor” in user-setup on the Sun network*)

e |CFlow2006.1- For custom & standard cell IC designs
— |IC flow tools (Design Architect-IC, IC Station, Calibre)
— Digital/analog/mixed simulation (Modelsim,ADVance MS,Eldo,MachTA)
— HDL Synthesis (Leonardo)
— ATPG/DFT/BIST tools (DFT Advisor, Flextest, Fastscan)
— Limited access to Quicksim Il (some technologies)

e EN2002uU3 - For FPGA “front end” design & printed circuit boards

— Design Architect, Quicksim Il, Quicksim Pro (Schematic/Simulation)
— ModelSim & Leonardo (HDL Simulation/Synthesis)
— Xilinx ISE & Altera “Quartus” tools (Back end design)

 FPGA (FPGA Advantage, Modelsim, Leonardo)

*Only one of the above three groups may be selected at a time



Mentor Graphics ASIC Design Kit (ADK)

e Technology files & standard cell libraries

— AMI: amil2, amiO5 (1.2, 0.5 um)

— TSMC: tsmc035, tsmc025, tsmc018 (0.35, 0.25, 0.18 um)
e |Cflow & DFT tool support files:

— Simulation
VHDL/Verilog/Mixed-Signal models (Modelsim/ADVance MS)
Analog (SPICE) models (Eldo/Accusim)
Post-layout timing (Mach TA)
Digital schematic (Quicksim I, Quicksim Pro) (exc. tsmc025,tsmc018)
— Synthesis to standard cells (LeonardoSpectrum)
— Design for test & ATPG (DFT Advisor, Flextest/Fastscan)
— Schematic capture (Design Architect-IC)
— |IC physical design (standard cell & custom)
e Floorplan, place & route (IC Station)
e Design rule check, layout vs schematic, parameter extraction (Calibre)



ASIC Design Flow

VHDL/Verilog
Synthesis

DFT/BIST
& ATPG

v

Test vectors

: «—Full-custom IC

Standard Cell IC
& FPGA/CPLD

Map/Place/Route

IC Mask Data/FPGA Configuration File



Behavioral Design & Verification
(mostly technology-independent)

Wil VHDL-AMS
Verilog Verilog-A

SystemC

ModelSim ADVance MS

(digital) (analog/mixed signal)

Leonardo

Spectrum

(digital)

Technology Libraries

Post-Layout Simulation,
Technology-Specific Netlist
to Back-End Tools



ADVance MS
Digital, Analog, Mixed-Signal Simulation

VHDL,Verilog,
VHDL-AMS, Verilog-A,
SPICE Netlists

Working

Library Resource

Libraries

\ Mixed Signal
Eldo, (VHDL-AMS,
Eldo RF ModelSim Verilog-A)

Analog | Mach TA View Results

(SPICE) | Mach PA Digital
(VHDL,Verilog)




Automated Synthesis with Leonardo
Spectrum

VHDL/Verilog
Technology Behavioral/RTL Models
Synthesis

Libraries

N

ADK
AMI 0.5, 1.2
TSMC 0.35, 0.25

Level 1 — FPGA
Level 2 — FPGA + Timing

VHDL, Verilog, SDF,
EDIF, XNF



Design for test & test generation

 Consider test during the design phase
— Test desigh more difficult after design frozen

e Basic steps:

— Design for test (DFT) — insert test points, scan
chains, etc. to improve testability

— Insert built-in self-test (BIST) circuits
— Generate test patterns (ATPG)
— Determine fault coverage (Fault Simulation)



Top-down test design flow
V

ModelSim _ -
Text Editor .ﬂ. 2 reg'ée.sil n:uai
Design Architect ™ ar
Verify @3 =b+c. ModelSim
; . L
Functionality I
1011 —, r e
_~} MBISTArchitect Insert/\Verify
= ;l L BISTArchitect Built-in Self Test
\T Circuitry
PIF
Insert™Verify i B} ;
Circuitry :
Design Compiler{!: L) Synthesize/Optimize
BuildGates L1 Design
& Other Synthesis Tools f HHHH
Insert Internal DFTAdvisor
Scan Circuitry
S&T&?Qﬂ;ﬂmp”erﬁ?{ ~ Syn:hesize.@tptli!n‘uize
& Other Synthesis Tools e
Mari FastScan
Generate/\erify 0 FloxTest
Test Patterns 1 ASIC Vector Interfaces
|:|1 ModelSim
I l Hand off QuickPath
to Vendor

Source: FlexTest Manual



Generate and verify a test set

e Automatic test pattern generation (ATPG)

— apply D algorithm or other method to derive test patterns
for all faults in the collapsed fault set

— “random patterns” detect many faults — use deterministic
method to detect the others (F/extest)

e Fault simulation
— verify fault coverage of test patterns

— simulate fault, apply test pattern, and observe output
e fault detected if output different from expected value

— repeat for each fault & test pattern combination



ATPG flow

Set Up for
ATPG

Create Patterns

Adjust
ATPG Approach

Save Patterns




Mentor Graphics FlexTest/FastScan

e Perform design for testability (DFT), ATPG,
and fault simulation

— FastScan: full-scan designs
— FlexTest: non-scan through full-scan designs
e Typical flow:

1. Implement BIST and/or DFT
2. Generate test patterns (ATPG)
3. Verify patterns through fault simulation



FlexTest inputs & outputs

file.v or filevhd
(from Leonardo) $A DK /technology/adk.atpg

—

ATPG
Library |

— Test

Design Procedure|

C e
Netlist File

..\"'. -

External file e \ * }/ pd

A -
or ~— ] FastScan or e | Fault
_ . > Test —— FlexTest T List
Internally | Patterns |

generated e +
i

ATPG
Info.

Files

Source: FlexTest Manual



Invoking FlexTest

Command> flextest (and then fill out the following form)
FlexTest -- Invocation Arguments E]@@

Welcome to FlexTest

Verilog or VHDL

Netllst » | Design : testckt.v Browsse... |
Format :  Verilog —-| 1 Case-Sensitive Hames
File format Gl |
Top Module :
ATPG Libra 'Y—> | ATPG Library : [$ADKAechnologyfadk.atpgl | Browse... |

SADK/technology/adk.atpg

Command File : Browse...
Host File : Browse...

Log File : Browse...

1 Overwtrite Existing File

gl

Start in @ fhomefmelsonmelsovp/mplditest_exi  Browse...

‘ Invoke FlexTest | Manuals | Help | Exit |

To bypass the above form:
Command> flextest testckt.v —verilog —lib SADK/technology/adk.atpg



Flextest/Fastscan Flow

| i “ W >set system mode setup
LY

Imvoaatian

Embup Mods | LogTie
‘ Dafle "'l -"

L

FlaZan Modal
Laarn Chrowiry

Test
Frocedure | —jpme | Pwrform DAC
Fli=
]
¥
Good Mods Fault Mods ATP3 Mode
Fead n Raad Ir CreatniFaad Fauk
w Faiberns B abtarne Fault Ligt  [wRe|  T20
= o CresaiRead Run
Fzut |THTES Faul List
Fle
Fur Comprecs

2atisrnc
Aave
Falsrne [ a




File

FlexTest control panel

B=1[ES

sSetup Kermel Report Windows

Compiling libracy ...

Reading DFT Library file Sfopt/ADE3. O/technologys
Finished reading file fopt/ADE3. 0/technology/adk
Reading Verilog Netlist ..

Reading Verilog file testckt.

Finished reading file testckt. w

W&FENING: 1 case: Unused net in OFT likrary model
Mote: Inwoke with *-load warnings’ to see detail

R A A R A A A A A R R

£
£
s
e
£
s
L%
e
£
s
L%

Welcome to FlexTest

To open the FlexTest Tool Guide, which prowides
help on getting started using the Graphical Use
Interface, as well as help on a wariety of othe
topics, click on the Help button in the Control
or select the following menn:

Help : Open Tool Guide ..

R A A R A A A A A R R

: FlexTest Control Panel

Circuit Setup

Clocks
JTLILr

Primary
Inputs

Scan Circuitry

Primary
Outputs

| Done With Setup I

Transcripting...

Sim Setup...

DRC and DRC HTRG
Circuit Wiolation ar
Simulation

Learning Debugging

Session
Modeling/DRC
Setup...
ATPG & Fault
Cycle
Timing...

Open
DFTInsight

Daofile...
Exit...




FlexTest ATPG control panel

1. Select faults
to be tested

3. Run the ATPG
and fault
simulation

|

4. Report /

results

Test Pattern Generation

Results &
Analysis
7 ‘ I
//

A
T~ Fault Pattem
Universe Source
Test
/ Generation
=

Generated
Pattems

= E)X
Session (l
Transy’pﬂng{

Run

Report
Statistics...

aave
Patterns...

Reset State...

Report
Circuit...

| Done With Pattern Generation I

DRC and
Circuit

Learning

DRC
Yiolation
Debudgging

Dofile...

Exit...

| 2. Select auto
test patterns
or external
test file




Fault Simulation

Deliberately induce faults to determine what happens
to circuit operation

Access limited to primary inputs (Pls) & primary
outputs (POs)

Apply pattern to Pls at start of test cycle

At end of test cycle, compare POs to expected values
Fault detected if POs differ from correct values

Fault coverage = detected faults/detectable faults



Fault simulation with external file selected as

“Pattern Source” (“Table Pattern” option)

// fastscan test pattern file — define inputs
Pl A f -

A>—A0 O\ M
PI B P N
Pl C B | {—161 — x14 A1 /

| - 5\\ _ e
% \ K; -
ety \\., Yo r % N I

Pl D Yp A1 /'

CL> _:]: ___../ ix13 _ —j Pl
PI'E D> A2\

Y jo—

PO Y E |:/ H1 /’;‘I

// test patterns — bits in above order
000100
010000
011111
100111
100010

Note: These were “random” patterns



ORPR P OOO0ORRRRORRRIERM

RE
RE
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS

Flextest fault simulation results

[/ix14/A1
/ix13/A0
/ix15/A1
/B

/D

/D
Jix11/A1
[ix12/Y
/ix12/A1
/ix13/Y
/ix13/A1
/E
/ix13/A0
/ix12/A0
/ix14/Y
/ix14/A0

P PP P OO0OOO0OORRFRPRORER OO

DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS

/ix16/Y
/ix14/A1
/Y
/ix11/Y
/B
/ix14/A0
/ix16/Y
/ix16/A1
/C
/ix16/A0
/ix12/A0
[ix14/Y
/ix15/A0
/A
/ix13/A1
JE

DS
DS
DS
DS
DS
DS
DS
DS
uo
uo
uo
uc
uc
uc
uc
uc

COO0ORRPRREPRERERREROOOOOOODO®O

Test coverage = 38 detected/48 faults = 79%

DS — fault detected in simulation
RE — redundant fault

/ix12/A1
[ix13/Y
/Y
[ix11/Y
/ix11/A0
/ix15/Y
Jix11/A1
[ix12/Y
[ix16/A1
/C
/ix16/A0
[ix11/A0
[ix15/Y
/ix15/A0
/A
/ix15/A1

UO — unobserved fault
UC — uncontrolled fault



Design for Test
Scan Test



Top-down test design flow
V

ModelSim _ -
Text Editor .ﬂ. 2 reg'ée.sil n:uai
Design Architect ™ ar
Verify @3 =b+c. ModelSim
; . L
Functionality I
1011 —, r e
_~} MBISTArchitect Insert/\Verify
= ;l L BISTArchitect Built-in Self Test
\T Circuitry
PIF
Insert™Verify i B} ;
Circuitry :
Design Compiler{!: L) Synthesize/Optimize
BuildGates L1 Design
& Other Synthesis Tools f HHHH
Insert Internal DFTAdvisor
Scan Circuitry
S&T&?Qﬂ;ﬂmp”erﬁ?{ ~ Syn:hesize.@tptli!n‘uize
& Other Synthesis Tools e
Mari FastScan
Generate/\erify 0 FloxTest
Test Patterns 1 ASIC Vector Interfaces
|:|1 ModelSim
I l Hand off QuickPath
to Vendor

Source: FlexTest Manual



Sequential circuit testing problem

External access only to
Pls and POs Pls

Internal state is
changed indirectly

For N Pls and K state
variables, must test 2N+K
combinations

Some states difficult to
reach, so even more
test vectors are needed

POs

Clock



Design for Test (DFT)

Combinational Logic OuUT1

Ul oH L

>

Combinational Logic ouUT?

Flip flop states are difficult to set from PIs A & B



Scan type: mux_scan

Figure 3-10. Mux-DFF Replacement

Original Replaced by
Flip Flop mux-DFF Scan Cell

data

’ . * sSC_In

> CLK SC_en
clk > CLK

sc_out
(Q)



Scan type: clocked scan

Figure 3-11. Clocked-Scan Replacement

Original Replaced by
Flip Flop Clocked-Scan Cell
data —D
2 Q SC_in QL sc_out
. CLK sc_clk > (Q)
sys clk —>CLK




Orniginal
Latch

Latch
clk

Scan type: Lssd

Figure 3-12. LSSD Replacement

Replaced by

LS5D Scan Cell

data
sys clk

* sC_in
Aclk

Belk

0 Q
clk

Master
Latch

D Q

Slave
Latch

sc_out



DFT: Scan Design

Combinational Logic

D m%gﬂmﬁm .

SC SCi

> > D>

Combinational Logic

Flip flops replaced with “scan” flip flops
Flip flop states set via “scan input” sc_in



DFTadvisor/FastScan Design Flow

Design
/ Requirements
RTL Coding
\ Before Scan
. RTI_ /‘ Combinational Logic
/ D-::e-mn — g —all
Synthesis
\ i 5 } I_} I_
Jt-lte I_E"u’l:'l Combinational Logic
Scan Insertion Netl:ﬁt
DFTAdvisor — After Sean
\ ’< - : Combinational Logic
i 1 gl ==
ATPG / MNetlist | o ci -I__ = E?:rl':
e = [ [s
FastScan CLK []

Test

? F"iherne 1
ATE

Source: FlexTest Manual



DFT test flow and commands

" Non-scan i W 2
’\______Netlist L library Commmpnd;
- = SETUP> add pin constraints
—‘ == e:up [ SETUP=> analyze control signals -auto_fix
Scan/Test Logic . )
Configuration typically use defaults
1
D‘?S“Q” .RUIE SETUP> set system mode dft
DFTAdvisor |__Checking
T
Scan
e i DFT=> run
Identification
1
Scan/Test Logic DFT= insert test logic -number 8
Insertion

[ Write Iéesults l

DFT= write netlist <file_name=> -verilog
DFT= write atpg setup <file_name>

Fa

T Test
.P_rpcedure F_i_l_:_a_-,.

=

| SETUP= dofile <file_name>.dofile

SETUP= set system mode atpg

e . S S -
[Scan Inserted | FastScan
__Netlist L Daofile
‘ Setup
[ |
Design Rule
Checking
[ |
FastScan | Configuration

tvpically use defaults

Generate
Patterns

ATPG=> create patterns -auto

Save Results ‘

ATPG=> save patterns

~Test

-
A

bl F‘attemsl___,,

Source: DFTadvisor Manual



Example DFTadvisor session

* |nvoke:
— dftadvisor —verilog count4.v —lib SADK/technology/adk.atpg

 Implement scan with defaults (full scan, mux-DFF
elements):

— set system mode setup

— analyze control signals —auto

— set system mode dft

— run

— insert test logic

— write netlist count4_scan.v —verilog
— write atpg setup count4_scan



Example FastScan session
for a circuit with scan chains

* |Invoke:
fastscan —verilog count4 scan.v —lib SADK/technology/adk.atpg

 Generate test pattern file:
— dofile count4 scan.dofile (defines scan path & procedure)
— set system mode atpg
— create patterns -auto
— save patterns



-- Example: count4.vhd 4-bit parallel-load synchronous counter

LIBRARY ieee;
USE ieee.std_logic_1164.all; USE ieee.numeric_std.all; --synthesis libraries

ENTITY count4 IS
PORT (clock,clear,enable,load _count : IN STD LOGIC;
D: IN unsigned(3 downto 0);
Q: OUT unsigned(3 downto 0));
END count4;

ARCHITECTURE rtl OF count4 IS
SIGNAL int : unsigned(3 downto 0);

BEGIN
PROCESS(clear, clock, enable)
BEGIN
IF (clear ='1') THEN

int <= "0000";
ELSIF (clock'EVENT AND clock="1") THEN
IF (enable ='1') THEN
IF (load_count ='1') THEN
int <= D;
ELSE
int<=int+"01";
END IF;
END IF;
END IF;
END PROCESS;
Q<=int;
END rtl;



Binary counter
(4-bit)

Synthesized by
Leonardo

B countd.v - WordPad

File Edit Miew Insert Format Help

e && #

O

i

ff Werilog description for cell count4d,
/¢ Thu Sep 15 13:29:54 2005

A

f¢ LeonardoSpectrum Level 3, Z005a.32

A

module countd | clock, clear, enable, Soutput ) ;

input clock ;
input clear ;
input enable :
output [JF:0]%output

wire nxZ4, nx3i0, nx79, nxs87, nxS9, nx99, nx1l09, nxlz2l, nxl1l27, nxlZ9, nx139;
wire [3:0] % &dummy ;

dffr output 0 rename rename (.Q (“output [0]), .CE (%"&dwmwy [0]), .D (nx79)
; «CLE (elock), R (clear))

inw0e ix122 [(.¥ [(nxl2l), .4 (enable)) ;

dffr output 1 rename rename (.2 (“output [1]), .CE ("&dwmmy [1]), .D (nxS9)
; «CLE (elock), R (clear))

aozl ix90 (.Y [(nx89), .A0 (‘output [1]), .Al (nxi1zZ1), .EBO [(nx37)) :

omizl ix1Z8 (.Y¥ (nx127), 4O (S“output [0]), A1 (Soutput [1])1, .BO [(nxlZ9)
1o

nand02 Zx ix130 (.¥ (nxl123), .40 (Soutput [1]), .A1 (houcput [O])) :

dffr output Z rename rename (.2 (houtput [2]), .CB (%\&dwmmy [2]), .D (nx99)
s «CLE (eclock)l, R (clear))

wuxZl ni ixi0oo (.Y (nx39), .A0 (Soutput [2]), .A1 (nxZ4), .30 (enahle)) :

¥norZz ixES5 (.Y (nxZ4), .A0 (Soutput [2]), Al [(nxlz29)) ;

dffr output 3 rename rename (.2 (“output [3]), .CE (%&dwmmwy [3]), .D (nx109
1, CLE (clock), .E (clear)) :

wuxZl ni ix110 (.Y¥ (nxl09), .40 (Soutput [3]), A1 (nx30), .30 (enahle)) :

¥norZz ix31 (.Y (nx30), .AO0 {(Soutput [3]), Al [(nxl139)) ;

nandl3 ixi140 (. ¥ (nx139), .A0 (houtput [2]), .&A1 (“output [1]1, .AZ |

Youtput [O0])1)
¥orZ ixg80 (.Y (nx79), .A0 {(Soutput [0]), .Al (ensble)) :
norl2ii ix8s8 (.¥ (nx87), .40 [(nxl1l27), .41 (enable]) :
endmodule

For HEI|:.|.J pressFI
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count4 — without scan design




Binary
counter
(4-bit)

Synthesized by
Leonardo

DFTAdVvisor
Changed to
Scan Design

H count4_scan.v - WordPad

File Edit Wiew Insert Format Help
D SR # B e B
PR
*: DE3C: Generated hy DFThdwvisor at Wed Nowv 30 17:01:15 2005
*
module countd { clock , clear , enable , ‘output | scan inl , sScan en J;
input clock , clear , enable , scan inl , sScan en ;
output [3:0] ‘“output
wire nx139 , nx30 , nxl09 , nx24 , nx99 , nxl12? , nxl29 , nx87 , nx89 , nxl21 , nx79 ;
wire [3:0] % §durmy
output 0 rename rename (D ( nx?9 ) , .3I | scan inl ) , .3E
i Scan en | .CLE { clock ) , R [ elear ) , .2 [ “output [0O] ) .,
OB [ % Sdwray  [0] ) :
a2 ix122 (LA | ensble ) , .Y | nxlzZl ) :
output 1 rename rename (.D ( nx89 ) , .81 ([ “idurwmy [0] ) , .SE
i scan en ) , .CLE | clock ) , .R { clear j , .0Q | Youtput [1] ) .
OB [ % Sdwramy  [1] ) :
ao2l 4ix90 (.40 { “output [1] ) , A1 { nx121 ) , .BO { nx87 ) , .¥ [ nx39 }));:
oai2l dix128 (.40 { “output [0] ) , A1 { houtput [1] ) , .BO { nxl1zZ9 ) ,

Ll onxl127 )0

pasd0? Z2x ix130 (A0 { SNoutput [1] 3 , AL { houtput [0] ) ., ¥ [ nxlzZ9 j5;
output 2 rename rename (. D [ nx89 ) , .81  Niduwey [1] )
i Scan en | LCLE | mlock ) L0 houtput  [2] )

= , B | glear | .,
LOB % Sdwray  [2] ) :
muxzl ni  ix100 (.40 f Youtput [2] )y , A1l [ nxZ4 ) , .30 | enable )
[ nx99 1i:;
e ix25 (.AD { ‘“output [2] 1 , A1 { nx129 ) , .Y { nx24 )1):
output 3  rename rensme (.D [ nx109 ) , .81 [ bidurey [2] )
i scan en ) , .CLE | clock ) , .R { clear j , .0Q | Youtput [3]
LOB % Sduray  [3] ) :
muxzl ni  ix110 (.40 f Youtput [3] Y , A1 [ nx30 ) , .30 { enable )
[ nxl09 1);
xnor2 ix31 (.40 { Soutput [3] ) , ALl { nxl139 ) , ¥ [ nx30 j3;
nand03 ix140 (.40 { Soutput [2] ) , A1 { ‘“output [1] )y , .AZ
{ “output [0] ) , .Y ( nxl39 )1);:
¥or2 ix80 (.40 { “output [0] ) , A1 { enable ) , .¥ [ nx79 j);:
norf02ii  ix88 (.40 [ nx127 ) , .41 [ enshle ) , .¥ [ nx87 11:
endmodule

f

f

f

!

3E

f

¥

f

¥

#-:?H-elp, press F1




countd — scan inserted by DFTadvisor
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Test file: scan chain definition and
load/unload procedures

scan_group "grpl" =

scan_chain "chainl" =
scan_in ="/scan_in1";
scan_out = "/output[3]";
length = 4;

end;

procedure shift "grpl_load_shift" =
force_sci "chainl" 0;
force "/clock" 1 20;
force "/clock" 0 30;
period 40;

end;

procedure shift "grpl_unload_shift" =

measure_sco "chainl" 10;
force "/clock" 1 20;
force "/clock" 0 30;
period 40;

end;

procedure load "grpl_load" =
force "/clear" 0 O;
force "/clock" 0 0;
force "/scan_en" 1 0;
apply "grpl_load_shift" 4 40;
end;
procedure unload "grpl_unload" =
force "/clear" 0 0;
force "/clock" 0 O;
force "/scan_en" 1 0;
apply "grp1_unload_shift" 4 40;
end;
end;



Test file: scan chain test

// send a pattern through the scan chain
CHAIN_TEST =
pattern = 0;
apply "grpl load" 0 = (use grpl_load proc.)
chain "chainl" ="0011"; (pattern to scanin)
end;
apply "grpl _unload" 1 = (use grpl _unload proc.)
chain "chainl" ="1100"; (pattern scanned out)
end;
end;



Test file: sample test pattern

// one of 14 patterns for the counter circuit
pattern = 0; (pattern #)
apply "grpl load" 0 = (load scan chain)
chain "chainl1" ="1000"; (scan-in pattern)
end;

force "PI" "00110" 1; (Pl pattern)
measure "PO" "0010" 2; (expected POs)
pulse "/clock" 3; (normal op. cycle)
apply "grpl unload" 4 = (read scan chain)

chain "chainl1" ="0110"; (expected pattern)
end;



Built-In Self Test



Top-down test design flow
V

ModelSim _ -
Text Editor .ﬂ. 2 reg'ée.sil n:uai
Design Architect ™ ar
Verify @3 =b+c. ModelSim
; . L
Functionality I
1011 —, r e
_~} MBISTArchitect Insert/\Verify
= ;l L BISTArchitect Built-in Self Test
\T Circuitry
PIF
Insert™Verify i B} ;
Circuitry :
Design Compiler{!: L) Synthesize/Optimize
BuildGates L1 Design
& Other Synthesis Tools f HHHH
Insert Internal DFTAdvisor
Scan Circuitry
S&T&?Qﬂ;ﬂmp”erﬁ?{ ~ Syn:hesize.@tptli!n‘uize
& Other Synthesis Tools e
Mari FastScan
Generate/\erify 0 FloxTest
Test Patterns 1 ASIC Vector Interfaces
|:|1 ModelSim
I l Hand off QuickPath
to Vendor

Source: FlexTest Manual



Built-In Self-Test (BIST)

e Structured-test techniques for logic ckts to

improve access to internal signals from primary
inputs/outputs

e BIST procedure:
— generate a test pattern

— apply the pattern to “circuit under test” (CUT)
— check the response

— repeat for each test pattern

 Most BIST approaches use pseudo-random test
vectors



Logic BIST general architecture

Psaudo Random Pattern Generalor (PRPG)

o I -
e _ =
2wz Circuit = 2
= ] Und "o =
- = - naer = -
e u 0 0 -
= Test - Z
E . - - _%
“m - X

' oy 'y

Multiple-Input Shift Register (MISR)

Source: Mentor Graphics “LBISTArchitect Process Guide”



Circuit with BIST circuitry

from sysiem
- MUX = to
- % - system
3__‘3 E A Circuit 5
- Under @5
o O Test oN—m
=
oy o
i £
I 3
BIST ?
Controller

o

Source: Mentor Graphics “LBISTArchitect Process Guide”



Linear Feedback Shift Register (LFSR)

 Produce pseudorandom binary sequences (PRBS)

 Implement with shift register and XOR gates

e Selection of feedback points allows n-bit register to

produce a PRBS of length 2"-1

DO

CLK|

Text figure 14.23

1110010...

|
1100101...

0010111... 1001011...

QO Q1 | Q2
D1 D2
_> S—

CLK CLK

LFSR produces
pattern:
7,3,1,4,2,5,6
(PRBS length 7)



4-stage LFSR with one tap point

[::;<;EEFD C) 1] Q—ﬂh-Diﬂ——Jih

gl A

CLK | | | |

State Pattern State Fattern
i 1000 a 1131
1 1100 G 0110
2 1110 10 o011
g 1111 11 1001
4 0111 12 D100
5 1011 13 Qo110
L3 0101 14 ool
Fi 1010 15 1000

Source: Mentor Graphics “LBISTArchitect Process Guide”



Serial Input Signature Register (SISR)

Use an LFSR to compact serial input data into an n-
bit “signature”

For sufficiently large n, two different sequences
producing the same signature is unlikely

Good circuit has a unique signature

—HC Initialize LFSR

to ‘000’ via RES.

\ Q0 Q1 Q2 .
—~— DO Y Do Signature formed
> el il via shift & add

TRES TRES TRES
Text figure 14.24

CLK




Generated
test
patterns

BIST Example (rig. 14.25)

Pattern generator

Signature analyzer

test

stuck-at-1

Circuit under test

Output
sequences

LFSR1 generator LF5R2 signature analyzer
/-"_H /"ﬁ'ﬂ'
XG1 (o — X1t
PRE
Q0 Qn Q2 qiDi RO R1 R2
Do D1 D2 N EO E1 E2
— — —s —t» —» —
CLK CLK CLK CLK CLK CLK
clock }-CLK REST REST clock» CLK TRES REST RESTm
good 1011100 | 0101110 0010111 01001100 00111110 00011111 00001111
bad 1011100 0101110 0010111 01011100 00111000 00011100 00001110
CcuT A B C T : T T
— 7 signatures:
0 o— e,
us good = hex 3 =011
U2 — RO=0,R1=1,R2="1
circuit under —[>D;—

bad (F1) = hex 0 = 000
RO=0,R1=0R2=0

Signatures



Aliasing

e Good and bad circuits might produce the same
signature (“aliasing”) — masking errors
* Previous example:
— 7-bit sequence applied to signature analyzer
27 =128 possible patterns
— 3-bit signature register: 23 = 8 possible signatures

— 128/8 = 16 streams can produce the good signature: 1
corresponds to good circuit, 15 to faulty circuits

(assume all bit streams equally likely)
— 128-1 =127 streams correspond to bad circuits

— 15/127 = 11.8% of bad bit streams produce the good
signature, and therefore will be undetected

(Probability of missing a bad circuit = 11.8%)




Aliasing — Error Probability

— Given test sequence length L & signature
register length R

— Probability of aliasing is:

— Use long sequences to minimize aliasing

— For L >> R:



LFSR Theory (chap 14.7.5)

 Operation based on polynomials and Galois-field
theory used in coding

 Each LFSR has a “characteristic polynomial”
— Called a “primitive polynomial”
maximum-length PRBS
— General form: P(x) =c, U cxt O ... [ ¢ x"
c alwaysOor 1, LI =xor
— Reciprocal of P(x) is also primitive:
P*(x) = x"P(x V)

e LFSR can be constructed from P(x) or P*(x)

if it generates a



Primitive polynomial examples

e P(x)=10 xtJx3
— Order: n=3
— Coefficients: c,=1, ¢,=1, ¢,=0, c;=1
— LFSR feedback taps: s=0, 1, 3
(non-zero coefficients)

e P¥(x)=10 x% [ x3



“Type 1” LFSR schematic

PX)=1®cx®...Dc,_x"~T@x"

C1 Ch—1 Cn=1
Qg Q, Q,_1 Qp
—> —> —
CLK CLK CLK

or P*(x)=1@c,_41x@® ... @c1x”‘1€r)x”

If ck=1 add feedback connection & xor gate in position k



Four LFSR structures for every primitive

Type 1
-external XOR

-easy to build from
existing registers

-Q outputs delayed
by 1 clock

(test seq’s are
correlated)

Type 2
-internal XOR

-fewer series XORs
(faster)

-outputs not
correlated

-usually used for BIST

polynomial

0010111 1110010...
g — ~CIt
1001011 .. 1100101...
D1 E2
DO Qo Q1 D2 Q2 =0 RO E1 R1 R2
—> — — —= — —>
CLK CLK CLK CLK CLK CLK
Q0Q1Q2 = 7314256 ROR1R2 = 7352146
Q2Q1Q0 = 7641253 RZR1R0 = 7652413 .
Type 1, P*(x) @ Type 1, P(x) (0)
F1 G2
FO S0 S 7 F2 S2 GO TO ¢ G1 T1 T2
—= — —= — — —I=
CLK CLK CLK CLK CLK CLK

S05152 = 7634215
S25150 = 7361245

Type 2, P(x) (g
P(x)=10x0»®

TOT1T2 = 7542163...
T2T1TO = 7512436...

Type 2, P*(x)  (q)
P*(x)=10x20 x»3



Common LFSR Configurations

Table 2-1. Common LFSR Configuration

LFSK Primitive Polynomial Tap Points Tap Points
Length (i /Tvpel) (“out”/ Tvpel)
8-bats :-:;+::{|+:-:J+:!-L‘+1 6.5. 4 4. 3.2

16-bits xS px Pt +1 13.12. 11 5.4.3

24-bits e e | 23.22.17 7.2.1

32-bits | xotxT T xt] 31.30. 10 22,2,

Source: Mentor Graphics “LBISTArchitect Process Guide”

Also see Figure 14.27 and Table 14.11 in the Smith Text




Multiple-Input Signature Register (MISR)

 Reduce test logic by using multiple bit streams to
create a signature

e BILBO (built-in logic block observer) — uses MISR as
both PRBS generator and signature register

Example: MISR from Type 2 LFSR with P*(x) =1 [ x2 [J x3

in[0 in[1 in[2
|[ ) |[ ] 12] in Y e out)
MISR
xor_i1 Xor_i2 Xor_i3 E,
=~ DO N D1 D2
—L’.e_ —'ﬁl_/_'—lﬁfl_}l* — ] in itr'\x:j:—
cp out[0] cp— out[1] cp—p out[2] / out[2]
initn ¢ R initnqR initn—gR L{ >
serial_out

omit xor_i3 if only 2 outputs to test



Mentor Graphics Tools

e LBISTArchitect

— logic BIST design & insertion
— Reference: “LBISTArchitect Process Guide”

e MBISTArchitect

— memory BIST design & insertion



Architecture produced by LBISTarchitect

collect & compact
outputs (MISR)

<

Signature out

Constrained
Primary
Inputs

[

BIST

scan
Crriver |
Scan ]
Manitor |

W

Patterm Cnt

Shift Crt

Clock Control

Conftroller

b e e

Core Design

p

v

Interface Logic

Scan Chain
Concatenation

Scan Enable

Source: Mentor Graphics “LBISTArchitect Process Guide”

Primary
Inputs



Logic BIST design flow

inserl Scan

Anakyee and
inger] Test Points

Dafins and Craatls
Logic BIST Circudtry

Creale 114491

Logic Synihesis of
BIST and 11481

Aun BIST Faull Bimudstson and
Good Machine Signature Generation

Coare - Gafte Lewved Mot st

'

LEIS TArchiteat
| BiST-raady phase|

BE DA rchilss
[ Oplf orsf)

Gate-lewsi BIST Mads!

L BISTArchilec

Fault Samaila Bon

Faul Sienulaion
G B
Hetuls

Gaod kMack
Sign sy e

RTL level
(VHDL, Verilog)

External logic
“— synthesis tool
(Leonardo)

Gate level
-
(VHDL, Verilog)

Source: Mentor Graphics “LBISTArchitect Process Guide”



(éfte-Levélg

Design ’
>

M

1. Insert Scan and Test

LBISTArchitect
BIST-Ready

Foints
] @ate-Lewe:“
Design

wi Scan &
\Test Points,

-

'

2 Insert Logic BIST Cir-::uit_r'_y_'

. HDL . |LBISTArchitect| (. HDL
Design ™| BIST Controller B pegign

Synthesis | wiBIST |
r—— - - - — = ¢ ________ =
| ——.3.Insert Boundary Scan __ |
e A — — — __ . _HOL )
I core t= BSDArchitect - oo, |
| \_Design J  —ormemmemme L wi1148.1 ) |
L = .

4. Synthesize Design
A1

v

Gl o

P

e &L i ., >,
! _—
_\—/,.'

\
L
% —— _

HDL )

Logic BIST

flow

Y

\ -  GateLevel )
™~ Sesion : ~ “| 4 VHDL or Verilog| M2
wi Sean & 2?;'3111 Design 7| Logic Synthesis # synthesized N
JestPonts) (W49 10 [ wiBIST Tool Design (__ HDL 3

Synthesized
Design |

l"'-.

6. Simulate Faults

LBISTArchitect]
Sequential Faul - el
Simulation e —

5. Sim
(Gate-Level,
[Syntﬁsized
| Design

"y

-

ulate Faults & Generate

Y

Test Signature . =,
[ Good Machine |

LEISTArchitect ‘. Results /
Fault e
Simulation | ™/ FaultSim.

¢ Fault Sim.
o Resulis y

7. Debug Mismatches

LBISTArchitect
TBConfig

I-'/’Micru:u-mded-\‘-.
-\__Test Ben t:h__/-

Resultz __/-'
|

Source: Mentor Graphics “LBISTArchitect Process Guide”




r — 7 7
L ——

Logic BIST C el (D

Verilog

Fai?

WVHDL
insertion flow ./ et
Invoke
LBISTArchitect
|
Add User [
Commands B3DArchitect
- Dofile
REun
BIST Insertion
':%’:e Fast=can b
Outputs Topup
1 _ Dofile
r—-— - 7 7"
L=
| Synthesis | } Fault =
|  Script Simulation
L 4 [HDL ) Dofiles
BIST
. Models | [~
. Test
Procedures

-

Test Bench



Logic BIST design phases

e BIST-Ready:
— check design for testability
— insert scan circuits & test points
e BIST Controller Generation:
— produce synthesizable RTL model (VHDL,Verilog)
— includes scan driver/PRPG, scan monitor/MISR
e Boundary Scan Insertion (optional)
— BSDarchitect can tie 1149.1 to logic BIST
— inserts boundary scan ckts & TAP controller



LOGIC BIST design phases (2)

Fault simulation & signature generation
— determine fault coverage of BIST patterns
— generate signature of “good circuit”
Sequential fault simulation (optional)

— determine fault coverage of BIST hardware

BIST verification (optional)
— generate test bench for full simulation

Manufacturing diagnostics (optional)
— generate info to assist in fault diagnosis



BIST-ready phase:
test point insertion

 Add control test points to gain access to
inputs of difficult-to-test gates

 Add observe test points to gain access to
outputs of difficult-to-test gates

e MTPI: Multiphase Test Point Insertion
— break test into phases (ex. 256 patterns each)
— activate only test points used in a phase

— add points to improve detection of faults not
detected in previous test phases



MTPI Example

Table 2-2. Four-Phase Test Point Control Activity

Phase

Patterns

Activity

0

No active TP controls

1

1st TP control active

-
P2

513—768

2nd TP control active

3

769—1024

3rd TP control active

Phase 3
TP Activity

10 Bit Pattern Counter

MSB

Decoder'

EI-I;I—I:I—I:I—I:I—I:I—EI—I:I—I:I—I:I‘LSB
|

Phase 0

2
R N

[]

'/(No TP Activity)

=RUING

™~ phase_cntI2

\_‘\‘ \
\““*-H phase_cntl1

[~ phase_cntl3

= Phase 3 Test Points
[0 Phase 2 Test Points

Bd Phase 1 Test Points




Boundary Scan



Top-down test design flow
V

ModelSim _ -
Text Editor .ﬂ. 2 reg'ée.sil n:uai
Design Architect ™ ar
Verify @3 =b+c. ModelSim
; . L
Functionality I
1011 —, r e
_~} MBISTArchitect Insert/\Verify
= ;l L BISTArchitect Built-in Self Test
\T Circuitry
PIF
Insert™Verify i B} ;
Circuitry :
Design Compiler{!: L) Synthesize/Optimize
BuildGates L1 Design
& Other Synthesis Tools f HHHH
Insert Internal DFTAdvisor
Scan Circuitry
S&T&?Qﬂ;ﬂmp”erﬁ?{ ~ Syn:hesize.@tptli!n‘uize
& Other Synthesis Tools e
Mari FastScan
Generate/\erify 0 FloxTest
Test Patterns 1 ASIC Vector Interfaces
|:|1 ModelSim
I l Hand off QuickPath
to Vendor

Source: FlexTest Manual



Boundary-Scan Test

e JTAG (Joint Test Action Group) test standard
became |IEEE Standard 1149.1 “Test Port and
Boundary-Scan Architecture”

e Allows boards to be tested via 4 wires:

— TDI (test data input)

— TDO (test data output)

— TCK (test clock)

— TMS (test mode select)

— TRST (test reset) is optional

e Test data supplied serially via TDI & results
checked via TDO, under control of TMS/TCK



Use of boundary scan to detect
shorts/opens between ICs

o 5 Tok i |

TCK i g ™S — b

: : : TMS I | I
U1 -—— P T P U2 oot oo

package pin“ open PCB trace DO )

(a) TCK _E@Lﬂfﬁ/ ———————— h
—i U4 J= B
WSy open I

S pin 1618 M1 g 2 : - TCK

Lo Q b -------- — TMS

"l sent you a one" "l didn't get it"
serial data
TDO w— '..1...22 other values...?...'! €— ghifted

- through
> time chain

(c)

Smith text figure 14.1



JTAG/IEEE 1149.1 Boundary Scan
Basic Structure

Board
Chip 1 Chip 2
Ll#—— -
! |H|H|H|H| IHIHIHIHI
TCK TAP Circuit Prior to TAP Circuit Prior to
t Boundary Scan Boundary Scan
cir Insertion cir Insertion
™S
[ T T T 1 C T T T 1
M M W W W M
.
I T Y Y

Source: Mentor Graphics “Boundary Scan Process Guide”

TDO



Chip-level boundary scan architecture

Soundary Scan

Reglsher (boundary Scundarn Soundar, -
scan path conn=ciing Ecan Cel P Sl

EounZary soan D] 5

| .
D o [ L— —
. neruction | ]

: I Reglaisr

| | 3

I |

— L piona

[ | TEstlom
& | —m= F R=oisi=rs
L 1 ]
|5 — 'Y
e | j[-—— - — — =17l
= |
AR N o I
% I—l' I_.‘T-'-.-E-:ln'r.l-.-er -I coroult Pricr o
2 — | Bourdary Scan
p B |
x | TCE[]
| — Bspass |

I ] Reglsier _l I

| | l

| | ' | '

| TDD I o !

l o x| :

I

| .

Source: Mentor Graphics “Boundary Scan Process Guide”



Data register (boundary) cell

i | data flow
'-ﬁscan outl | HEJ :

: R =
hiftDR ) capture update
SR/ G1 ]
- 17 1D A Alip W9
riscan_in) ? 1 —>C1 7 = C
e DR B e L L EEEEEE
< shift

clockDR)>— updateDR>—

Normal mode: data_in to data_out (mode=0)

* Chip input pin: data_in from board, data out to chip

* Chip output pin: data_in from chip, data_out to board
Also used in “Bypass” mode




Data register (boundary) cell

mode
S R data flow ;

'-<scan_out L G1
capture u{pdﬂiAI
1 2
A Al Wd
r{scan_in \, 7 —>C1
T R i

clockDR)>— updateDR>—

Scan mode: scan_in to capture FF, capture FF to scan_out
shiftDR=1 & clockDR pulse
TDI drives first scan_in signal in chain
Last scan_out in chain drives TDO




Data register (boundary) cell

- {scan_out |_(31

|data_in) - 6 1 data_out)
data shiftDR »——H G 1 capture H
from 1D q1 1D q2
\ \J
board/ r{scan_in) ? 1 —>C1 7 —>C1
Chip S S ;‘_7;%'”;[ —————————————————————
~«

clockDR)>— updateDR>—

Capture mode: data_in captured in “capture FF”
shiftDR=0 & clockDR pulse

data_in from board (extest) — chip input pin
data_in from chip (intest) — chip output pin




Data register (boundary) cell

shiftDR ) G1 |

riscan_iny "\)—

clockDR)—

“Update Mode”: data from capture FF to update FF

updateDR=1

updateD R>—

data_out)

Save scan chain values in update FFs to apply to data_out

later during EXTEST/INTEST




Data register (boundary) cell

data_in) = 1 @
shiftDR) G1 capture update ‘I l data
-|_ C q‘l 2
=k 1D 1D to
fseanid——41 | ot rpe board/
e T Dl Rt e E chip
< 1 shift

clockDR)>— updateDR>—

Drive mode: update FF to data_out
mode=1
data_out to board (extest) — chip output pin
data_out to chip (intest) — chip input pin




Boundary-scan instructions

e EXTEST

— external test of chip-chip connections

« SAMPLE/PRELOAD

— sample values from input pads during capture
— preload BSC update register during update

* BYPASS

— scan data through 1-cell bypass register
— other BSC’s pass data_in to data_out

Load/decode in Instruction Register



TAP controller state diagram

T™MS =1 (nTRST =0)
(_:Q?eset ﬁ/.
YD TDI -> DR . TDI-> IR
(_K?un_ldle >—1A—><Select_DR > L ><Select_IR >

0 A VO 1 VO
1 Capture_DR Capture_ IR
VO 0 YO 0

><Shift_DR ;)/D ><Shift_IR i)
A 4 \ 4
—»(ExiH_DI':’ >1— {Exm_“; >1_
VO YO

(Pawse.0R %) Gawsek )
o |
MRS TN ' T «—

\ AV 0

State changes controlled by TMS & TCK

Smith Text: Figure 14.7




Boundary-scan example

BSR
boundary-scan
scan_out cell
[ = =P ] data_in———p— data_out
® g=. scan_in
© © — |
;—l [ ] ::I: £ St ::l: [ ] 2, control
N .
signals
D :::I:: — cOre ’—!_l E’
[] /7~ logic i
- jji R TDO
S NTRST
o L] ::IZ a TMS
[ Core Control ¥8r
MSB [mode, shiftBSR, clockBSR, updateBSR } 4

Smith Text: Figure 14.9



Boundary-scan tools

 Mentor Graphics “BSDArchitect”
— synthesize boundary-scan circuits
— insert boundary-scan circuits
— generate boundary-scan test vectors
— generate VHDL test bench

e BSDL
— Boundary-Scan Description Language
— Subset of VHDL - describes features of IEEE 1149.1
— Use in test generation software



