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Context :
¥Manufacturing test . Koo Gond is (2 |
¥D|g|tal circuits and systems l l v o
Mrest stimuli are logic values (0,1)
Mest is an experiment ! 1_1

I If responses meet expectations, chip may be good E or

stimuli are not sufficient (test escape)

I If responses fail, chip may be faulty E or measurement

may be erroneous (yield loss)
¥T€'St costs can now amount
to 40% of overall product cost

(courtesy: Bernardi et al., ETS, 2009)




Basics on Test - DfT

MFunctional test is used E but structural test is dominant !
Muse of fault models E and DfT (Design-for-Test)

Primary Primary Primary Primary
Inputs Combinational Outputs Inputs Combinational Outputs
Logic Logic |
—
F _‘ ’— Scan
EEs EEs Data Out
Scan Data In ]‘
Di— FF —Q
Clk —>

Basics on Test - DT

Primary Primary
Input: N Output:
nputs Circuit Under Test Hiputs

Stimuli Responses
CLK

—

Scan In ——
ScanENA

Scan Chain —— Scan Out

) shift & launch
CLK (- sh|,ft \ﬁ
| Al B 41 4]

ScanENA A \ Q
N




Basics on Test - DfT

:Drimtary grirtnarty
nputs . . utputs
P Circuit Under Test P

Stimuli Responses
CLK

_
Scan Chain

Scan In
ScanENA

FF,  FF,  FF FF, FF,  FF,  FFs FF,
osor{[] D] D [+]] osood ] ] [ []]
1 1

1 X X X 1 1
0\1\x X 0 1 1 1
1 0 1 X 0 0 1 1
0 1 0\1 0 o\o 1

0 0 0 0

——— Scan Out

Basics on Test - DT

Example (presented @ ITC 2008):
¥16 core CMT microprocessor from Sun Microsystems
Y410 millions of transistors, 250W @ 2.3GHz, 1.2V

M1 35 millions of flip-flops, all are scannable !!




Power Consumption in CMOS

Switching (dynamic) Power

¥MDue to charge/discharge of load capacitance during switching
¥|:)DYN ! VDD2 . FCLK

Leakage (static) Power

Mpower consumed when the circuit is idle
¥.Main|y due to sub-threshold leakage
¥ISUB ' Vpp ! Viy

Power During Test E

Much higher than during functional operations

PDN / Package / Cooling Excessive

Test Power

During

Guard
Bound

Actual
Maximum
Power

Functional Power Test Power 10




Power During Test E

Much higher than during functional operations

(presented by Tl & Siemens AG @ ITC 2003 )
ASIC (arithmetic) with Scan, 1M gates, 300kbits SRAM

Toggle activity under functional mode : 15%-20%
Toggle activity under test mode : 35%-40%

( Presented by Freescale @ ITC 2008 )
Power under test mode up to 3.8X power during functional m ode

And many other industrial experiences reported in the literature E

Power During Test E

Main reasons for excessive test power

No correlation between consecutive test vectors

Test vectors may ignore functional (especially power) constraints
Non-functional clocking during test

DFT (e.g. scan) circuitry intensively used

Concurrent testing often used for test time efficiency
Compression and compaction used for test data volume reduction

For conventional (non low-power) designs, dynamic power
is the main responsible for excessive test power !!

Leakage power is a real issue during IDDQ test (reduced sensitivity) and
during burn-in test (can result in thermal runaway condition and yield loss)

12




Power During Test E

Conventional (slow-speed) scan testing

CLK
1 1 1 1 1 1
ScanENA i i i N , i i
1 1 1 1 1 1
! ! ! : : ! !
1 1 1 1 1 1
| 0 N O
/‘ . \ Provoked by transitions
Provoked by transitions generated in the CUT
generated in the CUT by by response capture

the first shift operation

Provoked by transitions generated in the CUT

by test launch (~ the last shifting operation)
13

Power During Test E

At-speed scan testing with a LOC/LOS scheme

V; applied V,applied ~ Response
CLK it X l [ capture it
(‘ sni \ (— sni W
T £] ] 1 f1 £] £] ... Time
LOC ScanENA \
LOS ScanENA \ _I

Mused to test for timing faults often caused by resistive defects
¥Need of two-vector test patterns to provoke transitions
¥Commonly used in microprocessor test

¥Examp|e : quad-core AMD Opteron processor (presented @ ITC 2008)
14




Power During Test E

CLKJ'
i . f0f f [l Time
1 1 1 I 1 1
ScanENA i i i\ |/ i i Time
| | | o i i
| | I | |
e A G {L Time
- J - )
shift cycles LTC cycle shift cycles

¥The problem of excessive power during scan testing can be split into
two sub-problems: excessive power during the shift cycles and
excessive power during the Launch-To-Capture (LTC) cycle

15

Power During Test E

CLK J'

1 1 1 1 1 1
1 1 1 1 1 1 .
ScanENA : ! :\ "/ : : Time
| | i Lo i i
1 1 1 1 1 1
| - N N
- J - )
Y '
shift cycles LTC cycle shift cycles

MExcessive power during the shift cycles:
" 1no value has to be captured/stored

" 1one peak is not relevant

16




Power During Test E

CLKJ'

1 f fl 1 f 7 ks Time
ScanENA i i i i\_i_/ i i Time
! L : oo : :
I N NN S
- ~ J\_Y_} - ~ )
shift cycles LTC cycle shift cycles
MExcessive power during the shift cycles:
* imore than one peak " relates to high average power
" Iproblems may occur
17
Power During Test E if
CLK
l o 0 e o g om
ScanENA i i i\_i_/ i i Time
| | | A | |
O OO
- ~ J\_Y_} - ~ )
shift cycles LTC cycle shift cycles

MExcessive power during the LTC cycle:
* 1logic values have to be captured/stored

" 1one peak is highly relevant

18




Main Test Power Issues

Elevated Average Power

Temperature Increase | Taie = Tair ¥ ! # Paverage

Excessive Heat Dissipation

Hot-Carrier-Induced Defects Temperature variations

dst:;g;utirgl\s Electro-migration Timing variations different
9 Dielectric Breakdown from functional mode
Chip Damage Reduced Reliability Yield Loss

19

Main Test Power Issues

M Thermal hot-spot  results from localized overheating due to non-
uniform spatial on-die power distribution

MThermal hot-spot are likely to increase during package testing since
test power dissipation can be high

-k

¥Main impact on the carrierOs mobility u(7) = M(To)(%)

¥slow down the device in the thermal
hot-spot affected region of the chip

Mincrease gate delays " yield loss

Mstructural degradation " permanent damage !

20




Main Test Power Issues

Elevated Average Power

(temperature increase, excessive heat dissipation)

Low Allowable Parallelism Reduced Test Frequency
(Wafer Testing & Package Testing) (Wafer Testing & Package Testing)

!

Low Test Throughput
(longer test time)

21

Main Test Power Issues

High Instantaneous Current

Elevated Peak Power

Power Supply Noise (IR-Drop, Ldi/dt)
Significant Delay Increase due to Excessive PSN

Erroneous Behavior Only During Testing (test fail)

Manufacturing Yield Loss
(Over-Kill)

As huge designs can be manufactured today, most power-related

test issues (during scan) are due to excessive peak power -




Main Test Power Issues

MR Drop refers to the amount of decrease (increase) in the power
(ground) rail voltage and is linked to the existence of a resistance
between the PDN source and the Vdd (Gnd) node of the gate

Vvdd U=R.I

\—INII—' VadU
%><}

| L(di/dt) due to abrupt changes in current in short time (during
switching) through inductive connections

Vdd U=Ldi/dt

N vdd-U
i(t) L |

(courtesy: O. Sentieys, IRISA, France) 23

Main Test Power Issues

(courtesy: A. Domic, Synopsys , USA) 24




Main Test Power Issues

¥Voltage drop: the main suspect for increased delay during capture
Mpresented by Freescale @ ITC 2008

25

Main Test Power Issues

M ocal IR-drop can be an issue even though total test power is reduced

activate all modules activate only one module
peak: 1.2V " 1.026V peak: 1.2V " 1.029V
(176mV(14.5%) drop) (171mV(14.3%) drop)

(courtesy: K. Hatayama, STARC, Japan) 26




Reducing Test Power

Straightforward Solutions

MTest with lower clock frequency
¥Partitioning and appropriate test planning

Mover sizing power distribution network (PDN)

Grid Sizing based on functional power requirements
- all parts not active at a time
Grid Sizing for test purpose too expensive !!

-

Costly or longer test time

27

Reducing Test Power

Main classes of dedicated solutions

$ ITest Data Manipulation for Power Reduction

$ !Design for Test Power Reduction

$ 'Power-Aware BIST and Test Data Compression

$ 1System-Level Power-Aware Test Scheduling
Objective

Make test power dissipation comparable to functional power

While achieving high fault coverage, short test application time, small
test data volume, low test development efforts, low area overhead, E

28




Reducing Test Power

Main classes of dedicated solutions

$ ITest Data Manipulation for Power Reduction
$!
$!
$!

29

Low-Power Test Pattern Generation

Test Data Preparation in Test Flow

Tester
Test >
Pattern
A
LSI Chip
{Probe Card }
Prober

Fabrication
Design Data /

Socket Board
Handler

Expected Test
Response Response

Passing Chips Falling Chips




Low-Power Test Pattern Generation

Target of Scan Test Pattern Generation

PO

Test Combinational : Test
Pattern | > Portion { Response
> Scan-Out
PPI-Stimulus PO-Response |
Scan-In
¥ : Assume a fault in CUT, and find logic value

assignments to some inputs (PI / PPI) so that the faulty (with the fault) and fault-free
(without the fault) CUT create different responses on at least one output (PO / PPO).

Low-Power Test Pattern Generation

Automatic Test Pattern Generation (ATPG)

CUT

Care Bit ——1 } Fault

X °
N D
= °

Dondt Care Bit | -
X-Bit

M ATPG is based on complex algorithms and is used to generate a sequence
of test vectors for a given CUT based on a specific fault model.

¥ Not all input bits need to be assigned with logic values in order to detect a fault.

¥ The immediate result of ATPG is a test cube, which contains both specified bits
(care bits) and unspecified bits (donOt care bits or X-bits).




Low-Power Test Pattern Generation

X-Bits in Test Cubes

~N ©
o O

al
o

X-bits Ratio (%)
(o)
o

—=a— Conventiomal ATPG 7
—e— Distribution Controlled’

0 50 100 150 2000 250 300 Vec.

w b
o o

N
o

¥a large percentage of input bits in a test cube are donOtare bits (X-bits).
MNeed (i.e., assigning logic values to X-hits) to create complete test patterns.

Low-Power Test Pattern Generation

Conventional X-Filling: Random-Fill

¥Conventionally, X-bits in a test cube are filled with random logic values.
¥Advantages " small test pattern count due to Ofortuitous detection®

¥ " high test (shift and capture) power




Low-Power Test Pattern Generation

Various Low-Power X-Filling Techniques

Low-Shift-Power X-Filling

Shift-In Power Reduction

Shift-Out Power Reduction

Total Shift Power Reduction

O-fill
N}Tﬂflllll output—Justlfflflzl?rglé)n—based X- MTR-ll
adjacent fill / repeat fill
Low-Capture-Power X-Filling
EE-Oriented Node-Oriented Critical-Area-Oriented
TRl
Pfe‘f]eF[fﬁﬁi fill state-sel?'n\é\{tTi\-/ftle”X-filling cCTil
CTX-ill

Low-Shift-and-Capture-Power

impact-oriented X-filling

X-Filling

hybrid X-filling

bounded adjacent fill

Low-Power_X-Filling for Compressed Scan Testing

O-fill

PHS-ill

CJP-ill

Low-Power Test Pattern Generation

Example 1: Low-Shift-Power X-filling

¥MFrom a set of deterministic test

cubes, the goal is to assign proper
logic values to donOt care bits (X-
bits) so that the occurrence of
transitions in scan chains (and
hence also in the combinational
logic) is minimized.

¥Popular techniques include O-fill,

1-fill, MT-fill, and adjacent-fill.

¥Mostly shift-in power is reduced.

Occasionally, shift-out power and
capture power are also reduced.

Mpresented by Tl at International

Test Conference 2003.

¥No area overhead but may

increase test pattern count.




Low-Power Test Pattern Generation

Example 1 (contOd): Low-Shift-Power X-filling

— Fill all X-strings with 0.
—P Fill all X-strings with 1.

— If the specified bits on both sides of an X-string have the same
logic value, the X-string is filled with that logic value; if the
specified bits on the two sides of an X-string have opposite logic
values, the X-string is filled with an arbitrary logic value.

— Fill an X-string with the nearest specified-bit in the shift direction,

v

Scan-Out:10 1 O 0 :Scan-In

!

1000100000 1011110110 1011100000 1000110000

O, @

¥Mavailable from all commercial ATPG tools.

Low-Power Test Pattern Generation

Example 2: Low-LTC-Power X-Filling

4 ...................................... »VDD \I%—

, Combinational Circuit , :
v

Delay Increase
= :
Stimulus Response -
) 0\ == /1 Timing
« FFL )
PPI< ¢ Fr2 -2 PPO«—] v

1
Malfunction
I (Test-Induced Yield Loss)




Low-Power Test Pattern Generation

Example 2 (contOd): Low-LTC-Power X-Filling

abc abc
A 11X A 11
V,| 1X1[f——Prv,| 1 1
vi | X1x va| 1

Test Cube

|

(0.00, 1.00) = a -
(1.00, 0.00) = b —— B 2 <« Justification

(0.50, 0.50) —» g +B+ HBL g, - (0.93,007) &0
(0.50, 0.50) —» 1y == B, = (0.39,061) > 1

Signal Probability Calculation 4T |
Logic Value Determination

¥Imp|emented in SynTest ATPG tool.

Low-Power Test Pattern Generation

Example 2 (contOd): Low-LTC-Power X-Filling

(Test Chip from STARC: 90nm-Process / 1.2V / 50K-Gate / 2.5% VDD IR-Drop Allowance)

o
S
o 0.04
Z o MJIM:V..L.I_.Hnlumm Wi
e SRR U (T
5 Safe
0.01
0.00
0 50 100 150 200 250 300

Test Vectors

Original JP-Fill

Chip-Level

Safe
IEB-DYEDistribution




Low-Power Test Pattern Generation
Example 3: Low-Shift-&-LTC-Power X-Filling

0:Fill

""" »00000010000010000001
Adjacent.Eill..., 0 01 0 1

Test Cube:  0X XX01XX XX10XX XX1 < Shift Direction

v v v
OX_XXO0LXX, XX10XX,XX1

v
1t 0-Constraint Bit “» Bounding Interval = 6

¥

00 000111 001000 001

¥ The basic idea is to first set several X-bits in a test cube to 0 and then conduct adjacen

%
& making use of the benefit of O-fill

%

Synopsys: (A. Chandra et. al., Proc. VTS, pp. 131-138, 2008

t fill.

Low-Power Test Pattern Generation

Summary

¥ Alarge portion of input bits are X-bits in test cubes even after aggressive test

compaction in ATPG.
¥ X-bits can be used for reducing various test power.

¥ X-filling-based low-power test generation causes no area overhead and
performance degradation.

¥ Most commercial ATPG tools now support low-power X-filling.
¥ Test pattern count may increase due to low-power X-filling. This problem cal

be solved by conducting test power analysis to identify high-test-power test
patterns and conducting X-filling only for these patterns.

n




Reducing Test Power

Main classes of dedicated solutions

$!

$ !Design for Test Power Reduction

$!
$!

Objective

Make test power dissipation comparable to functional power

While achieving high fault coverage, short test application time, small
test data volume, low test development efforts, low area overhead, E

43

Design for Test Power Reduction

During scan testing (standard or at-speed):

Shift Power Reduction

LTC Power Reduction

¥
- blocking gate, special scan cell
- first-level power supply gating
¥
- scan cell reordering
- scan chain segmentation
- scan chain disable
¥
- splitting, staggering
- multi-duty clocking

¥

- circuit modification

- scan chain disable

- one-hot clocking

- capture-clock staggering

a4




Design for Test Power Reduction

Example 1 : Low power scan cell

i s Il“i-l

N

¥Master-slave structure of a mux-D flip-flop is modified

¥Gate the data output during shift

¥Toggle suppression during shift

¥MBut modification of all flip-flops " impact on area and performance

>

ﬁﬂ
|
>

45

Design for Test Power Reduction

Example 2 : Scan chain segmentation

Sl Scan Chain A I
SO
ScanENA Control
« Scan Chain A e ScanChainB . launch,, capture ,

Mcontrollable and data-independent effect of shift power reduction
¥No change to ATPG and no increase in test application time

Mpresented (and used) by TI @ ITC 2000
46




Design for Test Power Reduction * -

Example 3 : Staggered clocking

Sl Scan Chain A I

CK Clock and Output Control

Scan Chain A and Scan Chain B alternatively launch capture

[ ] [ 1 [ 1 [1 I
[ ] [ 1 [ 1 [ [1 [

¥he original scan chain is segmented into two new scan chains
¥Each scan chain is driven by a clock whose speed is half of the normal speed

¥t each clock cycle, only half of the circuit inputs can switch
47

Design for Test Power Reduction * -

Example 4 : Scan cell reordering

Transitions

o HEHEBEDODB

Test Response

Transitions

Mscan cell order influences the number of transitions

¥Need to change the order of bits in each vector during test application
¥No overhead, FC and test time unchanged, low impact on design flow
¥May lead to routing congestion problems E

Test pattern

Test Response

48




Design for Test Power Reduction * -

Example 5 : Inserting logic into scan chains

Test Cube 0X1X0

Transitions
Filled Pattern 00110

Response captured 11000

In scan cells

Shifted In 00001
H B EBEHH

Observed at ScanOut0 0 O 0 O

¥he goal is to modify the transition count during shift

49

Design for Test Power Reduction * -

Example 6 : Scan segment inversion

01010

11001 Padded
00111 Test Vectors

01111
11100
00000
11111

Scan-in

MThis is done by embedding a linear function in the scan path

¥Reduces the transition count in the scan chain
50




Reducing Test Power

Main classes of dedicated solutions

$!
$!
$ 'Power-Aware BIST and Test Data Compression
$!

51
Power-Aware BIST and Compressiorn
Example 1: Scan-Based Built-In Self-Test (BIST)

Masking/enabling logic filters the

non-essential vectors and mapping

logic can improve the correlation of

the values on the generator output

mapping
logic
Maskinglenabling logic
52

(based on F. Corno et. al., Proc. DFT, pp. 219-226, 1999)




Power-Aware BIST and Compressiort

Example 2: Application of Run-Length Coding

Maximum scan chain length  (m)

P s — Characters Occurrence
o I ¢ Goocsie)| Frequeny
L1=4 L2=7 L3=6 (Li) (fi)
" o
L2=7 L1=4 L4=8
5 1
= __a» _ TENTEAE
L1=4  L5=1 L6=9 7 2
8 1
- | o | 2
L7=5 L6=9

Final Sequence (Li[v]):

7101 6[1] 7[0] 80] 1107 9[1] 5[0] 9[1]

(based on K. Chakrabarty and S.K. Goel, Duke Univ)

Power-Aware BIST and Compressiorn

Example 3: Application of Huffman Coding

31

T

4
211 411 Characters Occurrence | Huffman Saving
9 ._ (Li) Frequency (fi)| Code Ci) (Si)
2M
" [ 4 3 00 +6
1M T
5 2111 9 2 010 +12
. 1M 411 N 7 2 01 +8
s {5 1 100 2
1M 2711
o 8 1 101 +5
. 1M 6 1 110 +3
1 \ 1 1 11 -2
S=+34

(based on K. Chakrabarty and S.K. Goel, Duke Univ)




Power-Aware BIST and Compressio

Example 4: Linear Finite State Machines

Conventional EDT does random filling

I

X X0 X
1 XXX
X1 X1
xOox Identify clusters in the test cube that can
have all the scan slices mapped onto
l the same value
/ 0000
17111
1111
0000

Push the decompressor in seHoop states
during encoding for lowpower fill

(based on F. Czyusz et. al., Proc. VTS, pp. 75-83, 2007)

Reducing Test Power

Main classes of dedicated solutions

$!
$!
$!

$ 1System-Level Power-Aware Test Scheduling

56




System-Level Power-Aware Scheduliﬁsb

Improve Test Throughput by Exploiting Design Modularity

Power

Power limit

1 ..

¥ The goal is to determine the blocks (memory, logic, analog, etc.) of an SOC
to be tested in parallel at each stage of a test session in order to keep
power dissipation under a specified limit while optimizing test time

¥ Some of the test resources (pattern generators and response analyzers)
must be shared among the various blocks

Test time

57
(based on Y. Zorian, Proc. VTS pp. 4-9, 1993)

System-Level Power-Aware Schedulir%

Example 1: Resource Allocation and Incompatibility Graph S

source/sink0

test sessionstest time
{TO, T2} {T1, T3}
KX KX
0.5s 0.3s 0.8s 0.3s
test incompatibility graph
source/sink2 °
resource allocation graph

58
(based on R. Chou et. al, IEEE Trans on VLSI, Vol. 5, No. 2, pp. 175-185 , 1997)

source/sink1




System-Level Power-Aware Schedulifig

Example 2: Power Model and Test Schedule

test power
{TO, T2} {T1, T3}
K Ao K 4
5W 3W 12W 2W

- >
time

Apeak power_,

power

T power constraint at15 W

T power constraint at13 W

:

time

59

System-Level Power-Aware Schedulifig

Example 3: Power Profile Manipulation

A P peak power1
test power
E peak power2 12W for0.3s
2 T &
6W for 0.5s
time >

T power constraint at13 W

r

powe

time

60




System-Level Power-Aware Schedulifig

Example 4: Thermal Considerations

source/sink0

temperature dependent test
TS1=(T0,T2} —» 130C
TS2={T1,73} —» 70C
TS3={T0,T3} —» 80C
TS4={T1} —» 60C
TS5={T2}y —» 80C

source/sink1

source/sink2

temp constraint

at 90 C T temp constraint at90 C

temperature
temperature

61
Evaluating E :
E Test Power Reduction Strategies

Mpower reduction effectiveness [ ] High
¥rault coverage impact 1 Low

YATPG engine impact 1 Minimum

MTest data volume impact C— Low

Mest time impact 1 Low

MFunctional timing impact 1 Low

¥area overhead 1 Low

¥Usabi|ity with test compression [ I High
¥Design effort C—1 Minimum

¥Design flow change C— Low

62

(source: S. Ravi, Tl, ITC07)



































































