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Demand for Reconfigurable Devices

Reconfigurable devices (e.g.: FPGAs) are gaining increased

attention in loT, Automotive, and Al field

% Flexibility and scalability

% High performance (parallel computing)

% Better time to market

% Low design cost (shortening of development cycle)

loT Edge Computing Xlinx’s Automotive Solution: Bing Intelligent Search Engine FPGA
Edge Computing GW and loT Solution: Zynq UltraScale+MPSoC accelerator
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1. What’s MPLD ~ Architecture~

® A new type reconfigurable device

® Memory-based Programmable
Logic Device (MPLD)

® constructed only by MLUT
(Multiple Look-Up-Table) array
in a special interconnect structure.

MLUT MLUT




1. What’s MPLD ~ Architecture~
--- AD-pair Interconnect Structure

A0 D7

® Address lines and Data lines A: Address line (logic)

Gt DO A7 [e—
alternately connect with others A De—— D:Dataline (logic)
et | A2 MLUTDS-AS D2 |
S D 2 A5 [ D5 A2 |
> A3 D4 - A4 D3 >
Gt D 3 A4 | @ D4 A3 |
——|ar MLUT o
D7 AQ [+—
s A6 D1f———
G| D 6 A1 [

® Logic data output of a MLUT connects to

address input of its neighbor MLUTs Interconnect Structure
(AD-pair Interconnect)



1. What's MPLD ~ Architecture ~
--- MLUT structure

® basic reconfigurable elements
® multiple SRAM blocks

® memory mode or logic mode
® each SRAM works as LUTs

Memory
mode

Logic
mode

= C,®(d1,uUd2,uUd3,Ud4,)

dln = LUT 4; (aiy, aiy, aiy, aiz)

A0

Address Transition Detector

A2

A3

DO

D1

D2

-D3

output control register
Co ~ Cc7

AYAYAYA

A4
A5
A6
A7

D7

D6

D5

D4



1. What’s MPLD ~ Working principle ~

® Configure the logic function by writing the truth table of the logic circuit
(including wiring logic) into the SRAM of MLUT
a Cc
a—A0 D;Dd—)—e _ .
b—’AgDi Zigi = Divide logic circuit ' ¥ g: I\“I,IIIIZS'H—»»ﬁ:)M ruLTEe
1 Create truth table 1 Create truth table

Address input Data output Address input Data output

A3 A2 V'XI'1 D7 D6 LI D3 D2 D1/ DO A0 MLUT1 A7 A5 D7 D6 D5 D4 D3 D2 D1
o o kKN o o KEEKEY 0o o0 0 o T’ _________ 0 o0 0000 O0 OO
o olMER o o KBEKY 0 0 0 O — ) 00 000 0 0 O0 O
o o KEEN o o FBEB 0 0 0 o +1. Write the KB 0 00 0 0 0 O
o o EKHEN o o EBEN 0 o0 0 o 0 0 000 0 O0 OO
G—— : H
o 1 AN o o FEENo (00 [0 : D5 A5 MLUT2 truth table frggy 0000000
0 1 0 1 0 0 0 0 0 0 0 0 — .............. W ........... — 01 o 0 0 o 0 o 0
o 1 EBEN o o FBEB 0o o0 0 o D w R —— 0 1 0000 O0 OO
0 1 1 1 0 0 1 1 0 0 o o ——p] e M—D4... — 01 0 0 0 0 0 0 0
1 olkBKY o o kBN 0 0 0 o et < 1 0 0000 O0 OO
1 o [NEN o o AN 0 0 0 o EYYETINFIEN s DO 10 000 0 O0 OO
1001tthtbl < T | S ’T 10 0000 O0 OO
1 oEBEN o o EBEN 0 0 0 o RRAIMRCIsE P P B 10 000 00O O
1 1 K3KY o o FEEY 0o o0 (0 o > I 1 1 0000 O0 OO
1 1 KBER o o kBN 0 0o 0 o < | 1 1 00000 OO
1 1 EBEY o o KBEB 0o o0 0 o 1 1 000 0 O0O0UODO
1 1 EBNEN o o EBEB 0o 0 0 o 1 1 000 0 O0 OO

Configurated logic function
LUTp_(Ag, A1, Az, A3) LUTp, (A4, A5, A6, A7)

E
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2. Reliability Issues of MPLD
 Manufacturing and Aging defects



3. Reliability Issue in MPLD ~ Manufacturing ~

Factors:

® Manufacturing Phase
® Defect in MLUT (SRAM)
v Conventional Memory testing

® Defect between MLUTs
> Interconnect defect on Address
and Data lines
(short, bridge, open, etc.)

yield loss and reliability degradation




3. Reliability Issue in MPLD ~ Aging ~

Factors: Fast

® Application phase (in field)
® Aging in memory elements
» HCI, BTI, etc.
» Aging-induced delay

® Different aging progress
» system failure

» logic circuit performance
(e.g.: sudden system down/reset)

Aging Progression

Slow




Outline

3. Manufacturing Defect Testing
 Detection & Localization for Interconnect faults



4. Manufacturing Defect Testing ~ Basic Idea ~

Interconnect Fault Location:

\o—. Fi,. = FPD N FP®

Horizontal
Route Map

Vertical
Route Map

Irrf rrri

Fault detectlon o FauIt Effect * FP: Fault Propagation Path 12



4. Manufacturing Defect Testing ~ Test Cube ~

® Route Map (rm) is created by Test Cube (TC) stored into SRAM of MLUTs
® truth table1 route low-order address; truth table2 route high-order address
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Route Maps Test Cubes

truth table1

D, 1:m2 = Ao:ms2-1

truth table2

rm1 . TC(1) Dm/2_1_.0 = all-0
hori tal t D._;...=all-0
orizontal route map truth table2 /
D1vj2.1:0 = Amyz:m-1
Dpy.1:m2 = all-0
] truth table1
I"rnZ - Tc(2) Di2-1:0 = Ao:myz-1
vertical route map truth table2 | Prim2 = Anzm
D,yy5.1.0 = all-0
truth table1 Dpn.1:m2 = Amvia:msz-1"Ao:mrat
. I'm3: TC(3) Dm/2-1:0 = all-0
diagonal route map D, . .,=all-0

Dm/2-1:0 = A3m/4:m-1:Am/2:3m/4-1

-
w



4. Manufacturing Defect Testing ~ External Test Pattern~

® External Test Patterns for exciting the stuck-atand bridge
interconnect faults by applying walking-zero/one vectors.

Fault Types External Test Patterns (walking-zero/one vectors)

stuck-at-1 all-zero vector: 0...0

stuck-at-0 all-one vector: 1...1
AND-bridge shift one-cold vector: ...101...

OR-bridge shift one-hot vector: ...010...

14



4. Manufacturing Defect Testing ~ Testing Procedure~

Definitions.:
e N,,. number of route maps.
e rm;: route map i; i€ [1, N, ].
o TCY: test cubes creating rm.
o NV number of observed fault effects under rm..
o FP/: fault propagation path k obtained under rm;; k€ [1, Npy“].
o ['PY: fault propagation path set under rm;.
o F. fault location.
Process:
(1) Test under rm; for i€ [1, N,,, |:
(a) Configure TC” into each MLUT to create rm,.
(b) Apply external test patterns to the input ports of MPLD.
(c) Observe fault effects. If Npz”=0, end testing (fault free)

(d) Obtain the fault propagation path set: FP" = UiVF H FP(I) .
(2) Identify fault location: Fj,. = N I.:’”}“ FPY.




4. Manufacturing Defect Testing ~ example ~

--- testing stuck-at-1 fault

all-zero 0 0 all-zero 0 0
B @ H
I ols
O B— [ (1)I F lt O
0-4— ..................... FP au O
O ey el — '( Effect OE—,
() | | rerermnnnranes e N N I ol | 0 SRS
[ T N P — e WO 0 Ve O m ] T
0 '% SN prne i P = LR 0 8 gt R 8
O—Fm—=lmmr =t g8 o O—=—=[ =i e
0 Ig—r —p— A 1_0:8 0 8 i D 8
O —s—= e e 8 0 0
OB =l ey I e mr— e = | 0 e i wa TR gt 0
O g pum— —80 o) 0/m— vt I b 0
e s o =y ) S 0
.................... _.O : O
==
ik il Fault Effect
(e O o
0 0 0 0O

F,,.=FPNFP®?

16



4. Manufacturing Defect Testing ~ example ~

--- AND-bridge fault

N
shift one-cold I 1
— - )
1 N 7
0=
= s E— ppt] Fault
1.‘ ..................... ANDbd 1 Eff(e)ct
I e e P o == L
11., ..................... % ..................... = m)
gault Effec—— . ;
1 — 1 I I o |
[ L e i 1 g Y s e
o FP(l)r —— —8 | o
1 .__> ....... jo S I ~- 1
o Y i i
B b —— | —8 | o
— o e )
..................... _-1
VAN -
1
==
2 ] =

F,,.=FPNFP(2

—

o ek ek ek U N

e

shift one-cold

]
B B

FPZ(Z) I

[ Y (S Gy S e

VAN Fault Effect ol Fault Effect
g - J
2 00 )
(FP=uZ_,rel!, FPA=UZ_,rF?)
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4. Manufacturing Defect Testing
~ simulation~

® fault injection: Top 10 ports: ti[19:0], to[19:0]
XOyO s - A A r 3 aA A A X2y0 r 3 -~ s - A A A A X4y0 a A A A
«—[AD0 ADI5 ADO ADI5 ADO ADI5
«—|ADI AD14|< > AD1 AD14|e » ADI1 AD14 e
StUCk'at'O «—>|AD2 AD13 |« > AD2 ADI13 |« > AD2 AD13 |«
«—|AD3 ADI2|« > AD3 ADI12 |« »(AD3 ADI12 <
at \\SAD4 AD11[«——ADI1 AD4 |[e=——>| AD4 AD1 1 j¢=——=[ADT]1 AD4|e——>{AD4 AD1 1 f[¢—[ADITT AD4|e—>
W: » AD10 ADS |« »| AD5 AD10|< » AD10 ADS5| » AD5S ADI10} » AD10 ADS5 |e=——b
— [e—>(AD6 «—>{AD9 AD6 [¢=——>|AD6 AD9 [¢=——>|AD9 AD6|[¢+——>{ AD6 AD9 [¢=——>|AD9 AD6 [+—>
X2y1A2 S «—>|AD7 ADS Aw: =0 > AD7 ADS |« > ADS AD7 |« » AD7 ADS |« > ADS AD7 [e—b
% @ nnnnnn »| X mAZ @ nnnnnn > X3y0 @ nnnnns »| @ nnunnn »| XSyO | == P
2 lerl x0y1 x2yl x4yl =
— P > l@unnnnn > l@unnnnn > Py > <
2 xlyl x3yl ., X5yl el 5
~ l@nnnans > @ nnnnnn > @ nnnnnn »| @ mnnnnn »] o~
Ll x0y2 x2y2 x4y?2 o
— P > @ =nnnns > @ =nnnns > @ =nnnns > -
2 el XIY2 X7 ... JooxSy2 e @
a @ =P Xoy3 % X4y3 E
@ nnnnus > w [€mnnnus 4 [ === n b @ nunnns > =
OR-bridae |= e A A | XOY3 T 4
g E [emer | X2y4 DIIA x4y4 g
| P [ N  LLLLLY @ nnnnnn »| @ nnnnns »| @ nnunnn »| o,
between x1y4 x3y4 x5y4 ol S
PEEEN 0 5 R > @ =nnnns »] 2 5 @ nnunnn »| @ nnnnnn » 4 5 € =nnnss > —
XUy X2y Xay -
X y A X y A «—>(AD4 ADI 1| »[ADI1 AD4 [&——>{ AD4 AD] | [e=——=>[ADT] AD4|e=——>| AD4 AD11 [e——>[ADT1 ADAl+—>| &,
472771 2 47 4773 «—>|AD5 AD10[¢——>|AD10 ADS5 [ AD5 AD10 [¢=—=>|AD10 ADS5 [¢=——>| AD5 AD10 f¢=——=>{AD10 ADS [e—>| T
«—>|AD6 AD9 [¢=——>| AD9 ADG [¢=——>{ AD6 ADY [e=——>{AD9 AD6[¢=——>| AD6 AD9 [¢=——>|AD9 AD6 [¢=—b
«—>|AD7 ADS§_|e=——>|ADS AD7 [¢=——b| AD7 ADS _|¢=——>|ADS AD7 [¢=——b| AD7 AD8 _|e——>|ADS AD7 [¢=—>
> AD15 ADO [« »| AD15 ADO| »|AD15 ADQ [¢=—>
> AD14 AD] [« »|AD14 ADI |« > AD14 AD] [¢=—>
> AD13 AD2 [« »| AD13 AD2 | »| AD13 AD? [¢=—b
ADI12 AD3 ADI2 AD3 ADI2 AD3 [¢—>
Yy vV vV ¢ X1y5 Yy Y VY Yy VvV V¥V A\ 4 X3y5 vVyVYy VY \ A A A XS 5

Bottom IO ports: bi[19:0], bo[19:0] 18




4. Manufacturing Defect Testing ~ simulation ~
--- stuck-at-0 fault

Testing under Horizontal Route Map

60ns 70ns 80ns 90ns 100ns 110ns 120ns 130ns 140ns 150ns 160ns 170ns 180ns 190ns 200ns 210ns

tbmrld/clk 4 -J - - -4 -J - - - 4 1 1 L
tbamrld/1i[47:0] T S T N NS N
tbamrld/ri[47:0] NSRS NN NSNS NN N SRR N NN NN NN
tbamrld/t1[19:0] LIIELILILILInITITIL]
tbmrld/bi[19:0] LIITTITTTTTIIILTT]

tbomrld/sa-fltinj-en
tbomrld/mrld/sa0-fltloc-x2yl1A2 |

tbamrld/1o[47:0] TILIIII 0TI I I I i I i1 I11111111111

tb-mrld/ro[47:0] RN NN NN NN ne e nenesenenenenenenenenes! X II1111I111 1111011113111 111 11111111111110111111
tbomrld/to[19:0] LIITTLITIIT0I10T11111

tbomrld/bo[19:0] LIILILIITLIIITl11I1l

70/6] —0
FPO={i[10]—x y A ;5= xXA,>x 39,4 5% 3 14,X 44,510/ 0] },

19



4. Manufacturing Defect Testing ~ simulation ~
--- stuck-at-0 fault

Testing under Vertical Route Map

6Qns 7Qns 8Qns 9Qns IOQns llQns IZQns 13Qns 14Qns 1SQns 16Qns 17Qns 18Qns 19Qns ZOQns ZIQns

tbamrld/clk o=t - -4 -4 -4 -4 -4 4 - 5 0 I L1 L

tbanrld/1i[47:0] T T I I LI T T I I LTI T LI I11111
tbamrld/ri[47:0] LIITIII I I I I T I I I I I1ITI111111111111
tbomrld/ti1[19:0] LLLILILLILIIIILdLLll
tb-mrld/bi1[19:0] 11111111111111111111

tbomrld/sa-fltinj-en

tbamrld/mrld/sa0-f1tloc_x2y1A2 I
tbmrld/1o[47:0] TLLI LI LI LI L L T L T T ]

tbamrld/ro[47:0] IIIITIITITI I I I I I I I I I iII1I111111

tbomrld/to[19:0] LIIITILILIIIITLLIlll

tbomrld/bo[19:0] TIITITI1T11111111111 X 11111011111111111111
bo[14] =0

FPO={[14]—x1y04 55X 1A 7% 9 14 57X 3054 5% 11,4 57X 345X 1y 34 57X,50 44 %y A 5% 0 54 3% 1y sA s— Do 1]}

=N7_, FP(V=FPNFP?=xp A,

loc
20



4. Manufacturing Defect Testing ~ simulation ~
--- OR-bridge fault

Testing under Horizontal Route Map

60ns 70ns 80ns 90ns 100ns 110ns 120ns 130ns 140ns 150ns 160ns 170ns 180ns 190ns 200ns 210ns
tbanrld/clk [ = = - - - - b v v 4dJ U 4Jg

tbamrld/11[47:0] 000000000000000000000000000000100000000000000000
tbamrld/r1[47:0] 000000000000000000000000000000000000000000000000
tbomrld/t1[19:0] 00000000000000000000
tbomrld/bi1[19:0] 00000000000000000000

tbomrld/bd_fltinj_en
tbomrld/mrl1d/ORbd-f1ltloc-x4y2Al
tbomr1d/mr1d/ORbd-f1tloc_x4y4A3 |

tbomrld/1o[47:0] 000000000000000000000000000000000000000000000000
tbamrld/ro[47:0] 000000000000000010000000000000000000000000000000 X___000000000000000010000000000000000010000000000000
tbamrld/to[19:0] 00000000000000000000
tbomr1d/bo[19:0] 00000000000000000000
rofl13] = 1
(D= i . rof31] = 1
EPy =l 17]—xy,A1~%0,4 %3914 1% ,A4 =X 5,4 1 —~710] 1 5]} [31]
1 .
P g ):{l’[ 35]—x 34 =X Y A 3—x3y3A X A Xsy3 A oo/ 3] Fp() :Ui: ] FP,ZU = FP?U U FPg)

21



4. Manufacturing Defect Testing ~ simulation ~

--- OR-bridge fault

Testing under Vertical Route Map

tbomrld/clk

tbamrld/11[47:0]
tbomr1d/ri[47:0]
tbamrld/t1[19:0]
tb-mrld/b1[19:0]
tbomrld/bd-fltinj-en
tbomrld/mrl1d/ORbd-f1tloc-x4y2Al
tbomrld/mrl1d/ORbd-f1tloc-_x4y4A3
tb-mrld/1o[47:0]
tbomrld/ro[47:0]
tbomrld/to[19:0]
tbomr1d/bo[19:0]

70ns

80ns

90ns  100ns 110ns 120ns 130ns 140ns 150ns 160ns 170ns 180ns 190ns 200ns 210ns

000000000000000000000000000000000000000000000000

000000000000000000000000000000000000000000000000

00000000000000100000

00000000000000000000

000000000000000000000000000000000000000000000000

000000000000000000000000000000000000000000000000

00000000000000000000

00000000000000100000 ) 00000000000010100000

bo[5] =1 bo[7]=1

2 .
FP %:{t’[ S]=xypds—x 1A 1-X3y 1 AgoX W, A =X 3,4 X 134 %3V 34 X A 1ox 39 A 5—x 9 5A 1 —x 3y sA g—bo 5]
FPy ={tif7]>x3vyA X9 143Xy 1A = X945 55X 304 X 934 3553934 =% 94 A 5—X 0 A Xy sA 35—y 54 . — Do 7]

FP@ =y}_,FP? = FP? y Fsz)

Floc:r]?:] FP(Z): FP(]) ﬂFP(2) = {X,¥,A1, X,¥,A3} 22
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4. Aging Defect Testing
 LUT-based Delay-Monitoring



4. Aging Defect Testing ~ ATD Delay~

® ATD is extremely sensitive to delay variation
® Aging phenomena increase the threshold voltage of the transistors in ATD
» slow down the switching speed

» false detection of the address change
A0

> T N v > ATD
Al ] =) - — | al ATD),
> LV | 2 LY I >
A2 L) ATD-pulse al
[ = ) - V1 S ] 2 »
;  Address Transition Detector L|:|:) :
1 A3 al
I — — N —— > f K ﬁ 3 >
e A4 T— = ¥ — g EUEOEN ATD
NN N A5 ey — =~ | 9% ATDY,
> [V} [_:'j . V] > clk
' ; Ab B a2
d i ) it o7 > V] —) circuit LY ‘>
G(@_ ZD%D D6 A7 > o v I K a2 q
e ] T—) - A
AH =) HitH— s e —1 ATD,,
G(C L =D D4 = = 'ATDclk
to &l t3 ot to &l t3
A0 . A0
— : : : Aglng cause — : : o
ATD-pulse —| —| —| _—L ATD slow down J 47D-pulse

true detection false detection 24



4. Aging Defect Testing ~ Ring oscillator (RO) ~

® Ring oscillator is effective way as on-chip digital delay sensor
® to measure circuit delay variation in a target device (such as in ASIC))

Ring routing path Delay (Transmission time: Dy() Oscﬂlatlon period (Tro)

; =
EN > ........
[ Oscillation signal

We can calculate Transmission Delay D through the oscillation number

t
No’gg within a certain oscillation operation time {,:
Dpo = TrRo _ RO
2 t

OSC

25



4. Aging Defect Testing ~ LUT-based Delay-Monitoring ~

Deploy RO ' [>: ) [>: — "t _’m
in MLUTs
—O< }—4—%)<]—<— nen <
Lo MLUT [ MLUT | MLUT | MLutY _____ MLUT
DRro tRO %0,
Dyrur= Nap - - tro D
2Nosc NaD _E_ _l__DLO:I_//J_ —l_ J_Pomt13|gnal
fgg iy ), E_ _|_ J_/ _|_ J_ _|_0|nt2 signal
Edge detection “ Pulses
\ pulse
a > a. > a. ;?jg;r >> A
Deploy RO Counter S S S
in MLUTs [ [ [
Co Co Co
_,>cl-l r:>1[>4»cil 1 1%, ___,>cl-l 1%

26



4. Aging Defect Testing ~ LUT-based Delay-Monitoring ~
--- Implementation Procedure

Implementation Procedure

Step 1: select measurement area (MLUTS);

Step 2: deploy RO and counter,

Step 3: create the truth tables for each MLUT in the area;
Step 4: write the truth tables into corresponding MLUTS,
Step 5: set the MPLD to logic operation mode;

Step 6: set oscillation operation time (EN=1);

Step 7. observe the oscillation number (counter outputs).

27



4. Aging Defect Testing

~ Simulation for LUT-based Delay-Monitoring

X0Y0o A
X1Yo X2Y0 X3Y0 Xa)Yo X5Yo
. D14 Ali DO D, A4 {>O Di1A11 DO D, A, DO Di1A14 DO
i z A11Dqq 0<} Ay, Dy OQ A;1Dq4 OQ Ay D, 0@ A1 Dqq
DioAjp Ds; A DioA1p Ds As DioA1p
— ™| to,, g " AT g " iz g
A10D10 W A5 Ds A10D10 S0 As Ds %1_|—<< A10D10 52
EE— D —
Dy A, Ds As T ) P Aolicoufd Negd [Ps Al el { )1CLg [P0 Aol 1620 o hcz[o
Ay Dy Ag Dg Ag Dy Ag Dg Ag Dg
q A7i§ B q A6i§ N q Asiﬁ B q A4in N q A?’iﬁ N
QDT_S@ Dy Ag QDW_% D, A; QDW_% Dy A, QD—L% D, A, QD—E@ Dy Ag
4 o U - -
C7 —1_0C_7% ‘:\8 Dg| 6, —1_“5_6% ;47 D C]50< —1_05_5% <As Dgl €4, —1_05_41% ;47 D] [C3, —1_0C_3% ;48 Dg

Logic simulation experiment using ModelSim:

1: route the RO pass through 10 AD interconnects in the measurement area (N,,=70).

2: inject the ( ) for each MLUT and the overall
oscillation operation time of the RO to 2000ns (t5,).

28



4. Aging Defect Testing

~ Simulation result ~

10§ns 20§ns 30§ns 40§ns 50§ns 60§ns 70§ns 80§ns 90§ns 10Q5ns 11Q5ns 12Q5ns 13Q5ns 14Q5ns 15Q5ns 16Q5ns 17Q5ns 18Q5ns 19Q5ns 20Q5ns 21Q5ns 22Q5ns 23Q5ns 24Q5ns
tbamrld/mrld/x0y0Al2 | .

tbanrld/mr1d/x1y0A4 Ly -0 - -4 -0 -4 ¥ - -5 ¥ - v ¥ ¥ v J U v o
tb-mrld/mr1d/x1y0A10 M 0 - - = 7 1 1 e Iy e
tbomr1d/mr1d/x3y0A9 | I | I | | | | | | I | I | | | | |
tbomrld/mr1d/x0y0D& 0
tbomrld/mrld/x1y0D7 O
tbomrld/mr1d/x2y0D8 O
tbmrld/mr1d/x3y0D7 [ 1
tb-mrld/mrld/x4y0D8 | [ 0
tbonrld/mr1d/x5y0D10 [ l [ l 0
tbmrld/mr1d/x4y0D5 [ I [ I [ l [ l l 1
tbanrld/mrld/x3yopio [ [—1 [~ ~"©@ "~ ~1~—~—">1_"— 1" "1/ [ 0
N‘RO
osc =(00010010),~18 _
confirmed
D tRO 2000ns 5 & D Bk
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Outline

5. Conclusions



5. Conclusions

® To guarantee the long-term reliability of the MPLD device, this study proposed
® test method
® to identify the interconnect defects under the production phase
® LUT-based delay monitoring
® to detect the aging-caused failures in the field

® To evaluate the proposed methods, this study
® designed an MPLD with a 6 X6 MLUTs array
® performed logic simulations by injecting faults into MPLD
® confirmed the effectiveness of the proposed methods
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