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FAULT TOLERANT LOGIC ELEMENT - FTLUT FPGA

In the article according to concept of the functionally complete tolerant element (FCT) it is proposed fault
tolerant LUT (Look up table) FPGA. The FCT element (logic element with the redundancy basis) retain
functional completeness in case faults. FCT element allows to perform FPGA self-repair after faults. The
article discusses the advantage of the quadrupling of the LUT ‘s transistors in comparison with the tripling in

a number of cases.

It appears to be more preferable on the reliability function, than tripling, moreover

expenditure for this - order 30%, that not too it is much in comparison with a multiple increase in the
equipment during the introduction of additional channels.
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Introduction

A field-programmable gate array (FPGA) consists
of an array of logic blocks (Configurable Logic Block,
CLB) [1-7]. CLB consists of a few logical elements or
cells (LE). A typical cell consists of a 4-input LUT
(Look Up Table). It is the tree of the MOS transistors —
Fig.1:

In the SRAM cells loads the truth table of the
required logical function. They are usually used LUT
on 4,5 variables, they already adapt LUT to 6 and even
on 7 variables. To Fig.1 is depicted LUT to 4 input
variables A, B, C, D. As is known, the classical fault
models in digital circuits include [8,9] Line faults
(Stuck-at fault: stuck-at-0, for example D’, stuck-at-1,
for example D"), Transistor faults (stuck -short or stuck-
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on, stuck-open or stuck-off), Bridging Faults:
Dominant; Wired AND, OR; Dominant AND/ OR.

It is shown [10, 11], that with the fault of any one
transistor, or lines, except transistors in the output
inverter, during the appropriate reconfiguration, it is
possible to use this LUT, but on n -1 variable - Table. 1.

However, last inverter in the tree of the
transmitting transistors, "spoils” entire picture. Any
fault of one of two transistors leads to the impossibility
of restoration, i.e. it leads to the failure of entire LUT.
This “bottleneck”, “needle ear” through which cannot in
the critical situation pass entire enormous functionality
this LUT-4 65536 possible realizable functions!

The article describes the proposed methods of
increasing the reliability of the logic elements.
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Fig. 1. Logic element - a 4-input LUT FPGA (multiplexer 16-1, the tree of the 30-MOS transistors)
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Table 1

Then -1 LUT for 4 LUT with the fault of any one transistor, or lines, except transistors in the output inverter

D C|B|lA No DD Dl CD Cl BD Bl
faults
0 0 0 0 0 0 8 0 4 0 2
00|01 1 1 9 1 5 1 3
0j0|1]0 2 2 10 2 6 0 2
0 0 1 1 3 3 11 3 7 1 3
01|00 4 4 12 0 4 4 6
o101 5 5 13 1 5 5 7
0 1 1 0 6 6 14 ) 6 : 6
01|11 7 7 15 3 7 5 7
1000 8 0 8 8 12 8 10
1 0 0 1 9 1 9 9 13 9 11
1010 10 2 10 10 14 8 10
1011 11 3 11 11 15 9 11
1 1 0 0 12 4 12 8 12 12 14
1101 13 5 13 9 13 13 15
1110 14 6 14 10 14 12 14
1 1 1 1 15 7 15 11 15 13 15

1. Using functional complete tolerant (FCT)
elements

One of the leading experts in the field of PLD
FPGA development Yervant Zorian states: “Now the
main problem of system on a chip repair is development
of embedded technologies and methods of the logic
repair that occupies no more than 10% of chip area”
[12].

It is most important with Radiation Hardened By
Design (RHBD) in military and aerospace applications
[13].

The concept of the elements with redundant bases
is suggested. This is functionally complete tolerant
elements [14] (FCT-elements) those retain functional
completeness in the terms of Post’s lattice [15] under
specific fault model (as example, under standard model
[8, 9]. This allows the FPGA logic restoration after the
faults. The CMOS functionally complete the tolerant
element FCT-function (1) is depicted to Fig.2:
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Fig. 2. The CMOS functionally complete tolerant
element (FCTE) — function (1)

In the case of single constant failures lines or

transistors functional completeness remains:
x{ = X2(X3V X4) =X, VX3Xy;
xlz = X1(X3 V X4) = X|VX3Xy4;

x13 = (X1 VX2)X4 =X1X,VXy;

ST T @
X4 = (X1 VX2)X3 = X|XVX3;
X} => (X3 V X4) = X343 X3 = (X3 V X4) = X3X4:
X9 = (X1 VX2) = X|Xp; X3 = (X1 V X2) = XX,
The dual version of FCT function is
X1X2 V X3X4 . 3)

Use of FCTE as the element NOT makes possible
to ensure failure resistance with the failures of any one
transistor in the circuit of connection “+” and “Ground”-
(Fig. 3). Exponential reliability function of the NOT
FCTE (Fig.3) is described by (4):

P(t), =[e M 4 4o 3T (g PT 2

(4)

where A is a transistor’s failure rate.
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Fig. 3. The CMOS FCTE representation of the NOT

function (; v ;)(; \% ;) , Input = x



154 ISSN 1814-4225. PAAIOEJIEKTPOHHI I KOMITI’FOTEPHI CUCTEMM, 2014, Ne 5 (69)
| ‘ I Loy =2""-2+2n+2=2""+2n. (6)
0.8995 \ \\
039 2 Then reliability functions PO (LUT) and P1 (LUT+
0585 FCTE) are described (Fig.6) by expressions (7) — (8):
ot 098 \
n+l
1 _Dm(t) 975 |1 P(t), = (e—(2 T 2n) gt +(2n+1 +2n)x
2 0.7 n+1
1o \ we (2" H2n-DAt (1- oMt )- [e_MT.t n 7)
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Fig. 4. Comparison of the exponential reliability
functions of the NOT FCTE and simple NOT element
(two transistors) A= 10"

2. LUT+ FCTE FPGA

The proposed the logic element, which ensures the
functionality at least of half LUT with the failure of any
one transistor is presented on Fig.5.

Inverters in terms of the variables A, B, C, D can
be built similarly, if it is required. Known LUTn
without accounting the commutations of input variables
is evaluated as follows.

A quantity of transistors in the tree of the
transmitting transistors on n of variables is evaluated by
(5):

Louma =2"" - 2. (5)

Taking into account inverters on the entrances of
variable (2n), output inverters (in each of 2 transistors)
we will obtain in all in the tree:

n+l
P(t), = [e—(Z T 42n)hret +(2n+l +2n)x "

Xe—(zn” A=A gty e 2T
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Fig. 6. Comparison of the exponential reliability
functions of the LUT FCTE (P1) and LUT (P0)
in MathCAD, A= 10"

However, even LUT FCTE does not make possible
it to be sultry SEU (Single Event Upset), furthermore,
after fault functional possibilities LUT decrease two.
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Fig. 5. Fault-tolerant LUT FPGA - LUT+ FCTE
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3. Estimation of the triplexed tree entrances we obtain the complexity (19):
of the transmitting transistors tree o+l
L4trLUTn=4'(2 —2)+4'n+8. (19)

The traditional method of guaranteeing the
reliability is Triple Modular Redundancy (TMR). TMR
uses three trees LUT with the majority element (or
voting element), which realizes the following majority
function (9):

z=kk, vkyks vkiks. )

The expression of majority function in the basis of

2NAND takes the form:

zZ= klk2 Vk2k3 \Y klk3 =
= (kikp)(koks3)(kiks) =

= (kikp)(kok3)(kks3).

(10)

The six elements of 2NAND are required, on each
of 4 transistors, in total 24 transistors, delay 4t, where ©
is the delay of one element of 2NAND. We obtain (11):

Lyyruta =3+ @™ +2:n)+24n>2.

(11)

Thus, for n =4 we have 120+24=144 (transistor).
In the case of tripling of the majority element, the
72 transistors are needed (12):

Lasmputn =3+ 2" +2-n)+72.

(12)
Thus, for n =4 we have 120+72=192 (transistor).

4. Redundancy of the transmitting
transistors

Similarly to the previous case, for FCTE lets carry
out the redundancy of transmitting transistors (Fig.7)
and (Fig. 8).

fi1 =& vxX; VX)), (13)

f] 5 = XX VX{X; - (14)

51 =(X; VX VXD VX VXX VX VX)), (15)
50 = XiXiX; V XXX VXXX - (16)

For countering the failures in two transistors, the
structures presented on Fig. 9 and Fig. 10 can be used.

For countering of three failures, it is necessary to
use the following functions:

f31 =X VX; VX; VXX VX VX VX)) (17)
(X; VX; VX VXX VX VX VX)),
35 = X XXX VX XXX V XiXiXiX; VX XXX - (18)

Thus using (13), (14) and by duplicating the

Thus, for n =4 we have 120+16+8=144
(transistors).
i xi i i FO xi
1 1 | 1 1
a b

Fig. 7. Quadrupling of the transmitting transistors
according to the versions of the function (13):
a — with one point of connection;
b — with two points of the connection
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Fig. 8. Quadrupling of the transmitting transistors
according to the versions of the function (14)
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Fig. 9. Redundancy of the transmitting transistors
according to the function (15)
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Fig. 10. Redundancy of the transmitting transistors
according to the function (16)

4. Comparison of the exponential reliability
functions of the Quadrupling LUT
and the tripling LUT

Taking into account (11) the reliability function of
the tripling LUT is described by the following
expression (20):
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n+l
PI(t) = (3. 2@ +2mht _
32" 2n)aty 240t (20)
-2-e )-e .

In the case of tripling of the majority element we
obtain:
n+l n+l
PI(t) = (3-¢ > Taamat gy 3N FRy

21

K(3- e 2WM o (B2

The exponential reliability function of the
Quadrupling LUT (QLUT) is described by expression
(22):

n+l
P3(t) =[e M 44 P 1-e M) D
e M 1 4. e M (1—e M x (22)

e M 42 e MA—e M),

Comparison of the exponential reliability functions
of the QLUT (P3) and the tripling LUT (P2,P1) are
represented on Figure 11.

Thus, the version of redundancy P3 according to
the function f}, =X;X;VvX;X; considerably more
preferable than reliability functions of the version P2
and all the more P1. Comparison of the complexity in a
quantity of the transistors of the tripling LUT
(Expression12-L3) and QLUT-L4 is represented on
Fig. 12

Thus, to n=6 the version of redundancy according
to the function fj , = X;X; Vv X;X; is preferable based on

the reliability function and the complexity.

5. Comparison of the versions of fault
tolerant LUT taking into account the
redundancy SRAM cell

We will consider the complexity SRAM cell of -6
transistors. Let us estimate version TMR (Triple
Modular Redundancy).

In this case, SRAM cell is included in each of
three TMR channels and complexity LUT it takes the
form:

+1
Liut, +(sRAM+NOT) =27 =2+2:n+2+

+(6+2)-2" =10-2" +2-n.

23)

Taking into account (23) the reliability functions
of the tripling LUT + SRAM cell is described by
expression (24):

Pit(l) = (3¢ 2102720 5.

n
022y 240t

24)

In the case of tripling of the majority element (25):

_n. 2201027 42n) At 5 =3(10-2"+2n)-At
Ptt3(t)=(3-¢ 2-e )X(25)

K(3- e 2HM o 2ty

1-10

Fig. 11. Comparison of the exponential reliability
functions of the Quadrupling LUT (P3) and the tripling
LUT (P2,P1) MathCAD, a) n=4, b) n=5, c) n=6,

A=10""



Biomoeobesneka cucmem na npozpamosanii noziyi 157

1000 / 1 |
o0 0,995 i
230 1 / /' 2 0.99 \
o {07zl anses i N S
730 | c— 4
/ — 0.98 \
L&(n) 640 / 2 _Pttl(t) 0.975 3
1 550 3 — 0.97
Liw J/ Plet()
2 460 / 4 0965 Ses
770 0.96 /
- / n.955];
0.95 2 4 4 2 3
190; 0 110 210 R 410 510
| a)
100 4 5 [ 7 i L
» |
Fig. 12. Comparison of the complexity in a quantity of .99
the transistors of the tripling LUT-L3 and QLUT-L4 059

o l10.2"e20) 00985

The reliability functions of the QLUT+ SRAM cell | e
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Fig. 14. Comparison of the complexity in a quantity Fig. 13. Comparison of the exponential reliability
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and the tripling L3 and the unreserved LUT in MathCAD,
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Conclusion

The redundancy LUT FPGA according to the
function x;x; Vv X;X; appears to be more preferable on

the reliability function, than tripling, moreover
expenditure for this - order 30%, that not too it is much
in comparison with a multiple increase in the equipment
during the introduction of additional channels.

Furthermore, is reached the gain of more than 70%
of maximally possible exponential reliability function in
comparison with the tripling in case of tripling of the
majority element (Fig. 13.d).

If we reserve only the tree of transistors, then to
n=6 the version of redundancy according to the function
X;X;j V X;X; is preferable both on the reliability function

and in the complexity.
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OTKA30YCTOMYMBBIN JOTHUYECKHM JIEMEHT IIJIMC FPGA
C. @. Topun

OnuceiBaeTcss oTKazoycTonumBbii jormdeckuii anmement IIJIMC FPGA (field-programmable gate array),
MIOKA3BIBAETCS, UTO MPU YETHIPEX — MATH NEPEMEHHBIX pE3epBUPOBAHME MYTEM y4eTBEpEHUs TPaH3UCTOPOB AEpeBa
LUT (Look Up Table) npeamnoyrurenpHei, 4eM TpOUpOBaHUE, HE TOIBKO 110 BEPOSITHOCTH OE30TKa3HOH pabOTHI, HO
U 1o clIoKHOCTH. OTHOCHTENBbHO KOH(UTrypanuoHHOW mamsatn SRAM Takoe pe3epBHpOBaHHE —TaKKe
LenecooOpa3Heil TpOMpOBaHUS Oaxe C TpeMsi Maxkopurapamu. B cmydae pesepBupoBanusi LUT Bmecte ¢
KOH(QUTYpannoHHOH maMsiThio SRAM MOXXHO TONYy4YUTh 3HAYUTENBHBIN BBIMIPHIII B BEPOSTHOCTH O€30TKa3HOMN
pabotsl nopsiaka 70% OTHOCHTENTPHO MaKCUMaJbHO BO3MOKHOT'O 32 OTHOCHTENIBHO YMEPEHHBIE 3aTpaThl MOpsiIKa
30%, 4TO SBISETCS TaK)Ke MPHUEMIIEMBIM, CPABHHUTEIIBHO C MHOTOKPATHBIM YBEIHMYCHHEM OObEMa HCIIONb3YeMOr o
000py/I0BaHusI, IPY BBEACHHUH JOMOJHUTEIHLHOTO KaHaa.

KnarwueBsble cnoBa: orkazoycroitumBblii jorudeckuit anement [IJIMC FPGA - LUT — Look Up Table,
WHTEHCUBHOCTH OTKa30B, BEPOSITHOCTh 0€30TKa3HOM padoThl, pe3epBUPOBAHKE, IIEMEHT C M30BITOYHBIM Oa3ucoM —
¢ yHKIMOHANBHO-TIONHBIHN TonepanTHbIN (DIIT) anemenT, koHpUryparoHHas maMsiTh SRAM.
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BIZIMOBOCTIMKI JIOI'TYHI EJTEMEHT ILIIC FPGA
C. @. Twpin

VY crarTi NpOMOHYEThCA BiAMOBOCTI#iKi Jyoriudi enemeHT FPGA (field-programmable gate array) mis
KPUTUYHHX 3aCTOCYBaHb. [10Ka3yeThbCsl, IO MPU YOTUPHOX - M'SITH 3MIHHUX PE3ePBYBaHHS LUISIXOM IMOYETBEPEHIH
tpanzucropiB nepesa LUT (Look Up Table) kpaime, Hixk TpoipoBaHie, HE TIJIBKH IO HMOBIPHOCTI O€3BiAMOBHOI
pobotu, ane i mo ckiagHocti. llono xoHdirypanifiHoi mam'ati SRAM Take pe3epByBaHHS TaKOX MIOLIIBHIIIE
TpOipOBaHisl HaBiTh 3 TPbOMa Maxkoputapii. Y pasi pesepByBanst LUT pa3zom 3 koHdirypauniiiHoro mam'strio SRAM
MOXKHa OTpUMATH 3HAYHWH BUrpaiml y HMOBIpHOCTI Oe3BimMOBHOI pobortu Onm3bko 70% MIOOO0 MakKCHMalbHO
MOXIIUBOTO 3a BIHOCHO TOMipHI BuTpatn Onm3bko 30%, IO € NPUAHATHUM, TOPIBHSHO 3 0araTopa3oBHM
301IBLIEHHSIM 00CATY BUKOPHCTOBYBAHOT'O O0JIaJHAHHS, IIPH BBEACHHI HOBOT'O KaHAIY.
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