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Abstract

Triple modular redundancy (TMR) is a technique

commonly used to mitigate against design failures
caused by single event upsets (SEUs) . The SEU im-

munity that TMR provides comes at the cost of in-
creased design area and decreased speed . Addition-

ally, the cost of increased power due to TMR must

be considered . This paper evaluates the power costs
of TMR and validates the evaluations with actual

measurements . Sensitivity to design placement is an-
other important part of this study . Power consump-

tion costs due to TMR are also evaluated in different
FPGA architectures . This study shows that power

consumption rises in the range of 3x to 7x when TMR
is applied to a design .

I. Introduction

Triple modular redundancy (TMR) is a technique

commonly used to make designs r eliable in th e pres-

ence of s ingle event upsets (SEUs) [1 ] . Th is design

hardening technique triplicates all of the resources

u sed in a d es ign and then uses a ma jority vo ter to

vote on the ou tputs of the triplicated design . TMR

can impl e mented on a desi gn in d ifferent ways . The

TMR styl e u sed in th is study is shown in Figure 1 .

Th e top level des ign circui t is triplicated and the top

level ou tput ports connect to triplicated voters . This

sty le of TMR will protect a design from SEU s, bu t

th is r eliability comes at great cost .

P revious st ud ies have shown that TMR can be

u sed to make a design immune to SEU s[2 ] but at

great cos t in terms of design area and speed . A com-

plete ly SEU immune desi gn comes at the cost of at

least 3x in area. In addition to these costs, the p owe r

increase due to TMR must be considered .

Figure 1 : Triple modular r e dundancy ( TMR) styl e

which trip licates the top l e vel design and prov i des

tr iplicated voters

Power consump ti on is becoming a defining des i gn

criterion for sem i -conductor devices[3 ] . FPGAs in

pa rti cular , consume r e lat i ve ly more power than other

semi-conduc tor devices s uch as ASIC s . FPGAs a r e

less power effici ent than ASICs due to th e ir fl ex i b i lity

and large routing matr ix . The r e-programmab ili ty o f

SRAM - based FPGA s causes them to requir e a larger

num ber of transistors than ASICs . A larger number

of tran sisto rs leads to l arger leakage current . Leak-

age, or s tat i c power , prev i ously con s idered insigni fi-

can t compared to dynam ic power, can no longer be

n eg lected . Our s tudy shows that s tatic power makes

up a l arge porti on of cons umed power . Power charac-

terist ics o f an FPGA affect the densi ty, perfo rmance,

reliability, an d cost of a device[4] . For some applica-

ti o ns su ch as space-based applica tio ns where device

coo ling is an integral design conside rat ion, but SEU

immunity is essential , power consumption i s cer ta i n ly

non -tri v ial .

The goal of this study is to evaluate power con-
sumption of TMR . Triplicating an entire design sug-
gests that the amount of power consumed will in-
crease by at least 3x. Tripling power consumption is



significant . In add ition to evalua ting the power cos ts
o f TMR , this paper investigates the effect of design
plac e ment on power consumption, a nd compares th e
powe r consumption of d ifferent Xi li nx archi tectu res .

II . PoNuer Evaluation Tool s

Re liab le power measuring tools are necessary to
determ ining how costly TMR is in terms of power .
In order to veri fy the results of our study, we use
a power measurement too l to verify the res ult s of a
power estimation too l . The two too ls we use in our
study are JPower, a tool which measures t he amount
of actual current flow ing in a c ircuit, and Xilinx's
XPower too l , wh ic h est imates the am ount of power
wh ich a design would consume .

A. JPower

JP ower is a tool th a t measures the amount of
current flowing in the SLAAC-1V FPGA compu t-
ing boar d [5] . JPo wer meas u res the current from th e
SLAAC-1V ADC by means of the SLAAC- 1 V C AP I
and then s tores the value as a 1 0 -bit unsigned num -
ber . Th is r egistered va lue i s then multi plie d by a con -
stant (4 .88 28 12 5 mA ) to produce the cur rent value i n
mA ( rounded to the nearest mA ) . JP ower can mea-
sure current on the SLAAC - 1V b oard in the range o f
0 to 4995 mA .

The SLAAC-1V board ADC has three different
channel s from whi ch to sample cu rr e nt . Channel 0
r eports the boar d 's 5V curr ent, channel 1 report s the
2 .5V c urrent, and chann e l 2 reports the 3 .3V c urrent .
The ADC can be sampled at a rate of up to 1 20 kHz
d i v ided by th e numb er of channels be ing sampled .
In our study we are o n ly concerned with the power
consumed by the ac tua l circuit on th e FPGA . In our
study we disregard any I / O related current (channel
2 ), whi c h means we on ly need to sample the current
on th e 2 . 5 supply.

In or der to get acc urate cu r rent measurements, a
collection o f ADC samples are taken and averaged .
The amount of time betwee n samples m ust be no
less than 8 .33 µs (120 kHz sample r ate) . Wh e n a
sufficient number of samples are randomly taken and
ave raged , we find that JPower produces consi s tent
resu l ts to with in 2 mA . It i s important to note that
this averaged value incl u des the cur rent from o u r d e-
sign as well as from other sou r ces .

JPower r epor ts the amount of current flowing
through the entire SLAAC-1V board . Among other
th ings, the SLAAC- 1 V board in c ludes three Virtex
V1000 FPGAs and multiple on-board inemories . It
is important therefore, to be able to distinguish be-
twee n t he curr ent i n the FPGA device we wish to
examine and the current u sed by all o ther devices .
The amount of current consumed by these other de-
vices must be subtracted from the va lue measured
from the ADC in order to i solate the curren t fl owing
thr o u gh ou r design .

A simple equation was derived which tel ls us how
much cu rrent to sub tract from the measured ADC
value . In order to der ive this equation , current
from channel 1 is sampled with no designs in any
of the three FPGAs (a defaul t design is automati-
c ally placed in the FPGA whi c h communicates with
the host ) . Th e SLAAC - 1V board is run a t a range
of different freq u encies and at eac h frequency, an av-
eraged c u rren t value is recorded . At eac h frequency
an averaged value was recorded when the clo ck was
both runn ing and st o pp e d. The resulting f.or. mula. is
ther efo re a func tion of frequ e ncy as we ll as whethe r
or not the clock is running . I t is interest ing to note
that ev en wh e n the clock is stopped , the amount of
powe r consume d is a funct ion of frequency.

JPower 's ab i li ty to take tru e power consum p tion
measurements for a. desi gn i s invaluable . Unfortu-
nately howeve r , s ince the JPower tool is linked to
the SLAAC1V board , it's u se i s l imit ed to des i g n s
based on X il i nx 's Vir tex FPGA architectu re .

B. XPower

Xilitix has a power est imat i on t ool called
XPower[6] which can estimate po wer consumption of
designs for a var i ety o f Xilinx FPGA architectu res
( not just V irtex) . This tool i s different from JPower
in that it does not measure the actual cur rent flowing
in an FPGA . Instead , based on the i nput design , it
cal culates a power consump tion est imate . This esti -
mation is based on the design res ou rces as well as the
act ivity rates of the nets in the desig n . In order for
XPower to be able to perform this estimat ion, every
ne t in the des ign must have an acti vi ty r ate assi gne d
to it .
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Figure 2: JNower and XPower results for the calibration desiKnS wiLli and without T N flt applied

III . Testbench Designs

In order to callibrate the tools we compare the
resull5 of the two power evaluation tools . In order
to perforni this comparison, we employ the use of

a set of siniplP test designs . The tools are used to

estimate and measure the power consumed by each
design riin at, a range of diffcrent frequencies . TD[R is
then applied to each design and the poNver tools again

measure the amount of power dissipated at a, range
of frequencies . By comparing the anionnt of power

consumed in the TNfR designs with the ainouut of
F~ower used in the nnn-TA[R dcsigns, we can see the
cost of T N fR in terms of power .

In previous T 'l 'fR stttdi vs[2] two simple designs

were used to evaluate the area and s peed costs of
an 51 ? i1-i mnn.ine d e sign . The two desigi i s used in
th e5c p r e vious tests are an £i-bit incrementer and an
8-hit load ab l e co unt e r . In our powe r study, we use

( he se s iniple designs as part of our testbench designs
to examine the power costs d ue to TA1R . Since we

will be usino the JPowcr tool, all o f the calibration
designs are based on the Virtex FPC:A ztirchitecLure .

A single-bit incrementer and a single-bit counter
each fit insidc one slice of a. Ailiiix CLI3 . It is difli-
c u lt fo r the tools t o precisely nieasure the power con-
snmpt ion of an 8 -bit incrementer or an H-bit loadable

counter alone . Therefore, in order to obtain s ignifi-
cant power measurements from JPo \ tir er and XPower,
these designs are replicated a large number of times .
In order to cnsttre that the nets of each desikn t•e-

»iain rela t ively active, we ag a in restrict the bitwidth
o f each of t h e r eplicated iu c reuie iite rs and cou nt e r s

to be 8 bits wide .

INC I XOR CNT II INC I XOR CNT

F requency vs . Power Slopes

1 .54 7 . 85 11 .08 7 . 37 3 L 13 =17 .5 3

1 .54 7.95 9.26 5.2 3 27 .06 39 .0 3

Table 1 : Frequency vs . power slopes for the calibra-
tion de si g n s .

'1'lie replicated f3-hit incrementers are used in two

different tcsthcnch designs for our power studies . In
the first design, the incrementer is replicated 7 2 timcs

and the output of each incremeiiter is fed to all out-

put IOB. In the second desiKri, the incrementer is
replicated 416 tintPS . In this second clesign . the onl-
puLs of tlie increrueutexs are divided into groups . The
iticrenien(er outputs in a grottp are XUWed to-p-etlier,
and the XOR outputs are then fed to ~~ulpul IO13s .

A third testbench design is created from the 8-bit
loadable counters . In this design, the S-bit- counter

is replicated 416 times . The ontput of one counter is
fed into the data input of the noxt . This creates a

larl-e chain of counters with thc final coiintcr's ouL-
pnLs le,idiiig to TORs .

IV . Power C'alihi-a, tic>n Result s

For each of the d i [fereu l t estbeuch desi-pns, th e

Rollins 3 LP136 ; N 1 :1PLD ?IIO I



puNrer evalutilion tools are used to uneasure or c,ti-

uiatc the poNrer of each design at it rangc of diff'cr-
cnt frequencies . Taking power mra,tiironients in a

range of frequencies enables its to crertle it plot of

freyuF:ttcy vs . power front wliich we can interpolate
atilope which has iinitti of m1V per Nlllz . T 1\1H is

applied to each desipn <<.nrl the power tools are aga .in

used to cvaluuil .e power at it range of di(ferciit fi•e-
quencies . ComEariuK the slope of a design with T N IR

implemented vs . the vlopc, of it clesiau witho,nt 'I'Alli
provides the cost of 'i' N 1R in terms of power .

Fi fi nrE: 2 displ a yti f'<>t r graphs . Roth JYower a n d

XPu w cr are iititd in each graph to cr ea Lc f're y irnc• .~~

v5 . power slopes for each of the c a lil>r<<Lion clNtii ,- ns

w ith and w illiottt `I 'N I[{ applied . In the first three

graphs (Figure 2(a)-2(c)) the hoLl,oiii two slopes show
the power constt mptioii for the design wiLltout7 ' \I R
applied (one slope reports the JPowe r mcas nreiu e uts,

the ot h er reports the XPower estimates) . ` l'lie top

two slopes show the power consiunptio ► i after ' 1 ' :111t

has been app lied .

' I 'able I shows the slopes of the KraphS in Figure

2 . The slopes are in u n its of iii1\` p e r N lllz . '1' liis

table show s t h .it the two tools are fi iirly clo se in their

nuv ast•ments . For ex am p le bo th tools report it slope

of 1 .51 mW per M Hz for the a rra i v of 72 incrcincutcr5

w if. liout T \I R . The slopes, i ve u for buth JP mver and
X!'owc r, enable us to eieleruiiue the cost of TM R in

ternis of po w ei• . This cost is calculated fr o ni the ratio

of the slope of a T N [R applied design vs . th e sl opxe

of it design without T N IR . I3 eCure we inve5tigate this

rati o fnrther , we first c uu s ider how design pla ,ceuient

can a ffect frequencv v s . p ower slopes .

V . Effect, of nesilon P1acerncnYon Power

tlii iuipur6autpart of this stud

' v

involves inves-

tiQaLing the effects of design plac•cutent on power

costs associated with T IN IR . Our studies show that

the aiiiouut, of power it design conswncs is highly cl e-
peudeut ou how it is placed . To demonstrate this

depenclence we use the our first calibration design

(tlic array of I? ti- ► ,it incroine>>ters) .

Figure 3 shows Uirce di[fereullitinci pla ce m ents o f

the fi r5t calibraLiou des igii . T h e fi rst phi ae ni e nt , is

it poor E>Ittceui e iit : the iucrein euters are spread fa r

apart from each utlter and IJicrel'ore lon g n e ts are

reyuired to coiiuec6 to the voters . The second p Itiae-

m 0 nt is an iui proc e uieiil oil the lirst, but th (' thirr l

Rullins 1

lncretiierite r

Aut- P l n eu ~ F l n ou 1 ~ Pix c u 2 P l-, .

rreqi i e i ic,y vs . rower aiopes k i lvin)
-----

J Pow e r- 7. ;3 i l 0.(i5 (i. 15 1 . 76
XPower 5 .23 fi.'>U 5.21 178

- Due to TMR

JPower 1 .79 x 7.Ulx i .l)(ix 3 .lOx
XYower ~ 3 . 4 1)x LOIz 3 .3 % 3.lOs

7 'able 2 : T\I R powe r costs for d iffC reuL plzi c eme iits

of .in au•ra y of 72 8-I>itiu c r e ni c nt e r s

placement is Uie bxest placement . A1ong with these

three haud placenents, w e have the 'auto-pl<irer1' de-
si g ii W liich the Xilinx place and nmp tools provide .

The re5ults shown in Figure 2 and Table I are auto-
placed results .

Placement I Placement 2 Pla ce ment 3

PWA CJ .
. .

. MO-1 ,rdD - . . . F4`9
. .

Cnt2,d

~t •` n~i xr-

nr :

F igin'e 3 : Three di ffereu t liaucl p lt+ c etu et il,ti o f tluc :ir-

r<iv of 72 S -biL in c r e tii en ters

Table 2 sliowti the power cotiLti due to 'I'NIIi for

the four ciilFereiit pIa<•euieiils of llie arrii.v of 72 t;-hiL

iucrcneuters . The co,t is deleruiiued uv the ratio of

the f -eci i le n cY vs . power slope o f tlie placed cletii};u

with 'I'MR applicd to the frcyueucti' vs . power ,Iope

uC the design wilhmnt l'NI}i .

We can see from the table that JI'uwer is more ,ru-
sitive than XPower to design placrnient . For thE' pnor

hand phl .ccment JPower reports :t puwFr cost uf' .Il I x

wliile XPuwcr neports it power cotit ol 1 .Udx . Nutice

ho wFVCr tli<<t for t lie optinial placelncirt t liat both

JPuwcr a n d XPowei' report it puwer costoI' 3 .1(lx .
This resitlt agrees with our intuition ihal %dicii w e

triplicate a design, the power will also iriple . These

rcsnlt5 also indicxle that power cuu,wiiptioii is iii-

drcd linked to design placcuuvul .

A less thorough cieuioiistrolir~n of how ilesign
placement rel,ite . I o pxower co»isuuipHio~n is "Inowu i n

LP 13(ij\1 :1 PI,I ) 20111
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Table 3 . In this tahlc the freqncncy vs . power slopes
are shown for two different placements of all of the
calibration designs . The tiiito-placomFiit is shown as

well as an optimized hand placement . Also shown
in the table is a ratio of JPrnver to XPower - indi-

cating how well the two tools agree in their results .
A valuP of I indicates the two tools agree in their

results . We can draw similar conclusions from this
table as we could froiii Table 2 : power consttuiptiou

is directly <iffected by design placement and JPonvei•
is niore sensitive to clesign placement tlian XPower .

V I . PoNvcr Costs of Different Architecture s

Hmiii,, c()uip~ired the resitlt ., n I the two power

ev<ilmition tools we can now use tlw-,,c to~ols to ev .dn-

atc the cost o f TNIR in tFrm s of pow e r on some real

des i g n s . Th e two designs that we use to n ic asure the
cost of TNIR in terms of power consiimption are an

&bit Hitachi CPil and a CZYSK deniodula .tor . Botli

designs a re implemented on the Virtex architecture

as well as the Virtex2 . Virtex2Pro and Spartan3 a r-
chit PCtitres . Implem eiitiuK these designs on di[f'er ent

architectures a llows its to e xamine pow Pr coitsutnp-
tion characteristics of each architecture .

Before looking at the power costs ol"I'MR uti l l it,-

ties designs . we first look at the costs uf' TJIR for

these designs in Lerm, of a,rFa and speed . ' I -able 1

shows LlieSe costs . The area costs listed are sLriclhy in

terms of the ininiber of LUTs requircd for the design .

The cost, in terms of ()t her ro-somrceti such as I U13s .

Hc>Ilins 5 LF'13(i ;'\IAI'I .U 2004



I iicrementer XOR I ncrernenter Up /Down Co u»ter
Auto-Pl :ice Il aud- Ylace Auto-P l ace Iland- t' l ace 11 Auto- Y lace Iland- I ' l ace

Frequency vs . Power Slop es

7 . 37 I 1 7 8 II 31 . 1 3 I 22 . 18 11 1 7 .5 : 3

xPoWer 5 . 23 4 .7 6 27 . 06 2 5 . 1 0 39 . 03 ~ 36 . iu
JY ~ XP i 1 . 4 1 1 .00 1 . 15 0 . 88 1 .2 2 1 .1 3

'I'al,le 3 : Freqnenr}- vs . power slopes for different placenieuts of the calibration design s

QPSK ; Hi tach i

Area Cost I : 3 .0 :3 x
Virtex Speed Cost

Area Cos t
Virtex2 Speed Cost

Virtex2Pro

Area Cost I 3 . 03x :i .UU x

Cost

'1'able 4 : TAIH costs in tcrnis of area and s J ice d for

an 8-bit llitaclii ('Pl f and it QP$K dcmodiilato r

I3RA N Is, ' [ ' I3 UFs, tutcl uiultiUliers also reported all
area cost of 3x iii all cases . The tipeed costs report
how ntucli sluwer the iuaxiiuiuu clock speed of [lie de-

sig ii wit h '1, \1H cai l run com pared to the nirixi mu iii

clock speed of the design wiLliout T111i .

Since the area costs of T .til H for tht-,,c two designs
are ahout :is we expect that if the desigus are placed

cela6ivelY well, the power costs 0l"lAIN will also be
about, U. T'ii~, 1graE>li5 iit Figures 1 and 5 show the
I'reyuency vs . power slopes of the two designs for a
variety of Xilinx ITGA arcliiLectures . 'T6ese slopes

are recorded iu Table 6 as dYnxuiic power . The inter-
cept of these slopes gives us it value for static power .
The cost of `1'NIki in terms of* power is deterntined

£roiii the ratio of d yn ai nic• po we r without '1'NIR to
the d,ymulic power with T\(R_ Tahlr 5 shows this
ratio for the IIilaciii and QYSK designs for each ar-
clii6ecture . For a design placement perl'ormed by the

Xilius place and tuap tools, we see that the cost of
`I'AIR iu ternis of power is relativelY c•lose to 3x .

Table 6 also p rovide5 in i porL a t it ii l l'o riu tti t i o n ahout
stat i c power . As we u iuve from the Vir(cx arch i -
t oc tinr to the V irL ex2 ei r c• hil cc t i ire and th e n to the

Virt ex?̀Pro and tipart a u3 arcl i iL e clures, static p oNvc r
increases while c l ' vii»niic• power decreases . In rigure

5(b) we see that at 501 11I z the overa ll power for Vir-

tex, V irtex2, and 5partau :3 architecLures are almost
tl» san ie Bclo Nv ri0 N 11Iz . t li ek% irt ex arc h ilc•ct iireco ii-

sutne5 less overall p ower due to its lower s t<titir p oo,ve r
consumption . Above 501\ 111 'r. . the ti 4 ><irt<i ;3 ,trchitcr -

ture cuii5wucs Icss power over a ll dn V t o its Icnver ( l}- -
na iuic po Ncer co n stiuiptiou . The gr a phs in Figures I
and 5 51irnw that the overall pow er constn pti o ~ii is (11-
p endeut on the design . the FI'G A arriiil u cliure , ;iu d

on the clock freytteucy at which %v e rn n tlie ( I cs i g ii .

JPm e" •r
J

Virtes Virtex2 \'irtex2 1 'ru 5partan3

1)ynamic Power I ncrease For Tb 1 R

QPSK 2 . :i :3x 1 3 .30z 3 . 5 la :i .U(ix :i . ;ift

I[ itac•hi i (i(ix 3.12x 2 . 66x '? .tirx 2 . 50x

Tal>le 5 : T\[R costs in teruis uf' puwer f

(
)r .iu ti-bil

Ilitachi Cl'U and a QI'SK denuxlul .itu r

\1 I . Coucluniot i

'I' his pa{>er iiive5tigat es the cost of ' 1 '\IIZ in W ruis
ol

.
pow er . Since previous st, udics [ 21 have shown that

the cost uf ' l A II i in ternis o f a r e a can be 3x, it , is rF.i-
sonable to exp eclLhat the power consunip t ion will
also triple . 1k' lu+ i i T\I11 is perForiued at time top de-

sign l e veL and (lie design is rela tiv e ly' we ll placed
we have shown that inde e<I th~ , power co ii ' iini p t iun
is also triplicated . We have also shown I ionv power
coiistuuptiou is ti( rccLed by design pla ce ni evit . } ?vi i, l-
uatiuK the power cusls of `1' IN IH on cliffV re nt F I'( ; :1
arcliiL e ctures has shown liuw 5t<ilic power iu ni a n y
cases co itlcibule s ii LOC e to the overall po Nu e r cousttui p-
(i om than ( l ynaiuic p mwer. () verall p 0 we r c ciu suui p-
ti o ~n is a ffec t ed by the cl es ign im p l emr,utcd . I

) ,

v I, li e

lTC :1 ,u •chil ec • tnr e the design is iinp I e ui entc d out . Irv
the d e tiiKn placement in thc , I ,'1'CA and on ilu , c lurk

fr e<lu e ncy the cl esion r l ins at .

liollins G I.I'I3(i!\1 :11'I,I) 2001



on-
JP ower Virtex J V i rt r 'N '! Vi rtes'l Pro Sp a r txn 3 11 J [ 'u wrr Vir te x Virt,~'? \ ~ i r t e x2P ro Spartan3

Dynamic Powe r (mW ~ NTHz)

QPSK `~ 10.50 45.7 1 8 .60 S.1(i LJi 9:3 . 7,5 150 .64 30.17 24.98 6. 68

Hitachi 2.06 2 . :3 4 0 .79 O Ati 0 .1 2 11 7) .lh 7 .30 2 .10 1.39 0.30

Stat ic Power (mW )
- -

QP3K 25 .5 i 22.14 150 .00 336.86 179.83 26 . 43 37.86 139.50 334 .7 1 180 .23
Hitachi 27 .17 2 6 . 43 150 .00 337.07 1 1 ti0 .00 11 28 .25 27. 50 1 50 .00 337.50 1 H(1 .3 - 1

Ta.ble 6 : Static and dp i tamic power coiitiiitnpL i oii uf all 8-bi6 E Iitaclii C'PU and
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