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Anderson and Wang with “gated™ 1LUTs [ 7],
then with asyouretric LUT LEs [B), show
that  the LUT  clanents  present
commercial FPGAz provide unmecessary
fQexibality. Towad anproved delay and atea,
the  macrocell-based  FPGA  architectures
have been proposad [9], [10] These studies
descnibe  significant  changes to  the
trnclitional FPGA architectures, whereas the
chinges  proposed  here  buld  on
arclutectures wsed m industry ad acadernia
[4] Simufarly, and-inverter cones have been
proposad as replacements for the LUTS,
mepired by and-mwerter graphs (AlGs) [6).
Purnaprnma and Jenne [16] explored the
posstabty of repwposng the existing
MUNs contained within the Xiline Logic
Slices [17]. Simlar to this work, they nse
the ABC prionty cul mapper as well as VPR
for packing, place, and route. However, their
wotk 15 pramanly delay-based showing an
avenge speedup of 16% using only ten of
19 VIR7 benchmarks

ILRELATED WORK

In this section, the arcuit scheme of
conventiomal RCA, CLA, ETAI in [4] and
ACSA n [5] will be analyzed in detml.
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Figl: Circudt Scheme of ETAIL

As pointed out in [6], RCA is n
common type of adder in digtal cremt
desgn. i which a senes of one-bat full

adders are connected m sequence and the
highet ocutpae  depends on lower camy
signals, The delay of RCA s * ( *) and the
critical yath starts from the lowest it to the
last ane. However, the probability to activate
this entical path is very small | 6], [7], which
provides  the foundation 1o  design
speoudative-tmzed  adder  in following
researches. In order to obtain the camy
signal in advance, for CLA, the real value of
carry sigrds for lnghes computation block 1s
calculated nsing mgnal generation method
The critical path can be reduced efficiently,
However, the process of camry aignal
generation is complicated in CLA, wiach
could produce large logic aren and wall
result m o big power consumption. Based on
the idea of CLA, ETAIL in [4] nakes a full
wse of parnlleling calculation and introduced
approsination to reduce the power overhead
as shown in Fig.2, The adder is divided uito
severnl stages Each of the stages has a camy
genarntor and & sum generator. The ontput
of one stage cotes from ils suin generalor
with the previous camy signal. Thus, the
criical path s composed of one swin stage
and carry signal generator. However, the
carry signal genemtor involves only parts of
the lower iput data, wiueh could cause
large etror when n wrong peediction happens
in the upper stage of the adder For 32-lats
ETAIl with 4 bits for each stage, the
maxuyum crror mogiutude could be 228,
whach 1s too lage that the adder bave hittle
practical value i renl application

In [5), an approcumate adder with
carry skip teclnique (ACSA) 15 proposad
based on ETAIL m which a multiplexor s
used 1o chocse the cany signsl for the sum
generator in each stage Different from
ETAIL this adder detects the property of
curty propagation in previous stage, When
all the s tn previows { * - 1) * h-stage i3
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in carry propagation mode, it will select the
carry signal from ( * — 2) * h-stage. In ths
way, the emor mte of the adder will be
decreased. Furthenmore, a method for eros
compensation 13 nlso used However, the
errar magritude of this adder is still large.
Take 32-Lats adder with 4 its for each
stage, the maximum error magnitnde oould
be 220 Meanwhile, the extra mndiplexors
could constunie e area, energy and delay
as well

HL PROJECT DESCRIPTION

MUX4: 4-t0-1 Multiplexer Logic Element
The MUX4 LE shown in Fig. | consists of n
Ad-to-1 MUX with optional mversion on its
mputs that allow the realization of any {2,
IJanput  function,  some (4, S)-mput
fanctions, and one 6-nput function—a d-to-
1 MUX itself with optional inversion on the
data mputs. A d-to-] MUX mmtoles {he
imput pin count of v 6-LUT, allowing for fasy
vormpansons wath 1zspect to the conmectivity
and mitra cluster routing,

2=

Fig 2: MUXA LE deplcting optonsl data
Inputinversions

Naturally, any two-mnput Boolean
function can be casly implemented in the
MUXA the two function inputs can be tied
to the select lings and the truth table values
(legie-0 or logae-1) can be routed to the data
inputs  accordingly  Or  altenmtely, n
Shannon decomposition can bz perfornmed

about ong of the two vanables—the variable
can then feed & select mput. The Shannon
cofictors will contain at most ene viriable
and ean, therefore, be fad to the data inputs
(the optional myersion may be needed). For
tuee-inpnt  functions,  consider  that o
Shamnon deccrnposition about one varlable
produces  cofactors with al most  two
vanables. A second decomposition of the
cofactors aboul one of their two remmning
vanables produces cofactors with at most
one vanable Such single-variable cofactors
can be fed w the data mputs (e optional
mversion  mway  be  needed), with  the
decomposiion vanables feeding the select
mputs.  Likewse, funchions of more than
four nputs can be jmplemented in the
MUXA as long as Sharmon decomposition
with respect to any two mputs prodhuce
cofactors with nt most one inpot. Observa
that input inversion on esch select input 15
omilted as this would only serve fo permle
the four MUX dsta mputs. While this could
help routabality within the CLB'S indermnl
crossbar, addiional nveisions on the select
inputs wonld not increase the mumber of
Boolean finctions that are ablea to map to the
MUXA LE

Logic  Elements, Fracturability, and
MUX4-Based Varfants:

Two farmlies of architechures were
created: 1) withowt Gacturable LEs wxd 2)
with fracturable LEs. In tus paper, the
frocturable LEs refer to an arclutechural
element on which one o more logic
functions can  be  optionally  mapped
Nonfracturablz LEs refer to an architechural
element on whach ondy one logic function s
mappad In the nonfracturable architectures,
the MUX4 element shown m Fig 1 15 used
together with nonfracturable 6-LUTs This
element shares the same number of Inpids as
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A 6-LUT lending for fair companson with
1espact to the mput connectivity

Fowrandde 6117

g 3: Fracturable 6 LUT that can be
fractured into two S LUTs with two sl ed
inputs

For the fractwable arclutectre, we
constder an eight-input LE, elesely matehed
with the adaptive logic module m recent
Altera Stratix FPGA fanulies. A 6-LUT that
can be frachwed into two 5-LUTs using
aght mputs 15 shown m Fig 2. Two five-
wput functions can be mapped into thus LE
if two inputs are shared between the two
functions. 1 no inpues are shared, two four-
mput finctons ¢an be mapped to each S-
LUT. For the MUXA varinnt, Dual MUX4,
we use two MUX4s within o smgle eight-
mput LE. In the configuration, shown m Fig,
3, the two MUXds are wied to have
dedicated select inputs ankd shared data
mputs.  This configuration allows thas
structiwe to mnp two ndependent (no shared
wputs) tresanpul functions, wiele Luger
functions may be mapped dependent on the
ahared mputs between both finctions

An archatecture i whaeh o 4-10-1
MUX (MUXJ) s fractwed mto twe simaller
240-1 MUXs was  first  considered.
However, ance a 2-10-1 MUX's mapping
fexibility 15 quite liited (can onlv nap
two-trput fimetions and the three-input 2-to-
1 MUX itsell), litde benefit was added
compared with the overheads of making the
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MUXA fractumble and poor ares results
were observed,

Fig 4: Hybrid CLB with a 20%, depopulated
Intra- CLB ercssbar depieting BLE internals
Tar a nonfracturable ar chitecture

IV. Hybrid Complex Logic Block

A vanety of difterent arelatectures
were  considered—the  first  being &
nonfractwrable  arclutectme.  In the
nonfiscturable arclutecture, the CLB has 40
mputs and ten basic LEs (BLEs), with each
BLE having six inputs and one ontput
following empincal data in pnor work [4]
Fig. 4 shows flus nonfiachwable CLB
architectire with BLEs that contain an
optional register. We vary the mho of
MUXds to LUTs witlun the ten element
CLB from 1:9 to 5:5 MUXds:6-LUTs. The
MUXA element 5 proposed to wark m
conjuichon with 6-LUTs, creating a hybnd
CLB with a mixture of 6-LUTs and MUX43
(or MUX4 vanamts). Fig. 4 shows the
organazation of ow CLB and intetal BLEs
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Fig & Hybrid CLB with a 50% depopulated
intra CLB crossbar depicting BLE internals
for o feacturable srchitecture

For fracturable arclutzctures, the
CLE bas 80 sputs and ten BLEs, with each
BLE having cight inputs and two outputs
emulating an Altera Stratix Adaptive-LUT
[18] The same sweep of MUNA to LUT
ratios was also perfanued Fig. 5 shows the
fracturnble architectre with eight mgmts to
each BLE (It coontams two  ophional
regiaters We evaluate fracturabality of LEs
versus nonfracturable LEs in the context of
MUXA elements since fractwable LUTS are
common i commercial architectures  For
exmmple, Altern Adaptive 6-LUTSs m Stratix
IV and Xalix Votex 3 6-LUTs can be
fractured into two smalier LUTs wath some
himutations on mpuis

The crossbar for  frnchumble
wchutectures are  Juger  than  the
nonfracturable architechires for two reasons
Due to the virtual increase of LEs, a larger
nunber  of CLB  mputs are  requred,
which increases crosshar size. Since there
wre now twice as many owpuls lran (he
LEs, these addibonal outputs necd to also be
fad back into the crassbar, also increasing its
size. Due to this dispanty i crossbu size
farr comparisons cannot be made between
fracturable and nonfiacturable architectwes
Thetefore, m thus paper, we compare
notfracturable hybnd CLB arclatectures to o
baseline LUT  only  nonfractumble
arclutecture and we compare fracturable
hyvbmd CLB architectires to a basehne LUT-
only  frachuable  wclutechwe  Sparse
crossbars have been previously studied [19]
md in this paper, we model a 50%
depopulated crossbar witlun the CLB fa
mtracluster routing for both nonfractuable
and fachmble architectres as compared

with the yeeliminary publicabon [15] that
only medeled a full mput crossba

VSIMULATION RESULTS
AREA REPORT:-

v i

RTL SCHEMATIC:-

DELAY ANALYSIS:-

Mintoean penod. No path founsd

Mirurowan mput wmivid tune before clock
7 56008

Maxamum ontpul requured time afler clock
6,03 1ns

Maximum  combinatienal  path  delay
13418

SIMULATION RESULTS:-
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