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Abgract : Based on architecture analyss of idand-style FPGA ,area and delay modelsof LU T FPGA are proposed.

The models are used to analyze the effect of LUT size on FPGA area and performance. Results show optimal LU T

size obtained by computation modelsis the same as that from experiments:aL U T size of 4 produces the best area re-

sults,and aLUT sze of 5 provides the better performance.

Key words: FPGA ; LUT; computation models; area; delay

EEACC: 1265A; 1265Z

CLC number : TN791 Document code: A

1 Introduction

Snce their introduction in 1985, field pro-
grammable gate arrays (FPGAs) have already
shared a consderable IC market and are expected
to grow steadily. A maximum gate count of ten
million has been reached and the achievable clock
frequency has arrived at 300M Hz. However ,a cir-
cuit implemented in an FPGA isabout 10 timeslar-
ger and 3 times slower than the same circuit imple-
mented via a masked programmable gate array
(MPGA) in an equivalent process. The larger size
of FPGA circuitry makes FPGA implementations
more expensve than MPGAs for high volume de-
sgns,and the limited speed of FPGASs precludes
their usein very high-speed designs. Consequently ,
there is a compelling motivation to research FPGA
architecture including routing architecture and log-
ic block architecture.

In thispaper wefocuson the logic block archi-
tecture. Several studies in the past have examined
the effect of logic functionality on the area and per-
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formance of FPGAs. The work in Res. [1,3]
showed that aLU T dze of 4 isthe most area efi-
cient. In addition ,it was demonstrated in Refs. [2,
5] that usng aLUT dze of 5 to 6 gives the best
performance. The work in Ref. [11] has suggested
that usng a heterogeneous mixtureof LU T szes of
2 and 3 was equivalent in an area eficiency to a
LUT dze of 4,and hence could be a good choice.
Recently ,the work in Ref.[8] showed that under
deep sub-micron technology aLUT sizeof 4to 6is
the most area efficient ,and usngaLUT size of 6
gives the best performance.

However , prior results® *® were based on
CAD experiments that need large time. We want to
predict the effect of LUT dze through theoretical
derivations.

2 FPGA architecture assumption

The typical FPGA architecture is an“ idand
style” structure where logic blocks are surrounded
by routing channels as shown in Fig.1. The num-
ber of tracks in all of the routing channels, W ,is
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the same ,and the I/ O pads are evenly distributed
around the perimeter of the FPGA.

Fig.1

Idand-style FPGA

The structure of the logic block isillustrated
in Fig.2. It consistsof a K-iinput LUT ,a DFF and
atwoinput MUX. A K-LUT canimplement any K
to 1 combinational logic function,and the number
of implemented function is 2. The LUT style of
logic block is chosen because it is easy to vary the
functionality of the logic block by changing the
number of inputsto the LUT.LUT output is con-
nected to the DFF,which is included because se-
quential logicisafundamenta component of digital
logic. LUT output and registered output are two
inputs of the MUX that determines whether the
registered or unregistered output is the logic block
output.

K-LUT

Output

[11]

DFF

Clock—|

Fg.2 Sructure of logic block

3 Areaasafunction of K

3.1 Area modd

First ,we introduce the concept of” tile” :atile
is composed of a logic block and the routing re-
sources at its right and bottom sdes as shown in
Fig.3. The area of atileispresented as

Aite = Al + A (D
where A and A, are the area of a logic block and
the routing resourcesin atile respectively. For a K-
LUT FPGA ,threetermsin Eq. (1) are replaced by

Adie , A" ,and A’ respectively.
(4,

Logic

\/ { block

{

Fg.3 Area mode

The area of alogic block shownin Fig.2isthe
sum of the area of a K-LU T and the area of other
fixed logic, Ar ,that consist of the routing and cir-
cuitry to access K-LU T ,aDFF ,and all other inter-
connection hardware. A K-LU T requires 2“ bits of
information to be stored in a LU T ,because it can
implement any Kto 1 logicfunction. If the area re-
quired to store one bit is An ,the areaof aLUT is
proportional to 2. Using A» and Ar ,we have the
following expresson for logic block area

A = 25AL + A (2)
For given technology ,logic block areais the func
tion of K dnce Ap and As are constants.

To determine routing area, the area due to
each routing track is required including the area of
metal wire and that between two neighbor tracks.
Each routing track will need at least one bit of in-
formation in it to control if a switch is opened or
closed. The pitch of a routing track is approximated
as the square root of the area required by a hit.
Gven channel width W« ,both the area of horizon-

tal and vertical channel in atileis AbWx + JAb X

NWK. Because there is a shared area AbW%k be-
tween horizontal and vertical channel ,the expres
son for the routing areain atileis

AR = AeWA +2 JAs JAFWK (3)
Combining Egs. (2) and (3) ,the chip area re-
quired to implement any logic on a FPGA is
Afa = AfeNk = ( oW + JAS) Nk (4)
where N«kisthe block number required. Because An
is aconstant and A’ can be found according to Eq.
(2) ,remaining terms W« and N« need to be deter-
mined further.
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3.2 Block number for different K

The prediction of logic block number is based
on so-called Rent rule!® ,which establishes an emr
pirical relationship between the number of pins T
and the number of logic blocks N in alogic design.
Nowadays,Rent rule can be widely used in the fol-
lowing areas:layout parameter estimationsin elec
tronic desgn automation ,studies of new computer
architectures and the generation of synthetic circuit
benchmarks™ . It shows that a loglog plot be
tween two parametersforms a straight line and em-
pirically yields a relationship

T =ANP" (5
whereA is proportionality constant , p is the Rent
exponent.A is aso the average number of pins per
block which normally is used to show the complex-
ity of alogic circuit. Chan et al. ! found p for FP-
GA devicesliesin 0.7 0. 8. We assume p=0. 75
throughout the paper.

According to Fig. 2 ,each logic block has K+1
pins. For a given logic circuit ,following expres
sons are true.

(K+1)(Nk)® = (K+1+1)(Nk1)® (6)
+1|YP
TR Q

Table 1 gives the ratio of N2 to N« when K
liesin 3 7. Second row shows theoretical results
coming from Eq. (7) ,and third row gives experi-
mental results in Ref. [8]. Obvioudy , theoretical
results match experimental results well.

Table 1 Ratio of N2 to Nk

K 3 4 5 6 7
Theoretica results 146 | L97 [ 250 | 308 | 367
Experimental results!® | 142 | 196 | 245 | 304 | 340
Difference/ % 28 05 2 13 7.9

When the number of logic blocks required to
implement a logic circuit for a given Kis known ,it
is reasonable to determine that for the other K’ s
usng Eg. (6).

3.3 Channel width

Analytical model for channel width is based on

a two dimensional stochastic model by E Ganr
a' . Although the results in Ref. [9] were devel-
oped for master dice circuits,they can also be ap-
plied to the FPGAs conddered here, snce both
types of devices are based on atwo dimensional ar-
ray of identical cells. The average channel widthis
given by

W =AR/2 (8)
whereA is the average number of pins per block,
and Ris average wire-length on a chip._Ris the es
timated using the formulain Ref.[10]

_R:_ZX_J-‘_D_X[(N)p-lIZ_l] (9)

where pis Rent exponent ,and N is the number of
logic blocks.

For a KLUT FPGA ,the channel width W«
can be expressed as

_K+1 2 1-p p-U2
Wi = T Xy X Ty XN 1

(10)
3.4 Results

We adopt the same A, and Ar value as that of
Ref.[1] to verify area model through comparing
theoretical and experimental results. There are not
any detailed circuits employed because we want to
know the effect of K on area,but not detaled area
value. We assume N: =10*for K=2 ,whichislarge
enough.

Figure 4 isaplot of the number of logic blocks
and block area versus K usng theoretical data of
Egs. (7) and (2). The logic block area increases
exponentialy in K and the number of logic blocks
is a decreasng function of K. The reason is that a
larger logic block can implement more of the logic
circuit ,and the number of logic blocks to imple-
ment given logic circuit is decreased.

Figure 5 gives a plot of channel width as a
function of K using theoretical dataof Egs. (7) and
(10) . There is an approximately linear increase in
channel width asthe LUT sze Kisincreased.

Figure 6 shows logic block area and routing
areain a tile as a function of K. The data shows
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Fig.5 Channel width versus K

routing areais an increasing function of K as chan-
nel width is an increasng function of K. In addi-
tion ,for all K,routing area is much larger than
block area. The minimum of the ratio of routing ar-
ea to block areais 1 65 ,and the maximum reaches
10. 36. Thus FPGA areais more affected by routing

area but not logic block area.

~
T

60 —a— Block area

—— Routing area

Area/10*pm?
=

[}
| BN LN RO DA MO AN SN SN

Fig.6 Block area and routing area versus K

Figure 7 is a plot of total FPGA area versus
K. When K is increased,the curve falls first and
then hoists with the lowest point at K = 4. This
means the optimal K for areais 4. This concluson
isthe same as that of Refs.[1,3].

o
———

Total area/10*pum-

1 1 P S 1 "
2 4 6 8 10

Fig.7 Totd area versus K

4 Performance asa function of K

4.1 Delay model

We try to determine the effect of K on FPGA
performance by comparing the delay of an arbitrary
N to 1 logic that has been mapped onto those dif-
ferent KLUT FPGASs. Snce the function is arbi-
trary ,a guaranteed way of mapping is to construct
an N-input look-up table on the chip usng those
K-L U Ts. The total number of logic blocks M« nee-
ded to implement an N-LU T ona K-LUT chip and
the depth D« of theimplementation will be givenin
Sec. 4. 2.

Assuming the lumped capacitance model is
used ,the delay timefor alogic gateisin proportion
to G/ G ,where G and G are its load and gate
capacitance respectively. Extending it to a logic
block ,the delay T is proportion to (Gk + a)/ G,
where Gk is the logic block load capacitance a is
the average routing capacitance ,and G is the gate
capacitance of input buffer. The delay T« of imple-
mented logicona K-LUT FPGA can be expressed
as

Tx =B nggg%;kka (11)

wheref is some proportionality constant ,and D« is
the depth of the implementation. Because K-LUT
has 2" * times more logic content than that of 3-
LUT ,wecanfind

G/ Gs = 2° (12)

Furthermore,
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L . K+ 1 o Dk = (N- K/ x(K +1 (19)
G Wer 2 T Kaea . : : ‘1
=X = —— x where x( K) isa solution of equation K= x+2""".
Cs Wasrs 3+1 < 4

2 Rs r3
(NQPY2 - 1 (MQ)™Y2 -1
X 13
(N3) p-12 _ 1 (MS) p-12 _ 1 ( )

where W« is channel width ,?K and r_K are average
wire length of the chip and average interconnection
length of implemented logic respectively ,N« is the
number of logic blocks on a chip ,and M« is the
number of logic blocks required to complete any N
to 1 logic function.L et numerator and denominator
divided by Gs ,and assume Cs/ Gs = u, following
expresson is obtained

Tk :B—CL?‘ x Dk X| 2%°% + ux-K—]'; x
(NDPY2 o1 o (M)™Y2 -1
(N) "2 -1 " (mnPoz-q (4
According to Eq. (6) following expressonis true.
_ g 1/ p
Nk = K+ 1 X N3 (15)

For a gpecia technology, delay coefficient
BCi/ G and uare constants. To obtain the delay ,we
only need to further determine the number of logic
blocks M« and the implementation depth D« nee
ded to implement an N-LUT on a K-LUT chip.

.
Bcsl G’
be reflected by that of t«.

Gven tk = the change of delay with K can

4.2 Esimation of M« and Dk

In order to obtain better performance,N-LU T
is constructed using treelike structure. Figure 8
shows a schematic diagram of constructing 7-LU T
usng 4LUTs. The tota number of logic blocks
needed to implement N-LUT usng 4LUTsis

_ oN-4 1.1 — oN-4 1
Ms = 2 x1+4+42+ = 2 x1_1/4
(16)
and the depth of implementationis
Di = (N-4)/2+1 (17)
Generalizing Egs. (16) and (17) to a common K,
Mk = 2V % x 1+'JI2+—|1;+
~ N- K _l_
= 2 X T 7K (18)

Fig.8 Constructing 7-LUT with 4LUTs
4.3 Results

We plot the tk versus Kfor different uin Fig.
9 as N =20. The optimal K increases lightly with
u. For al u,there are the best performance when K
lies between 5 and 6 which is cons stent with those
of experiments. The increasng u means the ad-
vancement of technology. Under the deep sub-mi-
cron technologies,routing delay takes the most of
total delay. Increasing K reasonably will enhance
the functionality of each logic block ,and decrease
the routing delay ,thus improving the gpeed of the
chip. One should notice that delay coefficient in all
kinds of technologiesis different ,and can not draw
a conclugon that delay isincreased with increasing
ufrom Fig. 9. Infact ,delay is becoming low when u
isincreased.

400
300 -

&

= 200

T

38884,

o W

100

0 1 1 Il 1 1 Il Il 1

Fg.9 txversus Kfor different u

5 Conclusion

In this paper we first analyze global architec-
ture of idand-style FPGA and internal structure of
logic block ,then an area model of LUT FPGA and
an approach for estimating delay are proposed,
which are suitable to symmetric FPGAs. Based on
Rent rule,the number of logic blocks required to
implement given logic circuit versus K is predic
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ted. Channel width is estimated usng El Gamal’ s
result. The effect of Kon FPGA performanceis e
valuated by comparing the delay of an arbitrary N
to 1 logic that has been mapped onto those differ-
ent KLUT FPGASs. Arbitrary N to 1 logicisim-
plemented by constructing a N-L U T using treelike
structureona K-LUT FPGA. The results show 4-
LUT isthe best efficient ,and usngalLUT sze of
5 to 6 gives the best performance. The concluson
of theoptimal LU T sze conssts with experimental
conclusion.
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