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Abstract : Based on architecture analysis of island2style FP GA ,area and delay models of L U T FP GA are proposed.

The models are used to analyze the effect of L U T size on FP GA area and performance. Result s show optimal L U T

size obtained by computation models is the same as that f rom experiment s :a L U T size of 4 produces the best area re2
sult s ,and a L U T size of 5 provides the better performance.
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1　Introduction

Since t heir int roduction in 1985 , field p ro2
grammable gate arrays ( FP GAs ) have already

shared a considerable IC market and are expected

to grow steadily. A maximum gate count of ten

million has been reached and the achievable clock

f requency has arrived at 300M Hz. However ,a cir2
cuit implemented in an FP GA is about 10 times lar2
ger and 3 times slower t han t he same circuit imple2
mented via a masked programmable gate array

(MP GA) in an equivalent p rocess. The larger size

of FP GA circuit ry makes FP GA implementations

more expensive t han MP GAs for high volume de2
signs , and the limited speed of FP GAs precludes

t heir use in very high2speed designs. Consequently ,

t here is a compelling motivation to research FP GA

architect ure including routing architect ure and log2
ic block architecture.

In this paper we focus on t he logic block archi2
tect ure. Several st udies in the past have examined

t he effect of logic f unctionality on the area and per2

formance of FP GAs. The work in Ref s. [ 1 , 3 ]

showed that a L U T size of 4 is t he most area effi2
cient . In addition ,it was demonst rated in Ref s. [ 2 ,

5 ] that using a L U T size of 5 to 6 gives t he best

performance. The work in Ref . [ 11 ] has suggested

t hat using a heterogeneous mixt ure of L U T sizes of

2 and 3 was equivalent in an area efficiency to a

L U T size of 4 ,and hence could be a good choice.

Recently ,t he work in Ref . [ 8 ] showed t hat under

deep sub2micron technology a L U T size of 4 to 6 is

t he most area efficient ,and using a L U T size of 6

gives t he best performance.

However , p rior result s[1～5 ,8 ] were based on

CAD experiment s that need large time. We want to

p redict t he effect of L U T size t hrough t heoretical

derivations.

2　FPGA architecture assumption

The typical FP GA architecture is an“island2
style”st ruct ure where logic blocks are surrounded

by routing channels as shown in Fig. 1. The num2
ber of t racks in all of the routing channels , W , is
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t he same ,and the I/ O pads are evenly dist ributed

around t he perimeter of t he FP GA.

Fig. 1　Island2style FP GA

The st ruct ure of t he logic block is illust rated

in Fig. 2. It consist s of a K2inp ut L U T ,a DFF and

a two2inp ut MU X. A K2L U T can implement any K

to 1 combinational logic f unction ,and t he number

of implemented f unction is 22 K

. The L U T style of

logic block is chosen because it is easy to vary the

f unctionality of t he logic block by changing the

number of inp ut s to t he L U T. L U T outp ut is con2
nected to the DFF , which is included because se2
quential logic is a f undamental component of digital

logic. L U T outp ut and registered outp ut are two

inp ut s of the MU X t hat determines whet her the

registered or unregistered outp ut is the logic block

outp ut .

Fig. 2　Structure of logic block

3　Area as a f unction of K

3. 1　Area model

First ,we int roduce t he concept of“tile”:a tile

is composed of a logic block and t he routing re2
sources at it s right and bot tom sides as shown in

Fig. 3. The area of a tile is p resented as

A tile = A l + A r (1)

where A l and A r are t he area of a logic block and

t he routing resources in a tile respectively. For a K2
L U T FP GA ,t hree terms in Eq. (1) are replaced by

A K
tile ,A K

l ,and A K
r respectively.

Fig. 3　Area model

The area of a logic block shown in Fig. 2 is t he

sum of the area of a K2L U T and t he area of ot her

fixed logic , Af , t hat consist of t he routing and cir2
cuit ry to access K2L U T ,a DFF ,and all ot her inter2
connection hardware. A K2L U T requires 2 K bit s of

information to be stored in a L U T , because it can

implement any K to 1 logic f unction. If t he area re2
quired to store one bit is A b , t he area of a L U T is

p roportional to 2 K . U sing A b and Af , we have t he

following expression for logic block area

A K
l = 2 K A b + Af (2)

For given technology ,logic block area is t he f unc2
tion of K since A b and Af are constant s.

To determine routing area , t he area due to

each routing t rack is required including t he area of

metal wire and t hat between two neighbor t racks.

Each routing t rack will need at least one bit of in2
formation in it to cont rol if a switch is opened or

closed. The pitch of a routing t rack is approximated

as the square root of t he area required by a bit .

Given channel width W K ,bot h t he area of horizon2

tal and vertical channel in a tile is A b W 2
K + A b ×

A K
l W K . Because t here is a shared area A b W 2

K be2
tween horizontal and vertical channel , t he expres2
sion for t he routing area in a tile is

A K
r = A b W 2

K + 2 A b A K
l W K (3)

　　Combining Eqs. (2) and (3) ,t he chip area re2
quired to implement any logic on a FP GA is

A K
total = A K

tile N K = ( A b W K + A K
l ) 2 N K (4)

where N K is t he block number required. Because A b

is a constant and A K
l can be found according to Eq.

(2) ,remaining terms W K and N K need to be deter2
mined f urther .

498
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3. 2　Block number for different K

The prediction of logic block number is based

on so2called Rent rule[6 ] ,which establishes an em2
pirical relationship between t he number of pins T

and t he number of logic blocks N in a logic design.

Nowadays ,Rent rule can be widely used in the fol2
lowing areas :layout parameter estimations in elec2
t ronic design automation , st udies of new comp uter

architect ures and the generation of synthetic circuit

benchmarks[ 13 ] . It shows t hat a log2log plot be2
tween two parameters forms a st raight line and em2
pirically yields a relationship

T =λN p (5)

whereλ is p roportionality constant , p is t he Rent

exponent .λis also t he average number of pins per

block which normally is used to show t he complex2
ity of a logic circuit . Chan et al . [7 ] found p for FP2
GA devices lies in 017～018. We assume p = 0175

t hroughout t he paper.

According to Fig. 2 ,each logic block has K + 1

pins. For a given logic circuit , following expres2
sions are t rue.

( K + 1) ( N K) p = ( K + 1 + 1) ( N K+1 ) p (6)

N 2

N K
=

K + 1
3

1/ p

(7)

　　Table 1 gives t he ratio of N 2 to N K when K

lies in 3～7. Second row shows t heoretical result s

coming f rom Eq. (7) ,and t hird row gives experi2
mental result s in Ref . [ 8 ] . Obviously , t heoretical

result s match experimental result s well .

Table 1　Ratio of N 2 to N K

K 3 4 5 6 7

Theoretical result s 1146 11 97 2150 31 08 3167

Experimental result s [8 ] 1142 11 96 2145 31 04 3140

Difference/ % 21 8 015 2 113 71 9

When t he number of logic blocks required to

implement a logic circuit for a given K is known ,it

is reasonable to determine t hat for the ot her K’s

using Eq. (6) .

3. 3　Channel width

Analytical model for channel widt h is based on

a two dimensional stochastic model by El Gam2
al [9 ] . Although t he result s in Ref . [ 9 ] were devel2
oped for master slice circuit s , t hey can also be ap2
plied to t he FP GAs considered here , since bot h

types of devices are based on a two dimensional ar2
ray of identical cells. The average channel widt h is

given by

W =λR/ 2 (8)

whereλ is t he average number of pins per block ,

and R is average wire2length on a chip . R is t he es2
timated using t he formula in Ref . [ 10 ]

R =
2
3
× 1 - p

p - 1/ 2
×[ ( N) p- 1/ 2 - 1 ] (9)

where p is Rent exponent ,and N is t he number of

logic blocks.

For a K2L U T FP GA , t he channel widt h W K

can be expressed as

W K =
K + 1

2
×2

3
× 1 - p

p - 1/ 2
×[ ( N K) p- 1/ 2 - 1 ]

(10)

3. 4　Results

We adopt t he same A b and Af value as t hat of

Ref . [ 1 ] to verify area model t hrough comparing

t heoretical and experimental result s. There are not

any detailed circuit s employed because we want to

know t he effect of K on area ,but not detailed area

value . We assume N 2 = 104 for K = 2 ,which is large

enough.

Figure 4 is a plot of the number of logic blocks

and block area versus K using t heoretical data of

Eqs. (7) and ( 2) . The logic block area increases

exponentially in K and t he number of logic blocks

is a decreasing f unction of K. The reason is that a

larger logic block can implement more of the logic

circuit ,and t he number of logic blocks to imple2
ment given logic circuit is decreased.

Figure 5 gives a plot of channel widt h as a

f unction of K using t heoretical data of Eqs. (7) and

(10) . There is an approximately linear increase in

channel width as t he L U T size K is increased.

Figure 6 shows logic block area and routing

area in a tile as a f unction of K. The data shows
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Fig. 4　Number of blocks and block area versus K

Fig. 5　Channel width versus K

routing area is an increasing f unction of K as chan2
nel widt h is an increasing f unction of K. In addi2
tion ,for all K , routing area is much larger t han

block area. The minimum of t he ratio of routing ar2
ea to block area is 1165 ,and t he maximum reaches

10136. Thus FP GA area is more affected by routing

area but not logic block area.

Fig. 6　Block area and routing area versus K

Figure 7 is a plot of total FP GA area versus

K. When K is increased , the curve falls fir st and

t hen hoist s with t he lowest point at K = 4. This

means t he optimal K for area is 4. This conclusion

is the same as t hat of Ref s. [ 1 ,3 ] .

Fig. 7　Total area versus K

4　Performance as a f unction of K

4. 1　Delay model

We try to determine t he effect of K on FP GA

performance by comparing the delay of an arbit rary

N to 1 logic t hat has been mapped onto those dif2
ferent K2L U T FP GAs. Since t he f unction is arbi2
t rary ,a guaranteed way of mapping is to const ruct

an N2inp ut look2up table on t he chip using t hose

K2L U Ts. The total number of logic blocks M K nee2
ded to implement an N2L U T on a K2L U T chip and

t he dept h D K of the implementation will be given in

Sec. 4. 2.

Assuming t he lumped capacitance model is

used ,t he delay time for a logic gate is in p roportion

to Cl / Cb
[12 ] ,where Cl and Cb are it s load and gate

capacitance respectively. Extending it to a logic

block ,t he delay T is p roportion to ( Clk + Crk ) / Cg ,

where Clk is t he logic block load capacitance , Crk is

t he average routing capacitance ,and Cg is t he gate

capacitance of inp ut buffer . The delay T K of imple2
mented logic on a K2L U T FP GA can be expressed

as

T K =β×Clk + Crk

Cg
×Dk (11)

whereβis some proportionality constant ,and D K is

t he dept h of t he implementation. Because K2L U T

has 2 K - 3 times more logic content than t hat of 32
L U T ,we can find

Clk / Cl3 = 2 K- 3 (12)

Furt hermore ,
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Crk
　

Cr3
=

W K r K

W 3 r3
=

K + 1
2
×R K r K

3 + 1
2
×R3 r3

=
K + 1

4
×

( N K) p- 1/ 2 - 1
( N3 ) p- 1/ 2 - 1

×
( M K) p- 1/ 2 - 1
( M3 ) p- 1/ 2 - 1

(13)

where W K is channel widt h , R K and rK are average

wire lengt h of t he chip and average interconnection

lengt h of implemented logic respectively , N K is t he

number of logic blocks on a chip , and M K is t he

number of logic blocks required to complete any N

to 1 logic f unction. Let numerator and denominator

divided by Cl3 ,and assume Cr3 / Cl3 = u , following

expression is obtained

T K =
βCl3

Cg
×D K × 2 K- 3 + u × K + 1

4
×

( N K) p- 1/ 2 - 1
( N 3 ) p- 1/ 2 - 1

×
( M K) p- 1/ 2 - 1
( M3 ) p- 1/ 2 - 1

(14)

According to Eq. (6) ,following expression is t rue.

N K =
4

K + 1

1/ p

×N 3 (15)

　　For a special technology , delay coefficient

βCl3 / Cg and u are constant s. To obtain t he delay ,we

only need to f urther determine t he number of logic

blocks M K and t he implementation dept h D K nee2
ded to implement an N2L U T on a K2L U T chip .

Given t K =
T K

βCl3 / Cg
, t he change of delay wit h K can

be reflected by t hat of t K .

4. 2　Estimation of M K and D K

In order to obtain better performance , N2L U T

is const ructed using t ree2like st ructure. Figure 8

shows a schematic diagram of const ructing 72L U T

using 42L U Ts. The total number of logic blocks

needed to implement N2L U T using 42L U Ts is

M4 = 2 N - 4 × 1 +
1
4

+
1
42 + ⋯ ≈ 2 N - 4 × 1

1 - 1/ 4

(16)

and t he dept h of implementation is

D4 = ( N - 4) / 2 + 1 (17)

Generalizing Eqs. (16) and (17) to a common K ,

M K = 2 N - K × 1 +
1
K

+
1
K2 + ⋯

≈ 2 N - K × 1
1 - 1/ K

(18)

D K = ( N - K) / x ( K) + 1 (19)

where x ( K) is a solution of equation K = x + 2 x - 1 .

Fig. 8　Const ructing 72L U T with 42L U Ts

4. 3　Results

We plot the t K versus K for different u in Fig.

9 as N = 20. The optimal K increases lightly wit h

u. For all u ,t here are t he best performance when K

lies between 5 and 6 which is consistent with t hose

of experiment s. The increasing u means t he ad2
vancement of technology. U nder t he deep sub2mi2
cron technologies , routing delay takes t he most of

total delay. Increasing K reasonably will enhance

t he f unctionality of each logic block ,and decrease

t he routing delay ,thus improving t he speed of t he

chip . One should notice that delay coefficient in all

kinds of technologies is different ,and can not draw

a conclusion t hat delay is increased wit h increasing

u f rom Fig. 9. In fact ,delay is becoming low when u

is increased.

Fig. 9　tK versus K for different u

5　Conclusion

In this paper we first analyze global architec2
t ure of island2style FP GA and internal st ruct ure of

logic block ,t hen an area model of L U T FP GA and

an approach for estimating delay are p roposed ,

which are suitable to symmet ric FP GAs. Based on

Rent rule , t he number of logic blocks required to

implement given logic circuit versus K is p redic2
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ted. Channel width is estimated using El Gamal’s

result . The effect of K on FP GA performance is e2
valuated by comparing the delay of an arbit rary N

to 1 logic that has been mapped onto those differ2
ent K2L U T FP GAs. Arbit rary N to 1 logic is im2
plemented by const ructing a N2L U T using t ree2like

st ruct ure on a K2L U T FP GA. The result s show 42
L U T is the best efficient ,and using a L U T size of

5 to 6 gives the best performance. The conclusion

of t he optimal L U T size consist s wit h experimental

conclusion.
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L UT尺寸对 FPGA面积和延迟影响的理论分析 3

高海霞　杨银堂　董　刚

(西安电子科技大学微电子研究所 , 西安　710071)

摘要 : 在分析隔离岛式 FP GA结构的基础上 ,提出了基于 L U T的面积和延迟模型 ,用于分析 L U T尺寸对 FP GA

面积和性能的影响.结果表明利用计算模型得到的最佳 L U T尺寸与实验结论一致 :42L U T获得最好的面积有效

性 ,52L U T获得较好的延迟.
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