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Abstract

Two types of programmable logic devices using LUTs
(Look-Up Tables) are presented. An LUT cascade di-
rectly implements|ogic functions by aseries connection
of LUTs, while an emulator emulates an LUT cascade
by sequentially accessing LUTs. The LUT cascade is
faster, but has a limited logic capahility, while the em-
ulator is slower, but has a higher logic capability. LUT
cascades and emulators can be directly generated from
the BDDs of target functions. Their performances are
easy to estimate. The C-measure that show the com-
plexity of LUT cascades are also presented. Functions
with small C-measures have efficient LUT cascade and
emulator realizations. Classes of functionsthat are suit-
ablefor LUT cascade and emulator realizations are also
presented.

1 Introduction

Memories and PLAs (Programmable Logic Arrays) are
popular devices that realize multiple-output combina-
tional logic functions. However, when the number of
inputs and/or outputs in the target function is large,
these devices often require excessive amount of hard-
ware. Thus, FPGAs (Field Programmable Gate Arrays)
are often used [3].

In FPGAs, propagation delays for interconnections
among logic cells are much larger than that for logic el-
ements, so the prediction of the performance is difficult
without complete physical design.

To solve these problems, an LUT cascade has been
developed [12]. Asshownin Fig. 1.1, an LUT cascade
isaserial connection of Look-Up Tables (LUTSs). LUTs
are often called cells. The LUT cascade uses relatively
large cells (10 to 15 inputs and 8 to 16 outputs), and
the interconnections between cells are limited to the ad-

jacent cells in the cascade. Thus, the prediction of the
performance is easy. The architecture is quite differ-
ent from FPGAS, which have the two-dimensional ar-
chitecture of smaller (4 to 6 inputs) LUTSs. In the con-
ventional FPGAs, the area for interconnection is fairly
large, whilein the LUT cascades, the area for intercon-
nection is very small. The large area for the intercon-
nections in an FPGA is replaced with the larger cellsin
the cascade.

In this paper, wefirst survey the architecture of LUT
cascades and their emulators. Then, we show functions
that are suitable for such devices.

2 LUT Cascade

2.1 Featuresof LUT Cascades

An LUT cascade redlizes a given multiple-output func-

tion £ by the structure shown in Fig. 1.1. An LUT ring

isan LUT cascade where outputs of the rightmost LUT

drivesinputs of the left most LUT, as shown in Fig. 2.1.
The merits of LUT cascades include:

(1) Logic synthesisisrelatively easy.
(2) Layout and wiring are very easy.
(3) Delay estimation is easy and accurate.

The demeritsof LUT cascades include:

Wb Wl W Wy
LUT :: LUT :: LUT :: :: LUT
Wy Wty e Wl

Figure 1.1: LUT cascade.
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Figure 2.1: LUT ring with multiple units.

(4) Delay can belarger than random logic networks.

(5) Logic capability is limited once the number of in-
puts and outputs for each cell are fixed.

2.2 Design Method for LUT Cascades

The LUT cascade is obtained from a BDD (Binary De-
cision Diagram) by iterative functional decompositions
[12]. The logic synthesis agorithm reduces the nec-
essary amount of memory to represent f by detecting
repeated patterns in the logic function. The wires con-
necting adjacent cells are called rails. In the design of
an LUT cascade, the reduction of the number of rails
is very important, since it is directly related to the size
of the subsequent cell. These problem are discussed in
Sec. 4.

3 Emulators for LUT Cascades

and LUT Rings

3.1 Emulator with a Single Unit

In an LUT cascade, once the number of inputs and
outputs for each cell are fixed, only a limited class
of functions can be realized. Thus, the LUT cascade
emulator! having the architecture shown in Fig. 3.1
has been developed [8]. It consists of a large memory
that stores the data for cells, a programmable intercon-
nection network, and a control circuit. It emulates an
LUT cascade sequentialy. Although the emulator is
slower than the LUT cascade, it has higher logic ca
pabilities than the LUT cascade.

The Shifter that drives the programmable intercon-
nection network is used for memory packing, while the
Shifter that drives the output register is used to accumu-
late the outputs.

Example 3.1 Letusemulatethe LUT cascade with four
cells shown in Fig. 3.2 by the emulator with a single
unit.

L Inthe previous publication [12], the emul ator was called the LUT
cascade. However, in this paper, the sequential circuit that emulates
an LUT cascade is called an emulator.
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Figure 3.1: Emulator with a single unit.

To emulate Cell;, the two most significant bits of
address are set to (0,0) to specify the 1st page.
Also, the values of X; are set to the lower ad-
dress hits through the programmable interconnec-
tion network, as shown in Fig. 3.2(a). By reading
the content of the 1st page, we obtain the outputs
of Cell;.

To emulate Cell,, the two most significant bits of
address are set to (0, 1) to specify the 2nd page.
Also, the values of X5, are set to the middle address
bits, and the outputs of Cell, are connected to the
least significant bits through the programmablein-
terconnection network, as shown in Fig. 3.2(b). By
reading the content of the 2nd page, we obtain the
outputs of Cells.

To emulate Cells, the two most significant bits of
address are set to (1,0) to specify the 3rd page.
Also, thevalues of X5 are set to the middle address
bits, and the outputs of Cell, are connected to the
least significant bits through the programmablein-
terconnection network, as shown in Fig. 3.2(c). By
reading the content of the 3rd page, we obtain the
outputs of Cells.

To emulate Celly, the two most significant bits of
address are set to (1,1) to specify the last page.
Also, thevalues of X4 are set to the middle address
bits, and the outputs of C'ell5 are connected to the
least significant bits through the programmablein-
terconnection network, as shownin Fig. 3.2(d). By
reading the content of the 4th page, we obtain the
outputs of Celly. (End of Example)
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Figure 3.2: Operation of an emulator with a single unit.

To reduce the amount of steps and/or memory in the
emulator, we have two methods:

(1) Usecelswith different sizes. The straightforward
way to design an emulator is to use cells with the
same number of inputs. However, we can often
reduce memory by using cells with different num-
ber of inputs. Also, by using cells with a different
number of inputs, we can often reduce the num-
ber of cellsto make the emulator faster without in-
creasing the total amount of memory.

(2) Memory packing[14]. In an emulator, al outputs
of a cell must be read simultaneously. Thus, they
must be stored in the same page of the memory.
However, if there is any vacancy, the data for mul-
tiple cells can be stored in the same page. By using
this property, we can reduce the required amount

of memory.

Example 3.2 Fig. 3.3 shows an example of an LUT
cascade with four cells: Cell; has 4 inputs and 2 out-
puts, Celly has 3 inputs and 4 outputs, Cells has 3 in-
puts and 3 outputs, and Cell, has 4 inputs and 2 out-
puts.

Let us realize the function by using an emulator.
Assume that page sizes of the memory for logic are
24 = 16 words. Fig. 3.4(a) shows the memory map,
where shaded areas are unused.

We can reduce the size of the memory for logic by
memory packing. Fig. 3.4(b) shows the packed memory
map. Note that in this map, only five bits are used in
the address. To use this memory map, we operate the
emulator as follows:

Sep 1 To emulate Cell;, the most significant bit of ad-
dress is set to (0). Also, the values of X;

Sep 2

Sep 3

(1,29, x3,x4) are set to the lower address bits.
By reading the memory, we obtain the outputs of
Celll .

To emulate Cell,, two most significant bits of ad-
dress are set to (1,0). Also, the value of X, =
(x5) is set to the middle address bit, and outputs
of Cell, are connected to the least significant bits.
By reading the memory, we obtain the outputs of
Cellg.

To emulate Cells, two most significant bits of ad-
dress are set to (1,1). Also, the value of X3 =
(x6) is set to the middle address bit, and the out-
puts of C'ell5 are connected to the least significant
bits. By reading the memory, we obtain the outputs
of Cells.

Sep 4 To emulate Celly, the most significant bit of ad-

dress is set to (0). Also, the values of X; =
(7, xg) are set to the middle address bits, and the
outputs of Cells are connected to the least signif-
icant bits. By reading the 4th page, we obtain the
outputs of Celly. (End of Example)

3.2 Emulator with Multiple Units

Although the emulator with a single unit is simple, it
has several drawbacks. Firgt, it dissipates high power.
To emulate an LUT cascade with s cells, we have to
access the large memory unit s times. Also, it is slow,
since both the memory unit and the programmable in-
terconnection network are large.

We can avoid such problems by using a multiple
units in the emulator.
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Fig. 3.5 shows an emulator with two units. Each iiéééé D3D;D;1 Do
unit has aprogrammabl e interconnection and amemory. f-| f (b)
The emulator with multiple units can be lower power 111114 514
since at most one unit can be in the high-power (ac- i i i i
tive) mode, and the other units can be in the low-power
(stand-by) mode. Also, the emulator with multiple units D3D>D1Dg

can have higher throughput than the emulator with sin-
gle unit, since they can work simultaneously.

Fig. 2.1 showsan LUT ring with s units, where each
unit may have two or more pages.

(a)
Figure 3.4: Memory map for packing.
4 Complexitiesof LUT Cascades

4.1 Functional Decomposition and LUT
Cascades

An arbitrary logic function can be implemented by a
single memory. However, with the increase of the num-



ber of input variables, the size of the memory increases
exponentialy.

Definition 4.1 [15] Consider a function F(X)

B* — B, whee B = {0,1} and X =
(x1,29,...,2,). Let (Xp,Xpg) be a partition of
X, where X;, = (xo,%1,...,%n,-1) and Xy =

(Zn,sTn,+1,---,Tn—1). Thedecomposition chart for
f isatwo-dimensional matrix, where the column labels
have all possible assignments of elements of B to X5,
therow labels have all possible assignments of elements
of B to Xy, and the corresponding matrix value is
equal to F(X 1, X ;). Among the decomposition charts
for ', the one whose column label values and row la-
bel values increase when the label moves from the left
to the right, and from the top to the bottom, is the stan-
dard decomposition chart. The number of different
column patterns in the decomposition chart is the col-
umn multiplicity of the decomposition chart. Here,
we also consider the case, where X; = X.

Note that there are n different standard decomposition
charts for an n-variable function F'(X).

Definition 4.2 The C-measure of a logic function
f(z1,22,...,2,) is the maximum value of the col-
umn multiplicities of all possible standard decomposi-
tion chartsfor f(z1,za,...,z,).

The column multiplicity of a decomposition chart is
equal to the width of the MTBDD [10]. So, the C-
measure of a logic function is equal to the maximum
width of the MTBDD for a given ordering of the input
variables. For agiven logic function f(z1, zo, ..., zy),
the C-measure is easy to obtain and is uniquely defined.
Functions having small C-measures have efficient LUT
cascade redlizations. So, it is a complexity measure
of the logic function for implementing by an LUT cas-
cade. For example, adders and symmetric functions
have small C-measures, while multipliers and random
functions have large C-measures for any permutation of
the input variables. Fortunately, many practical func-
tions have small C-measures, and thus have efficient
LUT cascade redlizations.

When a function has many outputs, the C-measures
tend to be large. So, in such cases, we can partition the
outputs into several groups, and realize each group by a
separate LUT cascade. For example, Fig. 4.1 shows the
realization, where the outputs are partitioned into three
groups. When these functions are implemented by an
emulator, to evaluate al the outputs, we need 9 table
look-ups.
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Figure 4.1: Realization of logic functions by separate
cascades.
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Figure 4.2: Realization of logic functions by decompo-
sition.

Theorem 4.1 For a given function f, let X, be the
variables labeling the columns, and let X’H be the vari-
ables labeling the rows, and let 1. be the column multi-
plicity of the decomposition chart. Then, the function f
isrealizable with the network shown in Fig. 4.2. In this
case, the number of signal lines that connect two blocks
H and G is [log, p].

When the number of signa lines that connect two
blocks is smaller than the number of variables in X,
we can often reduce the size of memory to implement
the function. This technique is functional decomposi-
tion [1].

By applying functional decomposition repeatedly to
the given function, we have the LUT cascade [12]
shown in Fig. 1.1. The cascade consists of cells, and
the wires connecting adjacent cells are rails. Functions
with small C-measures have compact LUT cascadereal-
izations. To derive C-measures, we need not use decom-
position charts. We can efficiently obtain the C-measure
by the binary decision diagram (BDD_for_CF) that
represents the characteristic function for the multiple-
output function [13, 17]. The C-measure is equal to the
maximum width of the BDD [10].

Theorem 4.2 [12] Let u be the C-measure of the func-
tion f. Then, f can beimplemented by the LUT cascade
consisting of cellswith at most [log, 1| + 1 inputs and
[log, ] outputs.

Theorem 4.3 Consider an LUT cascade for a function
f. Let n bethe number of primary inputs, s be the num-



ber of cells, » be the maximum number of rails (i.e., the
number of lines between cells), & be the maximum num-
ber of inputs of a cell, . be the C-measure of the BDD
for f, and k& > [log, p] + 1. Then, there is an LUT
cascade for f that satisfies the relation:

< n—r
5= k—r
4.2 Functionswith Small C-M easures

Mathematically, for the most functions, C-measuresin-
crease exponentially with the number of input variables
n. However, many practical functions have small C-
measures. The C-measures of the following functions
are small, and these functions can be implemented by
LUT cascades efficiently.

421 Segment Index Logic Function

Definition 4.3 A Segment Index Encoder function
[15] isamapping: SIE : I — I,wherel isasetofin-
tegers,anda > bimpliesSIE(a) > STE(b). Segment
index logic function isthe S E function represented by
binary variables.

Theorem 4.4 Let p be the number of segments in an
SIE function. Then, the C-measure of the SE function
isat most p + 1 [15].

4.2.2 WSFunction

A WS function [18] is a mathematical model of bit
counting circuits [11], code converters [16], and dis-
tributed arithmetic [19], etc .

Definition 4.4 An n-input WS function F(X) com
putes

WS(X) =Y w; -, (4.1)
=1
where X = (z1, 22, ..., x,) istheinput vector, W =

(w1, ws,...,w,) is the weight vector, and w; (i =
1,2,...,n)isaninteger. Let F = (fy 1, f4—2,-- - fo)
be the binary representation of the WS function. Then,

WS(X) = 3 fi(X) 2.

=0

(4.2)

Theorem 4.5 [18] The C-measure of a WS function
with the weight vector W = (wy,ws,...,w,), is at

most UBL =1+ Y |w].

Jj=1
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\\ A \\ |
q
aTog.n1> T+
. 0 =
B [log, N |
\\ :
q

Figure 4.3: Arithmetic Decomposition of 2¢-output WS
Function.

When the sum of the weights is large, a monoalithic
cascade implementation of a WS function can be large,
since the C-measure of a WS function can increases ex-
ponentialy with n. In this case, we can partition the
outputs into groups, and implement each group sepa
rately [18].

Theorem 4.6 Let F1g(X) be the logic function that
represents the least significant ¢ bits of a WS function.
Then, F,s5(X) can be realized with the LUT cascade
consisting of cellswith ¢ + 1 inputs and ¢ outputs.

A 2g-output WS function can be decomposed into a
pair of WS functions asfollows: Let, w; be aweight of
a2g-output WS function. Then, w; can be written as

w; = 27w 4; + wpy,

where w 4,; denotes most significant ¢ bits, and wp; de-
notes least significant ¢ hits. In this case, we can imple-
ment the 2¢-output WS function by using a pair of WS
functions and an adder, as shown in Fig. 4.3.

Theorem 4.7 [19] A 2¢-output WSfunction F(X) that
represents

n—1

E Wiy
=0

can be decomposed into a pair of WSfunctions F4 (X)
and Fiz(X), where F4(X) is a g-output WS function
representing

n—1

E WAL,
=0

and Fiz(X) isaq+ [log, n]-output WSfunction repre-

senting
n—1
Z WBiTi,
=0

and
w; = 27w 4; + wp;.



This is an arithmetic decomposition of a WS func-
tion.
4.2.3 Threshold Function

Definition 4.5 A threshold
f(z1,za,. .., x,) satisfies the relation:

function

1 if wa > T, and
=1

f = 0 otherwise,

f

where (wy,ws, ...
threshold.

,wy) are weights and T is the

Theorem 4.8 The C-measure of a threshold function

n
., wy) isat most 1 + Zwl
=1

with weights (wy, wo, . .

(Proof) It is clear that the C-measure of f is not
greater than that of the WS function having the same
weights. By Theorem 4.5, the C-measure of the WS

functionisat most 1 + Z w;. Hence, we have the the-
=1

orem. (QED))
424 Symmetric Function
Definition 4.6 A function f(z1,22,...,2,) IS Sym-

metric if any permutation of the variables does not
change the function.

Theorem 4.9 The C-measure of an n-variable symmet-
ric functionisat most n + 1.

(Proof) Consider the WS function f, where w; = 1
for al i. It is clear that the C-measure of a symmetric
function is not greater than that of the WS function. By
Theorem 4.5, we can show that the C-measureis at most

1+ Zwi = 1+ n. Hence, we have the theorem.
=1
(Q.ED.)

Thus, a symmetric function is quite easy to imple-
ment by an LUT cascade.

5 Conclusions and Comments

In this paper, we presented two types of programmable
logic devices that use LUTS: The LUT cascade and the
emulator. Both devices use multiple-output LUTSs with
larger number of inputs than conventional FPGAS [9].

The LUT cascade is a combinational circuit, while the
emulator isasequential circuit. They haveregular struc-
tures and quite promising for future LSIs [4]. We also
defined C-measure that shows the complexity of LUT
cascades. We showed classes of functionswith small C-
measures. They include SIE functions, WS functions,
threshold functions, and symmetric functions. All are
efficiently implemented by LUT cascades. Logic design
system of LUT cascades and emulator are now under
development [14, 13, 17, 6]. Also, a prototype of LUT
cascade chip has been fabricated by using 0.35 micron
CMOS process [7].
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