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Abstract — The optimization methods of the logic circuit of Moore finite-state-machine are proposed. These methods are based on the existence of
pseudo equivalent states of Moore finite-state-machine, wide fan-in of PAL macrocells, and free resources of embedded memory blocks. The methods
are oriented on hypothetical VLSI microcircuits based on CPLD technology and containing PAL macrocells and embedded memory blocks. The
conditions of effective application of each proposed method are shown. An algorithm of choice of the best model of finite-state-machine for given
conditions is proposed. The examples of proposed methods application are given. The effectiveness of the proposed methods is also investigated. The
analysis of the effectiveness of proposed methods showed that optimal in the given conditions method always permits a decrease of the hardware
amount in comparison with earlier known methods of the Moore finite-state-machine design. This decrease in hardware does not lead to a decrease in
the performance of the control unit. Moreover, there are some special cases, when some other models of Moore finite-state-machine are more effective.
The proposed methods can be modified for real CPLDs, where embedded memory blocks are absent. In this case, the system of microoperations is
implemented using PAL macrocells too. The same effectiveness of proposed methods should be tested for both cases of FPGA with embedded memory
blocks and for CPLD CoolRunner based on PLA technology. The proposed methods should be modified to meet the specific requirements of these
chips.

Anomauia — 3anpononosano memoou OnmuMisayii AoZiMHoi cxemu Kinueozo asmomama Mypa. Li memodu 3acnosani Ha icHysanHi ncesdoexsiea-
AeHIMHUX cmanis Kitye60zo0 asmomama Mypa, uiupoxomy koediviermy 06’ ednanns no 6xody maxpoeremenmic PAL ma sirvrux pecypcax 60ydosa-
Hux 0A0kis nam ami. Memodu opienmosani na zinomemuuni mikpocxemu VLSI na ocnosi mexnorozit CPLD i micmamo makxpoeremenmu PAL ma
60ydosari OAoku nam’smi. T1okasano ymosu epexmueHozo 3acnocysanis K0XKH020 3ANponoHo6aoz0 memody. 3anponoHosano arzopumm subopy
HAatikpauoi ModeAi Kinueso2o asmomama 0As danux ymos. Hasedeni npuiaadu sacmocysans sanponorosarux memoois. Epexmusricmo sanpono-
HOBAHUX Memodis maxox 0YA0 docAidxkero. AHAAL3 epexmusHOCH 3ANPONOHOBAHUX Memodis nOKA3AE, U0 ONMUMANOHUTLL Y dAHUX YMOBAX Memod
306K0U 00360AA€ SMEHUUMY ANAPAMHY KIALKICMb NOPIGHAHO 3 paHiuie 6100MUMU Memodamuy npoexmysans Kinyeéozo asmomama Mypa. Le
SMeHuleH s anapamnux 3acodis He npuseo0umv 00 SHuXeHHs npodyxmusHocmi 0A0KY ynpasAints. Birvuie mozo, icHyiomo 0coOAu6i 6unaoxu,
KOAU Jeski iHuLi MoJeAi Kiie6020 asmomama Mypa e Girvut edexmusrumu. 3anpononosani memodu moxymo Oymu mooudixosani OAs pearvHux
CPLD, de 66ydosati 6A0ku nam’smi 6idcymui. Y ybomMy 6unadky cucmema Mikpoonepayii makox pearizosana 3 6UKopucmanHIm makpoeremeH-
mig PAL. CAid nepesipumu 00HAK08Y epekmusHicmo 3anpononosanux memodis sk 0As eunadxie FPGA i3 606ydosarumu 6Aokamu nam’smi, max i
oas CPLD CoolRunner na ocrosi mextorozii PLA. 3anpononosani memodu 1eo0xidno mooudixysamu 6idnosiono 00 KOHKPemHUX UMz Uux
MIKPOCXeM.

Introduction

Practically any modern telecommunications system includes a control unit [1]. It is a
“brain” of the system responsible for interplay of all its blocks. Very often, a model of
Moore finite state machine (FSM) is used for representing the control unit [2]. Nowadays,
the field programmable logic devices (CPLDs) are mostly used for implementing logic cir-
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cuits of FSMs [3,4] Mostly, FPGAs are used for implementing complex FSMs, whereas
CPLDs target rather fast FSMs [5,6,7].

The majority of CPLDs are based of PAL-cells connected with programmable flip-
flops [8,9]. The generalized structure of PAL-based cell is represented in many works
[10,11]. There are two specifics of PAL-cells which should be used under the development
of design methods. First of all, PAL-cells have a limited number of product terms, q. In
most cases =5 [11]. It means that logic functions having more than 5 product terms should
be implemented using more than one cell. It leads to decomposition of Boolean functions
representing an FSM circuit [12,13,14]. In turn, it increases the propagation time of FSM.
So, it is very important to diminish the numbers of terms in functions to be implemented.
The second, specific of PAL-cells is a considerable amount of inputs (up to 30) [8,9]. In this
article, we show how to use this peculiarity. One of the most important steps of FSM syn-
thesis is the state assignment [1]. During this set, each internal state of FSM is replaced by
a binary code.

A proper state assignment can decrease the number of PAL-cells in the FSM logic cir-
cuit [15] or reduce the power consumption [16]. Let us point out that these very goals can
be achieved due to implementing the system of microoperations using embedded memory
blocks (EMB) [6]. But such blocks can be found only in CPLD Delta 39K [17].

The peculiarity of EMBs is their ability for tuning. It means that they have the con-
stant size, whereas both numbers of cells and outputs can be different [6]. As for delta 39K,
the blocks can be configured as 2048x1, 1024x2, 512x4, or 256x8 devices [17]. Nowadays,
there are no methods targeting CPLDs with EMB in the respect to FSM synthesis. The only
exception is our article [18]. We think that these methods should be developed, because
other families of CPLDs with EMBs can be produced.

The proposed methods discussed in this article are based on the classes of pseudoe-
quivalent states (PS) of Moore FSM [19]. The wide fan-in of PAL-cells allows using more
than one source for representing codes of PS [18]. So, in this article three main specifics are
used for optimizing the logic circuit of CPLD-based Moore FSM: the pseudoequivalent
states of FSM; the wide fan-in of PAL-macrocells the configurability of EMBs.

In this article, we deal with hypothetic CPLD chips having embedded memory
blocks. The control algorithm of a digital system is represented by a graph-scheme of algo-
rithm (GSA) [2].

1. Background of Moore FSM design

Let control algorithm of digital system be specified by graph-scheme of algorithm [2]
I'=(B,E), where B={b,,b.} UE, UE, is a set of the vertices and E is set of the edges. Here

b, is initial vertex, b is final vertex, E, is a set of operational vertices, E, is a set of condi-
tional vertices. The vertex b , € E; contains a collection of microoperations Y(b DY,
where Y ={y,,...,y,} is a set of microoperations of data-path [1] of digital system. The ver-

tex bq € E, contains some logic condition x, € X, where X ={x,,...,x,} is a set of logic con-
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ditions (flags) [6]. The initial and final vertices of graph-scheme of algorithm correspond to
initial state a4, € A, where A={a,,...,a,,} is a set of internal states of Moore finite-state-

machine. Each operational vertex b, € E; corresponds to unique state 4, € A. The logic

circuit of Moore finite-state-machine U, is represented by the following systems of Boole-

an functions:
@ =d(T, X), 1)
Y =Y(T), )

where T={T},..., T;} is a set of internal variables encoding the states a, € A, R=]log, M[;
®=({D,,..., Dy} is a set of input memory functions of finite-state-machine. The systems (1)
— (2) are formed on the base of structure table with columns [2]: a,, is current state of fi-
nite-state-machine; K(a,) is code of the state a, ; a_ is the next state; K(a,) is code of the
state a_; X, is conjunction of some elements of the set X (or their complements) determin-
ing the transition <a,,a >; ®, is collection of input memory functions that are equal to 1
to switch the memory from K(a, ) into K(a,); h=1,..,H,(T') is a number of line. The col-
umn g, contains collection of microoperations Y(a, )<Y, that are generated in the state

a,€A. It is clear that Y(bq):Y(am), where vertex bb7 € E, is marked by internal state

a, € A. The structure diagram of Moore finite-state-machine U, is shown in Fig. 1.

Here block of input memory functions (BIMF) forms functions (1) and block of mi-
crooperations (BMO) forms functions (2). The resister (RG) keeps code K(a,); pulse
“Start” is used to load the code of initial state a, € A into register; pulse “Clock” is used to
change the content of register. In this article we discuss the case when CPLD technology is

used in some SoPC. In this case BIMF is implemented using PAL macrocells and BMO is
implemented using embedded memory blocks.

X »| Block of Input (D Block of
Memory T |Microoperations Y
Functions » RG > >
> BIMF BMO
4 A
Start
Clock

Fig. 1. Structure diagram of Moore FSM U1

As a rule, the number of transitions H,(I') exceeds number of transitions H(I") of an

equivalent Mealy finite-state-machine [6]. It leads to an increase of the number of PAL
macrocells in the circuit of Moore finite-state-machine in comparison with the equivalent
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Mealy finite-state-machine. The value H, (I') can be decreased taking into account the
pseudoequivalent states of Moore finite-state-machine [19]. The states a ,a, €A are
pseudoequivalent states, if identical inputs result in identical next states for both 4,4 € A.

It is possible, if outputs of operational vertices marked by these states are connected with
the input of the same vertex of graph-scheme of algorithm I". Let IT, ={B,, ..., B;} be a par-
tition of the set A by the classes of pseudoequivalent states (I <M).There are two main
methods of Moore finite-state-machine optimization based on pseudoequivalent states
[19]: optimal encoding of the states; transformation of the codes of states into the codes of
classes of pseudoequivalent states.

In the first case the states a4, € A are encoded in such a manner that codes of the

states a, € B, (i=1,...,I) belong to single generalized interval of R-dimensional Boolean
space. It leads to Moore finite-state-machine U, that has the same structure as Moore fi-
nite-state-machine U, . The algorithm from work [1] can be used for such encoding. It is
shown in the work [19] that the number of transitions H,(I') of U, is decreased up to
H,(T"). But such encoding is not always possible [6].

In the second case the classes B, eIl, are encoded by binary codes K(B;) with
R, =]log, I[ bits. The variables 1, et are used for such encoding where M =R,. Let us
point out that [ = M, where M, is the number of the states of the equivalent Mealy finite-

state-machine. This approach leads to the Moore finite-state-machine U, with BCT (Fig.2).

|—> Block of
Input Block of
Memory O J RG T | Microoperations Y
X »| Functions i’ i’
e BMO
BIMF

F 3
Start Block of Code

Clock Tran;g)_lfmer
4 ]

Fig. 2. Structure diagram of Moore FSM U3

In the Moore finite-state-machine U, BIMF implements the functions
D =Dd(1, X) 3)
and block of code transformer (BCT) implements the functions
t=1(T). 4)

The number of transitions of Moore finite-state-machine U, is equal to H(T"). The
drawback of U, is existence of block of code transformer that consumes additional re-

sources of embedded memory blocks (in comparison with U, ).
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In our article we propose to combine the application of optimal encoding of the states
and transformation of the codes of the states. In this case block of code transformer can be
even eliminated if some condition holds. The proposed method is based on the following
features of hypothetical CPLD in use:

the fan-in of PAL macrocells exceeds significantly the maximal possible number of
literals in terms of the system (1);

the number of the outputs of embedded memory block can be chosen from some re-
stricted area.

The first feature permits to use more than one source to represent the code of the cur-
rent state g, € A. The second feature permits to use some bits of embedded memory block

to represent the codes of the classes of pseudoequivalent states.
2. Main ideas of proposed method

Let embedded memory block have g words if the number of its outputs ¢, =1. If

g = M , then embedded memory block should be configured in such a manner that it has

Fnax =7/ M ®)
outputs. The final value of the number of outputs #; is chosen from set 5, that contains
the possible fixed numbers of outputs. For example, if { =6 and SP ={1,2,4,8}, then
tr=4.

The total amount of the outputs ¢, of all embedded memory blocks of the BMO is deter-

mined as
to= [N/ t[ tp. (6)
In this case
A, =t,—N (7)

outputs are free and they can be used to represent the codes of the classes of pseudoequiv-
alent states.
If the condition

A =R (8)
holds, then graph-scheme of algorithm I' can be interpreted by Moore finite-state-
machine U, (Fig. 3).

In the Moore finite-state-machine U, BIMF forms functions (3) and BMO and codes

of the classes BMO implements both the systems (2) and (4). In this case block code trans-
former is eliminated and states of finite-state-machine can be encoded in an arbitrary
manner.
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Memory O - RG T | Microoperations Y
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Fig. 3. Structure diagram of Moore FSM U4

If condition (8) is violated, then we propose the following approach. Let us represent
the set IT, as IT, =I1, UII. where B, eIl, if condition

|B|>1 )

holds, otherwise B. I1..

It is clear that circuit of code transformer should generate only the codes K(B,) where
B; eIl,. Let us encode the states a, € Ain the optimal way [19] and let us represent the set
I, as I1, =11, UII,. Here B, eIl if codes of the states a,, € B, belong to single general-

ized interval of Boolean space. Now only codes of the states a, A(H E) should be trans-

formed where A(H.) is a set of the states a, €B;, where B, eH].(]':A,B,C,D,E). It is

j
enough R, = ]log2 (‘H E‘ + 1)[ binary variables to encode the classes B. €Il,. Let these vari-
ables form the set Z, where ‘Z‘ =R,.

If the condition
A, 2R, (10)

holds, then graph-scheme of algorithm I' can be interpreted by the Moore finite-state-
machine Uy (Fig. 4).

|—> Block of
Input CD Block of z
X Memory R RG T | Microoperations
»| Functions ° Y
BM >
BIMF

ry
Start

Clock

Fig. 4. Structure diagram of Moore FSM U5

Here BIMF forms functions

©=0(T,ZX), (11)

circuit BMO forms both functions (2) and functions
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Z=27(T). (12)

In the finite-state-machine U, the block of code transformer is absent and variables
T eT represent both the states a, € A(Il.) and the classes B, €Il . The classes B, I,

are represented by the circuit BMO.
In this case the number of inputs in the PAL macrocells is increased from L+R, (fi-

nite-state-machine U,) to L+ R+ R, (finite-state-machine U, ), but it does not increase the
hardware amount in the BIMF in comparison with finite-state-machine U, . The cycle time
of both U, and U, is the same in the worst case. In the best case the BIMF of U, has less
amount of levels than BIMF of U, . It means that the time of cycle of U, can be less than
the time of cycle of U,. Therefore, the proposed approach permits to decrease the hard-

ware amount without a decrease of performance of digital system. Let us point out that
the cycle times of U,, U,, U,, U, are the same.

If conditions (8) and (10) are violated, then we propose to represent the set I1, as

I, =TI, UI,.. The set IT, includes 7, classes where
n, =2%-1. (13)

The codes of the classes B, eIl are kept in the circuit BMO and the variables z, € Z

are used for their representation where ‘Z‘ =A,. The set I includes

ne=I-n.-ny—ng (14)

classes where n. = ‘Hc , Ny = ‘H D‘. These classes can be encoded using the variables t, et

where M =R, and
R, =]log, (n. +1)[ . (15)

In this case we propose to interpret the graph-scheme of algorithm I' by the Moore finite-
state-machine U, (Fig.5).

|—> Block of J 7

N Input cD Block of
X Memory | RG T | Microoperations
»| Functions " 7 Y
BMO —>
BIMF
A
Start Block of Code
Clock Tran;?_lfmer
T

Fig. 5. Structure diagram of Moore FSM U6

Here BIMF forms the functions
O=d(T,Z,1,X), (16)
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circuit BMO forms both the functions (2) and (12), circuit of code transformer forms the
functions (4). In the finite-state-machine U, the number of inputs of PAL macrocells is

equal to L+R+A, +R;, but BIMF has the same hardware amount as in case of the finite-
state-machine U, . The block of code transformer of U, has less hardware amount than the
block of code transformer of U, .

The Moore finite-state-machine U, has the most complex structure and method of its

design includes the biggest amount of steps in comparison with finite-state-machines
U, —U,. In our article we propose the method of design of the finite-state-machine U, in-

cluding the following steps:
e Construction of the marked graph-scheme of algorithm I' and construction of the set
of internal states A=1{a,,...,a,,} of the Moore finite-state-machine.
e Construction of the partition IT, =IT, UII..
e Optimal encoding of the states and construction of the sets IT, and II.
e Calculation of At and construction of the sets I, and IT .
e Encoding of the classes B; eI, UII.
e Construction of the table of circuit BMO.
e Construction of the modified structure table of finite-state-machine.
e Construction of the table of code transformer
e Implementation of the logic circuit of finite-state-machine.

The choice of particular model depends on some conditions. In this article we pro-
pose the following algorithm of such choice (Fig. 6).

If the condition (8) holds, then the model U, should be chosen. Otherwise, the opti-
mal encoding of the states should be executed. If all classes B, €I1, are represented by
unique generalized intervals of Boolean space (IT, = R), then the model U, should be cho-
sen. If A, <R, and (I1; =R), then condition (10) determines the optimal model of Moore

finite-state-machine for interpretation of graph-scheme of algorithm I' using the hardware
of a SoPC with the CPLD technology.

Conclusions

The proposed methods of implementation of the Moore finite-state-machine using
PAL macrocells and embedded memory blocks allow decreasing the cost of logic circuit of
control unit in comparison with known methods of the Moore finite-state-machine design.
In this article the proposed methods are based on the following peculiarities of both Moore
finite-state-machine and CPLD:

e Existence of the pseudoequivalent states (P)).

e Wide fan-in of the PAL macrocells ( P,).
Existence of the set of fixed numbers for outputs of embedded memory block ( P)

remind that such blocks exist only for our hypothetical CPLD.
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Construction of partition ITa.
Calculation of R; and At.

10

Optimal encoding of the states.

y

A

Design of FSM U, Formation of the set ITg
1 @ 0
A A
Design of FSM U, Calculation of R,
1 @ 0
y A
Design of FSM Us Design of FSM Ug
A4

End

Fig. 6. Choice of the Moore FSM model

There following structures of the logic circuit of Moore finite-state-machine are proposed
in this article:
e Moore finite-state-machine U, based on properties P, and P;.

e Moore finite-state-machine U, based on the optimal encoding of pseudoequivalent
states and properties P, and P,.

e Moore finite-state-machine U, based on the optimal encoding of the pseudoequiva-
lent states, the properties P, and P, and use of code transformer.

Each of proposed methods can be applied only if some conditions hold, which are differ-
ent for different methods. The choice of particular method is supported by the special al-
gorithm proposed in this article. Let us point out that these methods cannot be applied in
the case of Mealy finite-state-machine, because it has no pseudoequivalent states.

Our analysis of effectiveness of proposed methods showed that optimal in the given
conditions method always permits decrease of the hardware amount in comparison with
earlier known methods of the Moore finite-state-machine design. This decrease of hard-
ware does not lead to a decrease of the performance of the control unit. There are some
special cases such as A, =0 or I, =& (i=B,C,...,G), where some other models of Moore
finite-state-machine are more effective. These cases are the subjects of our further research.

The proposed methods can be modified for real CPLDs, where embedded memory blocks
are absent. In this case the system of microoperations is implemented using PAL macro-
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cells too. The same effectiveness of proposed methods should be tested for both cases of
FPGA with embedded memory blocks and for CPLD CoolRunner [9] based on PLA tech-
nology. Of course, the proposed methods should be modified to meet specific require-
ments of these chips.
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