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Abstract: A method is proposed for reducing the hardware @man logic circuit of Mealy
FSM. The methods targets the technology of FP®A.riethod is based on using the model
of PR-automaton and implementing the system ofomparations with embedded memory
blocks. This approach allows reducing the numbetT's in the FSM’s circuit. The condi-
tions are shown for using the proposed method.

Key-words: finite-state-machine,PR-automaton, FPGA, LUT,EB\Bithesis.

Introduction

The model of Mealy finite state machine (FSM) isl@ly used for implementing the
control units [1]. Nowadays, the field — programneadpate arrays (FPGA) are applied for im-
plementing complex digital systems [2, 3]. As &ruhe FPGASs include look-up table (LUT)
elements and embedded memory blocks (EMB) [4, 5].

One of the important problems connected with FSEigfeis the reduction of the num-
ber of LUTs in an FSM’s logic circuit [6]. The sdilon of this problem allows decreasing of
the number of interconnections among the LUTsuin,tit leads to increasing of the perfor-
mance and decreasing of the power dissipation Jging EMBs instead of LUTs is one of
the possible ways for solving this problem[8]. e tcase of Mealy FSM, the system of mi-
crooperations could be implemented with EMBs. Bilgads to the encoding of collections of
microoperations and using some resources of afchigenerating these additional variables.

In this article, we propose to use the model ofd@Rmaton [9] for implementing the Mea-
ly FSM logic circuit with FPGAs. The model was pospd in 1991. It targets the technology of
programmable logic arrays. So, this approach shmeiladapted to the specifics of FPGAs.

The goal of researdss reducing the number of LUTs in the circuit of &g FSM due
to applying the model of PR-automaton. The taskestarchis adaptation of synthesis me-
thods of PR-automata to peculiarities of FPGAs.

Implementing Mealy FSM with FPGAs.

The logic circuit of Mealy FSM is represented bytsystems of Boolean functions:

® = P(T, X), (1)
Y =Y(T,X). (2)

The following sets are used in systems (1) — (2fxX,...,x.} is a set of input variables

( logical conditions); Y :{yl,..,yN} is a set of output variables(microoperations);

T:{Tl,..,TR} is a set of state variables encoding the intestates a,, A, where

A={aj,...,an} is a set of FSM statesh= {D,...,Dg} is a set of input memory functions. The
number of variables,TUT is determined as
R=[logy M. (3)

In the case of FPGA-based implementation, the Bystd)-(2) are implemented using
LUTs. Let us denote a circuit implemented by LUBsaaLUTer. The structural diagram of
LUT-based Mealy FSM'’s logic circuit is shown in Hig

In this circuit, a block LUTerl implements the st (1), whereas a LUTer2 the sys-
tem (2). A register RG keeps the code k(@ FSM’s state. The pulse start causes loadiag th
zero code of initial state,, LJA into the RG. The pulse Clock causes changing codése
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RG. The synthesis of FPGA-based circuits is comatkutith the separate minimization, de-
composition and implementation of functions (1)-(2p]. As a rule, different subcircuits
have no common LUTSs to simplify the system of iobemections.

To decrease the number of

LUTs in a Mealy FSM’s logic
X circuit, the method of encoding of
o (6 , T collections of microoperations

LUTerl o RG -

LUTer2 =Y (cMO) is used. The collections
Y; OY (t=1,Tg) are generated

lﬁi&f 1 during interstate transitions. Each

Clock | CMO Y,OYis encoded by a
Fig. 1. Structural diagram of LUT-based logic citoof b!nary code k(Y) having R
Mealy FSM bits:

Ry =[log; To]. (4
Some additional variables, JZ are used for the encoding ( |Z| ¥)RLet the symbol

U, denote the structural diagram from Fig.1. Usirggeéhcoding of CMOs leads to the Mealy
FSM U, ( Fig.2.).

L In the FSM U, the block
X -

LUTer2 implements the system

- i) T Z |. .
LUTerl RG LUTer2 »EMBert»Y  Of functions
Z=2Z(T,X). (5)
Start T | Blocks LUTerl and LU-
Llock | Ter2 operate simultaneously. A
Fig. 2. Structural diagram of Mealy FSM U block EMBer consists from em-

bedded memory block imple-
menting the following system:
Y =Y(2). (6)
The drawback of bis the existence of the LUTer2. The introductidritos block has
sense if the following condition takes place:
Ry <<N. (7)
Otherwise, the hardware amount could be rathesdhnge for equivalent FSMs; land
U,. Resides, the EMBer gives an additional delayheRSM'’s propagation time.
We propose to use the model of PR- automaton [9¢liminating the LUTer2. Let us
discuss specifics of FPGA-based implementationRoRBtomaton.
Implementing PR-automaton with FPGAs
In the case of PR-automaton, a CM@L is‘determined by the pair s8>, where

am UA is a current state ana, [ i#\a state of transition [9]. Obviously, differergriables

should represent the elements of this pair. Thievdahg structural diagram (Fig.3.) is pro-
posed for the PR-automaton U

In the FSM U, a register RG1 keeps the codej(af the current state, whereas a regis-
ter RG2 the code Kgpof the state of transition. Variableg[l1 are used for representing the
code k(@, where { |[=R. The pulse start causes loading zero codestinriegisters. In each
cycle, the LUTer generates the functions (1) deit@ng the stateag] A the pulse Clock
causes loading the code of current state (statensition) into the register RG2(RG1). The
EMBer generates output functions determined as

Y =Y(T,1). (8)
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The operations is continued in the same mannethsllloading the code k(ainto the
RG1. The further operation is possible only byrlegt pulsestart
The following con-

L’ L clusion can be made on the

® T T base of comparison of U

% LUTer » RGI » RG2 » EMBer Y Us:

i 1. In the case of 4
Start ¢ t the LUTer implements only

Clock R functions. It is the minim-

al possible value.
Fig. 3. Structural diagram of Mealy FSMy U 2. The FSM \{ has

the higher performance then the equivalent FSMIUs possible due to elimination the in-
termediate block LUTer2.

To provide the stable operation of,Ut is necessary to use an additional register for
loading the microoperations [1]. This registeduaes N flip-flops.

The following design method is proposed for synthe§ FSM . The initial specifica-
tion of FSM is represented by a flow-chart. Thehod includes the following steps:

1. Constructing the set of states A.

2. State assignment.

3. Constructing the structure table (ST) of MeaBM=

4. Constructing the table of LUTer.

5. Constructing the table of EMBer.

6. Implementing logic circuit with FPGA.

Peculiarities of implementation of PR-automaton with FPGAs

Let us discuss an example of synthesis of PR-automan the base of some Mealy
FSM (Table 1).

Table 1 - Structure table of Mealy FSM S

8m K(am) & K(&) Xn Yh Dy, h
a 00 2 01 X1 y1Y2 Do 1
a3 10 ;1 VE Dl 2
2 01 a 10 X2 Y3 D 3
& 11 X2 Y2Ya D1D> 4
& 10 ) 01 X1 Y2 D, 5
& 10 X1 X3 Y1Ya D1 6
=1 11 X1 X3 Vs D1D; 7
Y 11 a 00 1 ¥% - 8

The rules [1] are used for constructing this tahtewell as for executing the steps 1 and
2. We do not consider these steps in our artic¢.uls discuss the execution of steps 4 and 5.
The table of LUTer is constructed on the base wlnST. both tables include H=8 rows. To
the column Y, from the initial ST. As a result, Table 2 is caosted on the base of Table 1.

This table is used for deriving functions (1). Tectease the number of LUTSs, each

function D, 0 & should be minimized. After minimizing, the follovgrequation can be de-

rived from Table 2: B=T1T 2x1 OT1T, OT;T2x1 =T2x1 OT1T,. This equation can be im-
plemented using a single LUT having not less tharp8ts.
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To construct the table of EMBer, the columnsaXxd®y, should be eliminated from the
initial ST. In the discussed case, it gives théfeing intermediate table of PR-automaton S
(Table 3).

The table of EMBer includes;Hows:

Hl = 4R . (9)
Table 2 - Table of LUTer for PR-automaton S
am K(am) s K(ay) Xh @y h
[e2) 01 Xl D2 1
& 00 a 10 X1 D, 2
a3 10 X2 D]_ 3
™ 01 ay 11 X2 DD 4
[e2) 01 Xl D2 5
& 10 v D 6
% 10 X1 X2 -
=1 11 a 00 1 — 8
Table 3 - Intermediate table of PR-automaten S
am K(am) as K(as) Yh h
& 01 Wiy 1
ay 00 ag 10 V5 2
& 10 e 3
& 01 2y 11 VY4 4
& 01 ) 5
ag 10 YiYa 6
& 10 & 11 V5 7
a4 11 a 00 VaYa 8

In the discussed case, there is=b. Let us point out that only H=8 rows contaie th
microoperations (Table 4).

This table reflects states of the registers RG1 R@&R after executing a transition
<am &>. The RG1 contains the code of a state of tramsig [l A. The numbers near some

rows of Table 4 show correspondence between thiali®T and the table of EMBer. The fi-
nal step of proposed design method is connectdd avibstructing VHDL-models of FSMs,
as well as using standard industrial tools of CAI[B]. We do not discuss this step here.

Let us discuss conditions of applying the proposexthod. Modern FPGASs contain
EMBs with the ability of reconfiguration [5,6]. Tee blocks have a constant sizg)(%or dif-
ferent amount of cells (V) and outputg){t

Vo =V . (10)

The number of cells is determined by (9). The numloé possible outputs form some
set 0={1,2,4,8,16,32,64} [5,6]. The value @fdould be found as the nearest element of O
satisfying the following condition:

te 2 Pﬂ (11)

4R

The number of EMBs (n) which is necessary to im@etrihe circuit of EMBer can be
found after finding the value of:t
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. M (12)
tF
If the value of n does not exceed the number & E®IBS, then the proposed method
can be used.
Table 4 - Table of EMBer for PR-automaton S

K(as) K(am) Y

T1 T2 T1 Tz Y1 Y2 Y3 Y4 Y5 h

0 0 0 0 0 0 0 0 0 1

0 0 0 1 0 0 0 0 0 2

0 0 1 0 0 0 0 0 0 3

0 0 1 1 0 0 1 1 0 4 8
0 1 0 0 1 1 0 0 0 5 1
0 1 0 1 0 0 0 0 0 6

0 1 1 0 0 1 0 0 0 7 5
0 1 1 1 0 0 0 0 0 8

1 0 0 0 0 0 1 0 0 9 2
1 0 0 1 0 0 1 0 0 10 3
1 0 1 0 1 0 0 1 0 11 6
1 0 1 1 0 0 0 0 0 12

1 1 0 0 0 0 0 0 0 13

1 1 0 1 0 1 0 1 0 14 4
1 1 1 0 0 0 0 0 1 15 7
1 1 1 1 0 0 0 0 0 16

Conclusion

The proposed method allows decreasing of the nurmbekLUTs in logic circuits of
Mealy FSMs. The method is based on applicatiorhefrhodel of PR-automaton. It allows
replication some LUTSs by the circuit implementedhAEMBS.

We have analysed the standard benchmarks [11Jafidigsis shows that it is enough from
1 to 3 EMBs for implementing the system of micraagiens. The blocks should have the confi-
guration 1Kx16 (bits). It allows the average desegfar the number of LUTS up to 28%.

The scientific noveltyof the proposed method is reduced to adaptatiothedfdesign
method for PR-automaton to the specifics of FPGAs.

The practical meaningf the method is determined by reducing for the beinof LUTs
in an FSM logic circuit in comparison with known tineds.

The further direction of the research is connegtéll development of state assignment
methods leading to decreasing of the number of Lid e circuit of LUTer.
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