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Abstract: A method is proposed for reducing the hardware amount in logic circuit of Mealy 
FSM. The methods  targets the technology of FPGA. The method is based on using the model 
of PR-automaton and implementing the system of microoperations with embedded memory 
blocks. This approach allows reducing the number of LUTs in the FSM’s circuit. The condi-
tions are shown for using the proposed method. 
Key-words: finite-state-machine,PR-automaton, FPGA, LUT,EMB, synthesis. 

Introduction 
The model of Mealy finite state machine (FSM) is widely used for implementing the 

control units [1]. Nowadays, the field – programmable gate arrays (FPGA) are applied for im-
plementing complex digital systems [2, 3]. As a rule, the FPGAs include look-up table (LUT) 
elements and embedded memory blocks (EMB) [4, 5]. 

One of the important problems connected with FSM design is the reduction of the num-
ber of LUTs in an FSM’s logic circuit [6]. The solution of this problem allows decreasing of 
the number of interconnections among the LUTs. In turn, it leads to increasing of the perfor-
mance and decreasing of the power dissipation [7].  Using EMBs instead of LUTs  is one of 
the possible ways for solving this problem[8]. In the case of  Mealy FSM, the system of mi-
crooperations could be implemented with EMBs. But it leads to the encoding of collections of 
microoperations and using some resources of a chip for generating these additional variables. 

In this article, we propose to use the model of PR-automaton [9] for implementing the Mea-
ly FSM logic circuit with FPGAs. The model was proposed in 1991. It targets the technology of 
programmable logic arrays. So, this approach should be adapted to the specifics of FPGAs. 

The goal of research is reducing the number of LUTs in the circuit of Mealy FSM due 
to applying the model of PR-automaton. The task of research is 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 by two systems of Boolean functions: 

),X,T(Φ=Φ  (1) 
)X,T(YY = . (2) 

The following sets are used in systems (1) – (2): X={x 1,…,xL} is a set of input variables 
( logical conditions); { }N1 y,..,yY =  is a set of output variables(microoperations); 

{ }R1 T,..,TT =  is a set of state variables encoding the internal states Aam ∈ , where 
A={a1,…,am} is a set of FSM states; Ф= {D1,…,DR} is a set of input memory functions. The 
number of variables Tr∈T is determined as  

 MR 2log= .       (3) 

In the case of FPGA-based implementation, the systems (1)-(2) are implemented using 
LUTs. Let us denote a circuit implemented by LUTs as a LUTer. The structural diagram of 
LUT-based Mealy FSM’s logic circuit is shown in Fig.1.  

In this circuit, a block LUTer1 implements the system (1), whereas a LUTer2 the sys-
tem (2). A register RG keeps the code k(am) of FSM’s state. The pulse start causes loading the 
zero code of initial state Aam ∈ into the RG. The pulse Clock causes changing codes in the 
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RG. The synthesis of FPGA-based circuits is connected with the separate minimization, de-
composition and implementation of functions (1)-(2) [10]. As a rule, different subcircuits 
have no common LUTs to simplify the system of interconnections.  

To decrease the number of 
LUTs in a Mealy FSM’s logic 
circuit, the method of encoding of 
collections of microoperations 
(CMO) is used. The collections 

YYt ⊆ (t=1,T0) are generated 

during interstate transitions. Each 
CMO YYt ⊆ is encoded by a 

binary code k(Yt) having RY 
bits: 

 02Y TlogR = .  (4) 

Some additional variables Zzr ∈  are used for the encoding ( |Z| = RY). Let the symbol 
U1 denote the structural diagram from Fig.1. Using the encoding of CMOs leads to the Mealy 
FSM U2 ( Fig.2.). 

 

In the FSM U2, the block 
LUTer2 implements the system 
of functions 

)X,T(ZZ = .   (5) 
Blocks LUTer1 and LU-

Ter2 operate simultaneously. A 
block EMBer consists from em-
bedded memory block imple-

menting the following system: 
)Z(YY = .      (6) 

The drawback of U2 is the existence of the LUTer2. The introduction of this block has 
sense if the following condition takes place: 

NRY << .      (7) 
Otherwise, the hardware amount could be rather the same for equivalent FSMs U1 and 

U2. Resides, the EMBer gives an additional delay in the FSM’s propagation time.  
We propose to use the model of PR- automaton [9] for eliminating the LUTer2. Let us 

discuss specifics of FPGA-based implementation of PR-automaton. 
Implementing PR-automaton with FPGAs 
In the case of PR-automaton, a CMO YYt ⊆  is determined by the pair <am, as>, where 

Aam ∈  is a current state and Aas ∈ is a state of transition [9]. Obviously, different variables 

should represent the elements of this pair. The following structural diagram (Fig.3.) is pro-
posed for the PR-automaton U3. 

In the FSM U3, a register RG1 keeps the code k(am) of the current state, whereas a regis-
ter RG2 the code K(as) of the state of transition. Variables τ∈τr  are used for representing the 
code k(as), where |τ |=R. The pulse start causes loading zero codes in both registers.  In each 
cycle, the LUTer generates the functions (1) determining the state Aas ∈ . the pulse Clock 

causes loading the code of current state (state of transition) into the register RG2(RG1). The 
EMBer generates output functions determined as  

),T(YY τ= .       (8) 

 

 
Fig. 1. Structural diagram of LUT-based logic circuit of 
Mealy FSM 

 
Fig. 2. Structural diagram of Mealy FSM U2 
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The operations is continued in the same manner till the loading the code k(aL) into the 
RG1. The further operation is possible only by the next pulse start.  

The following con-
clusion can be made on the 
base of comparison of U1-
U3: 

1. In the case of U3, 
the LUTer implements only 
R functions. It is the minim-
al possible value. 

2. The FSM U3 has 
the higher performance then the equivalent FSM U2. It is possible due to elimination the in-
termediate block LUTer2. 

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

The following design method is proposed for synthesis of FSM U3. The initial specifica-
tion of FSM is represented by a flow-chart.  The method includes the following steps: 

1. Constructing the set of states A. 
2. State assignment. 
3. Constructing the structure table (ST) of Mealy FSM. 
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-automaton on the base of some Mealy 

FSM (Table 1).  
 

Table 1 - Structure table of  Mealy FSM S1 
am K(am) as K(as) Xh Yh Фh h 
a1 00 a2 01 1x  y1y2 D2 1 

a3 10 1x  y3 D1 2 

a2 01 a3 10 2x  y3 D2 3 

a4 11 2x  y2y4 D1D2 4 

a3 
 

10 a2 01 1x  y2 D2 5 

a3 10 1x 3x  y1y4 D1 6 

a4 11 1x 3x  y5 D1D2 7 

a4 11 a1 00 1 y3 - 8 
 

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

This table is used for deriving functions (1). To decrease the number of LUTs, each 
function Φ∈rD should be minimized. After minimizing, the following equation can be de-

rived from Table 2: D1= 211212121121 TTxTxTTTTxTT ∨=∨∨ . This equation can be im-
plemented using a single LUT having not less than 3 inputs. 

 
Fig. 3. Structural diagram of Mealy FSM U3 
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To construct the table of EMBer, the columns Xh and Фh should be eliminated from the 
initial ST. In the discussed case, it gives the following intermediate table of PR-automaton S1 
(Table 3). 

The table of EMBer includes H1 rows:  
R

1 4H = .     (9) 
 

Table 2 - Table of LUTer  for PR-automaton S1 
am K(am) aS K(as) Xh Фh h 
 

a1 

 
00 

a2 01 1x  D2 1 

a3 10 1x  D1 2 

 
a2 

 
01 

a3 10 2x  D1 3 

a4 11 2x  D1D2 4 

 
 

a3 

 
 

10 

a2 01 1x  D2 5 

a3 10 1x 2x  D1 6 

a4 11 1x 2x  D2D1 7 

a4 11 a1 00 1 — 8 
 

Table 3 - Intermediate table of PR-automaton S1 

am K(am) aS K(as) Yh h 
 

a1 

 
00 

a2 01 y1y2 1 
a3 10 y3 2 

 
a2 

 
01 

a3 10 y3 3 
a4 11 y2y4 4 

 
 

a3 

 
 

10 

a2 01 y2 5 
a3 10 y1y4 6 
a4 11 y5 7 

a4 11 a1 00 y3y4 8 
 

In the discussed case, there is H1=16. Let us point out that only H=8 rows contain the 
microoperations (Table 4). 

This table reflects states of the registers RG1 and RG2 after executing a transition 
<am, as>.  The RG1 contains the code of a state of transition Aas ∈ . The numbers near some 

rows of Table 4 show correspondence between the initial ST and the table of EMBer. The fi-
nal step of proposed design method is connected with constructing VHDL-models of FSMs, 
as well as using standard industrial tools of CAD [5,6]. We do not discuss this step here. 

Let us discuss conditions of applying the proposed method. Modern FPGAs contain 
EMBs with the ability of reconfiguration [5,6]. These blocks have a constant size (V0) for dif-
ferent amount of cells (V) and outputs (tF): 

FtVV ⋅=0 .      (10) 

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








≥
R
0

F
4

V
t .      (11) 

The number of EMBs (n) which is necessary to implement the circuit of EMBer can be 
found after finding the value of tF: 
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=

Ft

N
n .      (12) 

If the value of n does not exceed the number of free EMBs, then the proposed method 
can be used. 

Table 4 - Table of EMBer for PR-automaton S1 
K(as) K(am) Y  

h 
 

τ1 τ2 T1 T2 Y1 Y2 Y3 Y4 Y5  
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 number of  LUTs in logic circuits of 

Mealy FSMs. The method is based on application of the model of PR-automaton. It allows 
replication some LUTs by the circuit implemented with EMBs. 

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

The scientific novelty of the proposed method is reduced to adaptation of the design 
method for PR-automaton to the specifics of FPGAs. 

The practical meaning of the method is determined by reducing for the number of LUTs 
in an FSM logic circuit in comparison with known methods. 

The further direction of the research is connected with development of state assignment 
methods leading to decreasing of the number of LUTs in the circuit of LUTer. 
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