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ABSTRACT

Context. The problem of building a program model of a finite state machine with datapath of transitions using VHDL language
is considered. The model synthesis process is identified with the synthesis of this type of finite state machine, since the built model
can be used both for the analysis of the device’s behavior and for the synthesis of its logic circuit in the FPGA basis. The object of
the research is the automated synthesis of the logic circuit of the finite state machine with the datapath of transitions, based on the
results of which numerical characteristics of the hardware expenses for the implementation of the state machine circuit can be ob-
tained. This makes it possible to evaluate the effectiveness of using this structure of the finite state machine when implementing a
given control algorithm.

Objective. Development and research of a VHDL model of a finite state machine with datapath of transitions for the analysis of
the behavior of the state machine and the quantitative assessment of hardware expenses in its logic circuit.

Method. The research is based on the structural diagram of a finite state machine with datapath of transitions. The synthesis of
individual blocks of the structure of the state machine is carried out according to a certain procedure by the given graph-scheme of
the con-trol algorithm. It is proposed to present the result of the synthesis in the form of a VHDL description based on the fixed val-
ues of the states codes of the state machine. The process of synthesizing the datapath of transitions, the block of formation of codes
of transitions operations and the block of formation of microoperations is demonstrated. VHDL description of that blocks is carried
out in a synthesizable style, which allows synthesis of the logic circuit of the finite state machine based on FPGA with the help of
modern CAD and obtaining numerical characteristics of the circuit, in particular, the value of hardware expenses. To analyze the
correctness of the synthesized circuit, the process of developing the behavioral component of the VHDL model, the function of
which is the generation of input signals of the finite state machine, is considered. The classical combination of the synthesizable and
behavioral parts of the model allows presenting the results of the synthesis of a finite state machine with datapath of transitions as a
separate project that can be used as a structural component of the designed digital system.

Results. Using the example of an abstract graph-scheme of the control algorithm, a VHDL model of a finite state machine with
datapath of transitions was developed. With the help of CAD AMD Vivado, a synthesis of the developed model was carried out and
behavioral modeling of the operation of the finite state machine circuit was carried out. The results of the circuit synthesis made it
possible to obtain the value of hardware expenses when implementing the circuit in the FPGA basis. According to the results of be-
havioral modeling, time diagrams were obtained, which testify to the correctness of the implementation of the functions of transitions
and outputs of the synthesized state machine.

Conclusions. In traditional VHDL models of finite state machines, the states do not contain specific codes and are identified us-
ing literals. This allows CAD to encode states at its own discretion. However, this approach is not suitable for describing a finite state
machine with datapath of transitions. The transformation of states codes using a set of arithmetic and logic operations requires the
use of fixed values of states codes, which determines the specifics of the VHDL model proposed in this paper. This and similar mod-
els can be used, in particular, in the study of the effectiveness of a finite state machine according to the criterion of hardware ex-
penses in the device circuit.

KEYWORDS: finite state machine, datapath of transitions, VHDL model, hardware expenses, AMD Vivado CAD.

ABBREVIATIONS NOMENCLATURE
CPLD is a complex programmable logic device; A, X, Y — sets of FSM states, logical conditions and
FSM is a finite state machine; microoperations accordingly;
DT is a datapath of transitions; M, L, N — number of FSM states, logical conditions
GSA is a graph-scheme of algorithm; and microoperations accordingly;
LUT is a look-up table; R — bit depth of state code;
TO — transitions operation. B — number of FSM transitions;
© Barkalov A. A., Titarenko L. A., Babakov R. M., 2023
DOI 10.15588/1607-3274-2023-4-13 OPEN a“““




p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpasainss. 2023. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 4

O — set of transitions operations;

I —number of transitions operations;

Ry — bit depth of code of transitions operation;

a,, Ki(a,), Kx(a,) — current state and its scalar and
vector codes;

a,, Ki(ay), Ky(as) — transition state and its scalar and
vector codes;

X, — logical conditions that ensure the transition 4;

Y, — microoperations formed during the transition 4;

D, — signals of code of transition state;

W), — signals of code of transitions operations.

INTRODUCTION

Digital systems are widely used in human activity [1].
One of the central units of a digital systems is a control
unit that coordinates the functioning of all system compo-
nents [2, 3]. The control unit can be implemented in the
form of a finite state machine (FSM), in which the control
algorithm is implemented schematically [4, 5]. FSM can
be implemented in the form of a Mealy FSM model or a
Moore FSM model [2-5]. In comparison with other
classes of control units, the FSM is characterized by
maximum speed and maximum hardware expenses [2, 3].
Higher hardware expenses worsen such characteristics of
the FSM circuit as cost, dimensions, energy consumption,
reliability [6]. Therefore, the task of reducing hardware
expenses in the finite state machine circuit is an important
scientific and practical problem, forming a corresponding
scientific direction [1-7].

One of the FSM types is a finite state machine with
datapath of transitions (FSM with DT). Its structure in-
cludes a special datapath that converts states codes by a
set of operations [8]. This approach allows, under certain
conditions, to reduce hardware expenses in comparison
with other FSM structures.

The design of the circuit of a digital device in the
FPGA basis is carried out using specialized CAD based
on the VHDL model of the device. At the moment, the
problem of developing a VHDL model of the FSM with
DT remains unresolved. This complicates the practical
application of this class of finite state machines. This pa-
per proposes a solution to the problem of building a
VHDL model of an FSM with DT given by a graph-
scheme (GSA) of control algorithm.

The object of the study is the automated synthesis of
the logic circuit of a finite state machine with datapath of
transitions in CAD AMD Vivado according to a VHDL
model that corresponds to a given GSA.

The synthesis of a canonical finite state machine can
be carried out in automatic mode using the XST tool built
into CAD according to the VHDL model recommended
by Xilinx [9]. In the case of FSM with DT, a VHDL
model should be used, in the synthesis of which the capa-
bilities of the XST tool are not used. One of the features
of this model is the assignment of states codes of the FSM
in the form of binary constants.

The subject of the study is a VHDL model of a finite
state machine with datapath of transitions, which allows
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both the synthesis of the FSM circuit in the FPGA basis
and the verification of the correctness of the functioning
of the circuit by means of behavioral modeling in AMD
Vivado CAD.

The purpose of the work is the development and re-
search of the structure and methods of building a VHDL
model of a finite state machine with datapath of transi-
tions with the aim of systematizing approaches to the
automated design of this class of finite state machines in
the FPGA basis.

1 PROBLEM STATEMENT

Let us assume that a finite state machine with datapath
of transitions is given by the graph-scheme of the algo-
rithm G and is characterized by sets of states
A={ay, ..., ay}, input signals X={xi, ..., x;} and microop-
erations Y={yy, ..., yv}. The design of the FSM logic cir-
cuit involves the implementation of the transition function
T=T(X, T) and the output function Y=Y(X, 7) in the FPGA
element basis using AMD Vivado CAD (until 2023 —
Xilinx Vivado CAD). The input data for design is the
VHDL model of the designed device, which contains syn-
thesized and behavioral parts and allows obtaining a
quantitative value of hardware expenses for the imple-
mentation of the circuit of the state machine in a given
element basis.

The work solves the problem of developing a VHDL
model of an FSM with DT according to a given GSA and
its investigation by means of AMD Vivado CAD.

2 REVIEW OF THE LITERATURE

In the modern theory of finite state machines, a wide
range of methods for optimizing hardware expenses in the
FSM circuit is known. For example, such methods are
methods of structural decomposition [7], the essence of
which consists in multiple transformation of logical sig-
nals, which leads to corresponding changes in the struc-
tural diagram of the FSM.

In this article, the method of operational transforma-
tion of states codes is considered as a method of hardware
expenses optimization [8]. According to it, the conversion
of states codes in the system of FSM transitions is carried
out not by means of a system of canonical Boolean equa-
tions, but by means of a set of arithmetic and logical op-
erations. Combinational circuits that implement these
operations form the so-called datapath of transitions (DT).
As a result, a structure of FSM with DT is formed, the
synthesis of which is discussed in [10].

In paper [11], the justification of the effectiveness of
FSM with DT in comparison with the canonical FSM
structure according to the criterion of hardware expenses
is presented. However, the canonical structure of FSM
today has a rather theoretical value, while the practical
implementation of FSM circuits is carried out with the
help of appropriate CAD software, for example, AMD
Vivado CAD. This is primarily due to the use of the
FPGA element basis supported by CAD.
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Since FSM is often included in designed digital sys-
tems, support for its synthesis is implemented at the AMD
Vivado CAD level as part of the XST tool [9]. This tool
supports several FSM synthesis methods aimed at opti-
mizing various characteristics of the device circuit when
implemented in the FPGA basis. Modeling the process of
synthesizing the circuit of the state machine allows you to
obtain the numerical values of the hardware expenses in
the circuit of the device, expressed in the number of used
LUT-elements.

The XST synthesis tool, built into the AMD Vivado
CAD, is able, under certain conditions, to find code frag-
ments in the VHDL model of the device that correspond
to the description of the finite state machine (by state ma-
chine we mean a machine with undefined states codes).
This process is called finite state machine extraction
(FSM extraction). For the found state machine, the XST
tool performs the following actions:

— states coding according to the chosen method;

— synthesis of the register circuit in accordance with
the chosen method of states encoding;

— synthesis and optimization of the circuit for transi-
tion and output functions.

To ensure the possibility of automatic extraction of the
state machine, in its VHDL description the following pro-
visions should be observed:

1. The FSM states are specified in the form of a set of
literals combined in an element of the enumerated type.

2. The memory register must be synchronous and have
the ability to be reset to the initial state by a Reset signal.

3. Implementation of the transition and output func-
tion systems is realized using the case operator.

These requirements make it possible to specify an
FSM in the form of a VHDL model using one, two or
three processes [9, 12—14]. Regardless of how many proc-
esses uses the state machine, the XST tool is capable of
extracting the state machine from the VHDL code and
coding the states according to the chosen coding method.

The disadvantage of using the XST tool is that it is not
possible to set specific values of states codes during the
FSM synthesis. This makes it impossible to use optimiza-
tion methods that are based on special coding of states.
These methods also include the method of operational
transformation of states codes. Therefore, the XST tool
cannot be used for the synthesis of an FSM with DT cir-
cuit. As a result, the requirements for the VHDL model of
the FSM given in [9, 12—14] cannot be directly applied to
the FSM with DT and need to be adjusted.

3 MATERIALS AND METHODS
The structural diagram of an FSM with DT is shown
in Fig. 1 and contains the following blocks [10].

BMO|—»y

Figure 1 — Structural diagram of an FSM with DT
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1. Block DT realizes the following function:

T=T(T, W), ()

that is, converts the current state code 7 to a transition
state code using a transitions operation with the /¥ code.
2. Block W realizes the following function:

W=Ww(T,X), 2

that is, it forms transitions operations codes that control
the operations of the DT.
3. Block BMO realizes the function

Y=YX,T) 3)
in the case of Mealy FSM or function

Y=v(D “4)

in the case of a Moore FSM, that is, it provides the im-
plementation of FSM output function. In fig. 1, the pres-
ence of a connection marked with a dashed line allows
you to consider the structure as a Mealy FSM, the absence
of a connection — as a Moore FSM.

The internal structure of the DT is shown in Fig. 2
[10].

—»  C > 1
2 D
T
R >
SN > 7 —> G
MUX J A
—»  C; WJ Reset
Clock

Figure 2 — Internal structure of DT

Blocks C;—C; correspond to combinational circuits
implementing a set of transitions operations (TO)
0={0,, ..., O;}. In general, each TO can be arithmetic,
logical or combined. When designing these blocks, if pos-
sible, each block should be optimized in order to increase
performance and reduce hardware expenses.

The MUX block is an R-bit multiplexer with /-
directions. Under the guidance of the W signals at the
output of the multiplexer, the R-bit code D of the next
FSM state is formed, which enters the input of the mem-
ory register RG.

The RG block is an R-bit synchronous register with
the function of resetting to the initial state by the Reset
signal. It should be noted that in the case of FSM with
DT, the initial state does not necessarily have a zero code.
This register performs the function of the memory of the
datapath of transitions and the function of the memory
register of the finite state machine.

Let FSM be given by GSA G (Fig. 3). This GSA is
marked by states of Moore FSM and contains the set of
states of the states A={ay, ..., ay} with cardinality M=21,
the set of logical conditions X={x,, x,, x3} with cardinality
L=3, multiple set of microoperations (output signals)
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Y={y, ..., y;} with cardinality N=7 and B=29 FSM transi-
tions. GSA has an abstract structure and content of opera-
tor vertices and is intended to demonstrate the process of
building a VHDL model of an FSM with DT.

The main and most difficult stage of the synthesis of
an FSM with DT is the so-called algebraic synthesis of
FSM. In the process of algebraic synthesis, the following
occurs [10]:

1. The FSM states are matched with unique codes
from a certain set of states codes. In the case of GSA G,
R=5 binary digits are enough to encode M=21 states.

2. FSM transitions correspond to certain transitions
operations from a given set of TOs. The use of one TO for
the implementation of several state machine transitions is
permissible and contributes to the reduction of the total

number of used TOs and, accordingly, to the reduction of
hardware expenses in the FSM circuit. Those transitions
that cannot be implemented by any of the specified TOs
should be implemented in a canonical way using a system
of Boolean equations.

We will carry out an algebraic synthesis for GSA G
under the condition that the set of transitions operations is
formed by the following ones: O = {0}, O,, Os}:

O01:D=T+ Ty, )
O,:D=T& 010015; (6)
O;: D=T® 0001 1,. (7)

20

l

»
P

a

ayg

0

Yays

END

ao

o

Figure 3 — Graph-scheme of algorithm G
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In these expressions, 7 is the code of the current FSM
state, D is the code of the state of the transition, which is
formed at the output of the multiplexer and enters the RG
(Fig. 2).

TO O, corresponds to the operation of adding the
decimal constant 7 to the code of the current state. The
code of the current state 7 is interpreted as an unsigned
decimal number of 5 binary digits size. The operation is
implemented on the basis of a 5-digit binary adder, in
which the carry from the higher bit is discarded. This is
equivalent to the operation “(7 + 7) mod 32”. For exam-
ple, (25+10) mod 32 =3.

TO O, is a bitwise logical conjunction operation on
the binary value of the current state code 7" and the binary
constant 01001.

TO O; is a bitwise logical operation XOR on the bi-
nary value of the current state code 7 and the binary con-

stant 00011.
16=10000
@® 00011«

In general, some FSM transitions can be implemented
in a canonical way without using the specified transitions
operations. The circuit that implements all such transi-
tions will act as a separate combinational circuit C; as part
of the DT (Fig. 2). In order for the multiplexer to be able
to pass through the result of the operation of this circuit,
we must consider it as a separate TO O,, which has its
own code. Formally, O, is some function ® of the code of
the current state of the automaton:

Oy T=d (7). ®)

Successful execution of algebraic synthesis gives us a
formal solution of the algebraic synthesis problem [10]. In
general, there may be several formal solutions. As an ex-
ample, consider the formal solution shown in Fig. 4 (the
method of obtaining it is not considered in this paper).

o

19=10011,| a,

> & 01001

@ 00011

24=11000 | a4

+7

& 01001

@ 00011

@00011 1 0 &01001

28=11100 | as

12=001100 ap
& 01001 1 f z 0 +7

> +7
31=11111

dg
@ 00011
ajo

+7

X1

13=01101
+7
20=10100 | ais

as

@ 00011

11=01011 | a1s

& 01001

apr

X3

15=01111 | a9

& 01001

& 01001

+7

ax

16=10000) ao

Figure 4 — Formal solution of problem of algebraic synthesis of an FSM with DT for GSA G (example)
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Since the operational transformation of states codes
does not affect the FSM output function, in Fig. 4 inside
operational vertices, microoperations are not shown. In-
stead of them, selected decimal values of states codes and
their binary equivalents are shown. Each FSM transition
is marked by a transitions operation that is mapped to it.
Operation O, is marked with “+7”, O, — “& 01001, O; —
“@ 00011~ for clarity. Transitions implemented in the
canonical way (a,—ay4, as—as, ac—>a;) are marked with
the symbol O,.

Let’s explain the operational implementation of transi-
tions in Fig. 4. Transition from state a, coded with
K(ap)=16,(=10000, to state a; coded with
K(a)=19,5=10011, is carried out using O;. Transition
from state a4 coded with K(a16)=8,0=01000, to state ajo
coded with K(a9)=15,p=01111, is carried out using O,.
Transition from state a3 coded with K(a3)=2,,=00010, to
state a5 coded with K(as)=0,,=00000, is carried out using
02.

Let’s encode operations of transitions O, — O, with
unique binary codes of bit depth Ry = |log,4[ =2,
formed by variables W = {w;, w,}. The result of coding is
presented in Table 1.

Table 1 — Coding of transitions operations

O, Wi Wy
0, 00
0, 01
Os 10
Oy 11

Let us present the result of algebraic synthesis in the
form of an operational table of transitions (OTT) [10],
which for our example has the form of a Table 2.

In the Table 4, each row corresponds to a separate
FSM transition, the number of which is indicated in col-
umn /. The W), column contains codes of transitions op-
erations according to the table 1. In each cell of the W,
column, only those variables w that are equal to 1 in the
code of the corresponding TO, are shown. For example,
the transition 4=>5 is implemented using operation O; with
binary code 10 (w;=1, w,=0), so in the row A=5 in the
column W), only the variable w; is indicated, which is
equal to 1 in binary code 10.

Let’s proceed to the construction of the VHDL model
of the FSM with DT, the OTT of which corresponds to
the table. 2. We will present the model in the form of syn-
thesizable and behavioral parts [5, 12, 14]. Consider the
description of the synthesized part.

Table 2 — Operational table of transitions (GSA G)

n Ki(am) Ky(am) as Ki(as) Ky(ay) X Wi Yy h
ap 16 10000 a, 19 10011 1 wy - 1
a 19 10011 a 1 00001 1 Wy i » 2
a 1 00001 as 2 00010 X Wi V3 Vs Vs 3

as 24 11000 X wi Wy 4
a; 2 00010 a 1 00001 X3 Wi V3 Ve 5

as 0 00000 X ) 6
as 24 11000 as 31 11111 1 - V6 7
as 0 00000 ag 28 11100 X3 w1 Wy REL) 8

an 7 00111 X3 - 9
as 31 11111 a; 21 10101 X2 Wi Wy Vi ys 10

ay 6 00110 X - 11
ar 21 10101 as 28 11100 1 - Vs 12
as 28 11100 as 31 11111 1 wi V3 Va 13
ay 6 00110 a 5 00101 1 w) Va V7 14
a 5 00101 an 12 01100 1 - V2 V4 Ys 15
an 12 01100 dis 8 01000 X3 Wy V2 Vs 16

a 19 10011 X3 - 17
apn 7 00111 ap 14 01110 1 - Y1 Va Ve 18
an 14 01110 in 13 01101 X Wi v 19

a6 8 01000 X ) 20
as 13 01101 as 20 10100 1 - Va 21
ais 20 10100 as 0 00000 X2 Wy Y1 Vs 22

a 27 11011 X - 23
a6 8 01000 as 11 01011 X2 wi V3 Vs 24

ao 15 01111 X - 25
ap 27 11011 ay 9 01001 1 W, Vi Vs V1 26
as 11 01011 ax 01001 1 ) i 27
ayg 15 01111 ax 9 01001 1 Wy V2 V7 28
ax 9 01001 ay 16 10000 1 - Va Vs 29
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entity FSM is

generic(R: integer := 5; -
Rw: integer := 2; -
L: integer := 3; -
N: integer := 5); -
port (X: in std_logic_vector(l to L); -

Y: out std_logic_vector(l to N);
C: in std_logic;
Reset: in std_logic);

end FSM;

State code capacity

W code capacity

Number of input signals
Number of microoperations
Input signals
Microoperations

Clock

Reset

In the “generic” section, the setting constants that de-
termine the bit depth of the signal buses are defined. The
“port” section contains the bus of input signals X, the bus
of output microoperations Y, the synchronization signal
Clock and the Reset signal, by which the code of the ini-
tial state of the FSM is written into the memory register.

The architecture section contains a description of the
internal FSM signals, as well as a description of the struc-
tural blocks in the view of processes in accordance with
Fig. 1 and 2. The beginning of the description of the ar-
chitecture block looks like next:

architecture FSM_A of FSM is

signal T, D: unsigned(1 to R);
signal Canonic : unsigned(l to R);
signal nT: unsigned(l to R);

signal nX: std_logic_vector(l to L);

signal W: std_logic_vector(l to Rw);
begin

nT <= not T;
nX <= not X;

-- State code and Next state code
-- Result of "canonical®
-- Negative values of State code

-- Negative values of input signals
-- Code of datapath operation

transitions

Here, the “Canonic” signal is the code of the next
state, formed in a canonical way. Its use will be discussed
later.

Below a process block describing the FSM memory
register is shown. The register switches synchronously
with the rising edge of the Clock signal.

process(C) -- Memory Register
begin
if rising_edge(C) then
if Reset = "1" then
T <= "10000";
else
T <= D;
end if;
end if;
end process;

The peculiarity of this description is that by a Reset
signal equal to one, the register is transferred to the initial
state, the code of which, according to the results of alge-
braic synthesis (Table 2), is equal to 10000,.

Let’s synthesize the block W, which forms the signals
wj, w of the transitions operation code (Fig. 1). We im-
plement these signals using canonical Boolean equations
according to the table 2 and expression (2).
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Wy =dagVayxyVvazxy VdadsxyVdgXy)VagVdgV
Vapzx Vv aeXy,
Wy =ay Vv axX| vV azxy V agXy V aj Xz vV ap;zxy Vv

VdaisxXo VaygvaigVvag.

We will use binary vectors <77, ..., Ts> to represent
the FSM states codes. Then, according to the coding of
the states given in the Table 2, the Boolean equations for
signals w;, w, take the following form:

w =LLELTs v ILLT Ty v TR T5x v
v LG Tsxs v T T Tsx, v T TTTs v
vILELT v TLELTsx v TR Tsx);
wy = KL Ts v TL L% v T T%, v
v LT Tsxy v T LT Tsxs v LT Ts% v
VLT Tsx v TLELTs v T TTTs v
v [T I3, Ts.
In general, these equations can be minimized in any
convenient way. In this paper, we will not perform mini-

mization and will immediately present block W in the
form of the following VHDL process:
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process (T, X, nT, nX) -- Block W
begin

end process;

W(1) <= (T() and nT(2) and nT(3) and nT(4) and nT(5)) or
(nT(1) and nT(2) and nT(3) and nT(4) and T(5)) or
(nT(1) and nT(2) and nT(3) and T(4) and nT(5) and X(2)) or
(nT(1) and nT(2) and nT(3) and nT(4) and nT(5) and X(3)) or
(T() and T(2) and T(3) and T(4) and T(5) and X(2)) or
(T(1) and T(2) and T(3) and nT(4) and nT(5)) or
(nT(1) and nT(2) and T(3) and T(4) and nT(5)) or
(nT(1) and T(2) and T(3) and T(4) and nT(5) and X(1)) or
(nT(1) and T(2) and nT(3) and nT(4) and nT(5) and X(2));

W(2) <= (T(@) and nT(2) and nT(3) and T(4) and T(5)) or
(nT(1) and nT(2) and nT(3) and nT(4) and T(5) and nX(1)) or
(nT(1) and nT(2) and nT(3) and T(4) and nT(5) and nX(2)) or
(nT(1) and nT(2) and nT(3) and nT(4) and nT(5) and X(3)) or
(T(@) and T(2) and T(3) and T(4) and T(5) and X(2)) or
(nT(1) and T(2) and T(3) and nT(4) and nT(5) and X(3)) or
(nT(1) and T(2) and T(3) and T(4) and nT(5) and nX(1)) or
(T(1) and nT(2) and T(3) and nT(4) and nT(5) and X(2)) or
(T(@) and T(2) and nT(3) and T(4) and T(5)) or
(nT(Q) and T(2) and nT(3) and T(4) and T(5)) or
(nT(1) and T(2) and T(3) and T(4) and T(5)):;

Please note that to ensure the correctness of the simu-
lation, the process sensitivity list contains both direct and
inverse values of the X and 7 signals.

Let’s proceed to the synthesis of the datapath of tran-
sition. Let’s clarify the structure of the DT shown in Fig.
2, according to the results of algebraic synthesis. The
clarification of the structure consists in the fact that it
contains four combinational circuits C; — C4, which corre-
spond to transitions operations O; — Oy4, and the multi-
plexer is controlled by a two-bit binary code W=<w, w,>.

As will be shown below, combinational circuits C; —
C; have a trivial implementation using operators from the
synthesizable subset of VHDL. However, block C, is non-
standard, as it represents a canonical implementation of a
certain part of an FSM transitions. In the general case, the
code of the current state 7" and signals of logical condi-
tions X are received at its inputs. So the refined structure
of the OAP for GSA G is shown in Fig. 5.

Before developing the VHDL description of the DT,
let’s synthesize the C, block. For this purpose, we will use
the technique discussed in [2, 3].

Transitions implemented in the canonical way, in Ta-
ble 2, have numbers 4, 8 and 10. Let’s do the following.

1. Let’s agree to use the Boolean vector <Dy, ..., Ds>

to encode the transition state code.

—»  C > 1
: D
» 3 T
R >
> G, >4 > RG
MUX A
—» G A
w; Reset
W, Clock
! C4
vt

Figure 5 — Clarified structure of DT (GSA G)

2. Let’s form a separate table of transitions from these
lines, in which instead of the column W), there is a column
D, This column indicates those components of the vector
<Dy, ..., Ds> which are equal to 1 in the binary code of the
transition state K,(a,) of this row of the table.

As a result, we will get a table of transitions imple-
mented in the canonical way (Table 3).

Table 3 — Table of transitions implemented in the canonical way (GSA G)

Ay Ki(aw) Kx(am) as Ki(as) Ki(as) X D, Y, h
@ 1 00001 s 24 11000 5 Dy Ds s s s 1
as 0 00000 ag 28 11100 X3 D, D, Ds LI 2
as 31 11111 a; 21 10101 X D, D5 Ds Vi Vs 3

Each of the three transitions presented in the Table 3,
corresponds to the own term formed by the conjunction of
signals 77, ..., Ts of the code of the current state (column
K>(a,,)) and the corresponding signal of the logical condi-
tion (column Xj). Let’s form these terms:

O =L IT4T5x, 5
Oy =T 1314 T5x3;
03 =L I3T4Tsx; .
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Now we can form the equation for signals D; — Ds ac-
cording to the contents of column D,,. Since the D, signal
is not present in the D;, column, we will consider it always
equal to 0.

Dy =01v0O,v0s;

Dy =01 v 0
Dy =0, Vv 0s;
Dy=0;
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Ds =0j5.
The VHDL code for the combinational circuit C, is
given below. As you can see, the vector <Dy, ..., Ds> in
this model corresponds to the “Canonic” signal. Although

this signal is declared as “unsigned (1 to R) , each bit is
generated separately. Also, pay attention to the presence
in the process sensitivity list of both direct and inverse
values of 7 and X signals.

variable Q1: std_logic;
variable Q2: std_logic;
variable Q3: std_logic;

Canonic(l) <= Q1 or Q2 or Q3;
Canonic(2) <= Q1 or Q2;
Canonic(3) <= Q2 or Q3;
Canonic(4) <= "0";
Canonic(5) <= Q3;

end process;

process (T, X, nT, nX) -- Canonical transitions

begin
Q1 := nT(1) and nT(2) and nT(3) and nT(4) and T(5) and nX(1);
Q2 := nT(1) and nT(2) and nT(3) and nT(4) and nT(5) and X(3);
Q3 := T(1) and T(2) and T(3) and T(4) and T(5) and X(2);

Although the combinational circuit C, is described as
a separate process, structurally it is part of the DT block
(Fig. 5). The description of the DT block in VHDL is as
follows:

process (T, W, Canonic) -- Datapath

begin
case W is

when 00" => -- 01
D<=T+ 7;

when 01" => -- 02
D <= T and "01001";

when 10" => -- 03
D <= T xor "00011";

when 11" => -- 04

D <= Canonic;
when others =>
D <= "00000";
end case;
end process;

The basis of this process is the “case” operator, which
has four branches corresponding to operation codes of
transitions O, — O,. Operations O, — O, are implemented
with the help of “+”, “and” and “xor” operators, which
are included in the synthesized subset of VHDL and can
work directly with the “unsigned” data type. In the case of
O,, to the output bus D the result obtained from the output
of the combinational circuit C, (input signal “Canonic”) is
passed through.

The following fragment of the VHDL code describes
the BMO block that forms FSM output signals according
to (4). The method of describing this block is not funda-
mental and can be implemented both with the help of the
“case” operator and by setting a system of canonical Boo-
lean equations by analogy with the considered blocks W
and C,. Also, this block can be synthesized using various
methods of output function optimization [2—4, 7].
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process (T, nT)
begin
case T is
when 10011 =>
when ""00001" =>
when ""00010"" =>
when "'11000" =>
when ""00000"" =>
when "11111" =>
when 10101 =>
when ""11100" =>
when ""00110" =>
when ""00101" =>
when 01100 =>
when 00111 =>
when ""01110" =>
when ""01101" =>
when 10100 =>
when ""01000" =>
when "11011" =>
when ""01011" =>
when 01111 =>
when "01001" =>
when others =>
end case;
end process;

The fragments of the VHDL code considered above
form a synthesizable part of the VHDL model of the FSM
with DT. For the correct functioning of the model, its first
lines should be lines connecting the necessary libraries:

library I1EEE;
use IEEE.STD_LOGIC_1164.ALL;
use ieee.numeric_std.all;

<= "1100000";
<= "0011100";
<= "'0010010";
<= "0000010";
<= '1100000";
<= "1010000";
<= "'0000100";
<= "0011000";
<= '0001001";
<= "'0101100";
<= "0100100";
<= "1001010";
<= ''0000001";
<= "'0001000";
<= "'1010000";
<= "0010010";
<= "0010101";
<= ""1000000";
<= "0100001";
<= '0001100";
<= ''0000000";

<K< << << << << << << < <<

As the last line, you should add the architecture block
completion statement:
[ end FSM_A; |

To check the correctness of the considered VHDL
model, it is necessary to develop its behavioral part. The
function of the behavioral part in our case is the genera-
tion of external signals and their supply to the FSM in-
puts. Time intervals of signals generation in this case are
of no fundamental importance, since behavioral modeling
will take place without reference to the physical charac-
teristics of the device.

The behavioral part can be described by the following
VHDL code fragment:
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library I1EEE;
use IEEE.STD_LOGIC_1164.ALL;
use ieee.numeric_std.all;

entity Model is

generic(R: integer := 5;
Rw: integer := 2;
N: integer = 7;
L: integer := 3);

port (Y: out std_logic_vector(l to N));
end Model;

architecture Model_A of Model is
signal C: std_logic;

signal Reset: std_logic;

signal X: std_logic_vector(l to L);

component FSM is
generic(R: integer := 5;
Rw: integer := 2;
L: integer := 3;
N: integer := 7);
port (X: in std_logic_vector(l to L);
Y: out std_logic_vector(1 to N);
C: in std_logic;
Reset: in std_logic);
end component FSM;

State code capacity

W code capacity

Number of microoperations
Number of logical conditions
Microoperations

Clock
Reset
Logical conditions

State code capacity

W code capacity

Number of logical conditions
Number of microoperations
Input signals
Microoperations

Clock

Reset

begin

process —— Clock
begin

C <= "0"; wait for 80 ns;

C <= "1"; wait for 20 ns;
end process;
Reset <= "0" after 0 ns, "1" after 10 ns, "0" after 90 ns; -- Reset
process -- X1
begin

X(1) <= "1%; wait for 17 ns; X(1) <= "0"; wait for 37 ns;
end process;
process -- X2
begin

X(2) <= "17; wait for 43 ns; X(2) <= "07"; wait for 36 ns;
end process;
process -- X3
begin

X(3) <= "1"; wait for 38 ns; X(3) <= "07"; wait for 17 ns;
end process;
L1: component FSM

port map (X, Y, C, Reset);

end Model_A;
The behavioral part has the following features: 4 EXPERIMENTS

1. Microoperations formed by the FSM are displayed
on the output port Y.

2. The Clock signal has an interval of 100 ns. The Re-
set signal is generated once at the start of the device’s
functioning.

3. Signals X are formed in separate processes, which
makes them independent of each other. The intervals of
the upper and lower levels are random and can have any
values.
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For the developed VHDL model of FSM with DT, the
authors conducted experimental research with the help of
CAD AMD Vivado version 2023.1 (Vivado ML Standard
Edition, free version). The research sets two goals:

1. Checking the correctness of the work of the synthe-
sized FSM circuit using behavioral modeling.

2. Checking the possibility of synthesis of MPA logic
circuit in FPGA basis.

Achieving the first goal will allow us to consider the
proposed approach to building a VHDL model of an FSM
with DT correct. Achieving the second goal will confirm
the possibility of using the developed model to evaluate
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the effectiveness of FSM with DT according to the crite-
rion of hardware expenses [11].

5 RESULTS
Behavioral modeling of the developed model of FSM
with DT for GSA G was performed in AMD Vivado
CAD using standard modeling parameters. A fragment of

the timing diagram of the state machine is shown in
Fig. 6. Signals 7 and D are in unsigned decimal format,
other signals are in binary format. Three markers are set
on the diagram, which allow to analyze important mo-
ments of time in functioning of the FSM. Let’s consider
them.

Model_behav.wcfg

Q W @ @ 2 ¥ =

Name Value

ns (2,700.000 ns |2,7ZU.UUU ns |Z,'?4U.UUU ns ‘Z,'?SU.UUU ns
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Figure 6 — Time diagram of functioning of FSM with DT (fragment)

Until the moment #,=2650 ns, the FSM is in the state
with code 7=31,,=11111, (state as) and forms microop-
erations y;, 3. At time ¢, signal x, becomes equal to 0,
which sets the values of signals w, and w, into zero val-
ues. This results to executing of operation O;:

D= 3110 + 71() = (38 mod 32)10 = 610 =001 102

This value is formed on bus D and is the state code of
the transition of the FSM in the next cycle of functioning.

At the moment £,=2680 ns, the rising edge of the syn-
chronization signal C arrives. Following this signal, the
value D=6,,=00110, is loaded into the memory register
and appears on the bus 7. Thus, the FSM correctly transi-
tioned from state as with code 31, to state ay with code
610. Also, with a change in T, there is a change in the out-
put signals: microoperations y,, y; are formed on the Y
bus. This coincides with Fig. 3 and confirms the correct
functioning of the BMO circuit.

At the moment #=2780 ns, the FSM after the rising
edge of signal C passes from the state with code
T=6,,=00110, (state a9) to the state with code
D=5,,=00101, (state a;9). The transformation of the state
code proceeds using the operation O;: 00110, @ 00011, =
00101,. Since this transition is unconditional, the opera-
tion code W(03)=<10> is formed on the W bus immedi-
ately after the FSM transition to the state 7=00110, (start-
ing from the moment #,) and does not change when the
values of signals x; — x; change. Also, microoperations y,,
Vs, vs are formed at time #. This corresponds to state ag
in Fig. 3 and to transition =15 in table 2.
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Thus, it can be concluded that the developed VHDL
model of FSM with DT is correct and corresponds to the
given graph-scheme of algorithm G.

Let’s check the possibility of synthesizing the devel-
oped VHDL model in the FPGA basis. Experiments have
shown that stages of synthesis and implementation in the
FPGA chip xc7al2tcpg238-1 occur without errors. As a
result of the synthesis, the numerical values of the hard-
ware expenses for the implementation of the synthesiz-
able part of the VHDL model of the FSM with DT were
obtained, consisting of 16 LUT elements and 5 triggers.
Thus, the developed VHDL model can be used to evaluate
the efficiency of the FSM circuit according to the crite-
rion of hardware expenses.

6 DISCUSSION

The method of operational transformation of states
codes, which is the base of the structure of FSM with DT,
provides for special coding of states of the FSM. Values
of states codes, selected transitions operations and their
mapping to FSM transitions form a full picture, which is
called a formal solution to the problem of algebraic syn-
thesis of an FSM with DT. On the one hand, the special
coding of states makes it impossible to use the finite state
machine synthesis tools built into the XST AMD Vivado
CAD [9]. On the other hand, knowing the specific values
of states codes allows you to apply your own optimization
methods aimed at optimizing hardware expenses in vari-
ous structural blocks of an FSM with DT.
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Thus, the application of structure of FSM with DT re-
quires the development of its own VHDL model, which
differs from the models recommended by AMD Vivado
CAD developers. The example considered in this paper
demonstrates the following features of the approach to
building such a model:

1. In the FSM with DT it is allow the use of any
arithmetic and logical operations. They can provide a dif-
ferent interpretation to the states codes of the FSM — sca-
lar (numeric) or vector (binary). Accordingly, the VHDL
model must also support different ways of interpreting the
states codes. In the considered example, the “unsigned”
data type is used to represent states codes, which allows
performing both arithmetic (scalar) and logical (vector)
operations on states codes. If necessary, it will allow the
use of other scalar types available in the VHDL language
libraries. For example, to work with signed numbers, the
“integer” data type can be used. In cases where the set of
TOs contains only vector operations, it is sufficient to use
only vector data type (such as “std logic vector”) for
states codes.

2. In the considered example, the combinational cir-
cuit C; implements FSM transitions, which are imple-
mented in a canonical way according to the system of
Boolean equations. The necessity of using such a circuit is
due only to the results of the algebraic synthesis carried
out by the authors for a given GSA G. In general, situa-
tions are possible when all FSM transitions are imple-
mented using a given set of TOs. In this case, there will
be no need for a circuit like Cj.

3. The number of combinational circuit reflects the
number of different transitions operations. In our case, it
is a number of lines of the “case” operator, which corre-
sponds to the multiplexer in Fig. 2. In general, the smaller
number of combinational circuit in the datapath (that is,
the smaller number of different TOs) corresponds to de-
crease in hardware expenses in the FSM with DT circuit.

4. Algebraic synthesis of FSM with DT demands the
formation of set of transitions operations. Such a forma-
tion can occur both at the beginning of algebraic synthesis
and during of its execution. When forming the set of OT,
it is necessary to ensure that these operations can be im-
plemented with the help of operators from the synthesiz-
able subset of the VHDL language. If there is a need to
implement a non-standard operation (scalar or vector),
you can use an approach similar to the development of the
C,4 circuit in the above example.

5. FSM with DT belongs to the class of FSM with
“hardware” logic. It should be understood that, in general,
any change in the input data (the GSA, the set of TOs, the
bit depth of states codes, etc.) requires a complete re-
synthesis of the FSM and its VHDL model. This applies
to the circuits of any custom digital devices.

CONCLUSIONS
The paper proposes a solution to the scientific prob-
lem of developing a VHDL model of a finite state ma-
chine with datapath of transitions. The correctness of the
model was checked in AMD Vivado CAD.

© Barkalov A. A., Titarenko L. A., Babakov R. M., 2023
DOI 10.15588/1607-3274-2023-4-13

146

The scientific novelty of the work lies in the fact that
all stages of development of a VHDL model are demon-
strated on a specific example, which allows you to under-
stand its peculiarities and differences from typical models
of finite state machines. The main feature of the proposed
model is that it is not focused on the use of finite state
machine synthesis tools built into CAD and can be used
in CADs of different FPGA manufacturers.

The practical use of the obtained results is possible in
the development of methods of synthesis, optimization
and evaluation of the efficiency of a finite state machines
with datapath of transitions, as well as other structures
and methods aimed at optimizing the characteristics of an
FSM circuit.

Prospects for further research consist in solving a
range of scientific and practical problems related to the
development, implementation and evaluation of the effec-
tiveness of the structures and methods of synthesis of fi-
nite state machines with optimized hardware expenses.
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CHHTE3 VHDL-MO/IEJI MIKPOIIPOITPAMHOI'O ABTOMATA 3 OIEPAIIIMHUM ABTOMATOM IEPEXO/IIB
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curety imeHi Bacunsa Cryca, m. Binanns, Ykpaina.

AHOTANIA

AKTYyaJIbHiCTB. Po3risiHyTO 33/1a4y MOOYI0BH MPOrpaMHOi MOJIENI MiKPOTIPOrPaMHOTO aBTOMATa 3 OMEPAI[ifHUM aBTOMAaTOM MEPEXO/IiB
moBoro VHDL. Ipouec cuHTe3y MoJeli OTOTOXKHIOETHCS 13 CHHTE30M JaHOT'O THIy aBTOMAaTa, OCKLIBKM MOOYy/JI0BaHA MOJENb MOXE OyTH
BUKOPHUCTaHA SIK JUIS aHAJ3y MOBEIIHKU IPUCTPOIO, TaK 1 AJIA CHHTE3Y JIOTiuHOI cxemu B 6a3uci FPGA. O6’€kTOM JOCIIDKEHHS € aBTOMATH-
30BaHMI CHHTE3 JIOT1YHOI CXeMHU MiKpOMPOrPAaMHOIO aBTOMATA 3 OIEPAaIliifHIM aBTOMATOM MEPEXO/IiB, 32 PE3yJIbTaATAMHU SIKOTO MOXYTh OyTH
OTpPHMaHi YHCENIbHI XapaKTePUCTHKH anapaTypHUX BUTPAT Ha peanizallifo cxeMH aBToMaTa. Lle 1o3Boiisie OLiHUTH e(eKTUBHICTh BUKOPHUC-
TaHHsI 1aHOT CTPYKTYPH MIKpPOIIPOrPaMHOT0 aBTOMATA IPH peaizallii 3aJaHOro allrOpUTMy KepyBaHHS.

Merta. Po3po06xka i gocrimpkenas VHDL-Mozeni MiKpomporpaMHOro aBToMara 3 olepaniifHIM aBToOMaToM IepexXoJiB I aHaJli3y MoBe-
JIHKHM aBTOMATa Ta KiJIbKICHOI OI[IHKK alapaTypHUX BUTPAT B HOTO JIOTIYHIN cXeMi.

Metoa. B ocHOBY nocCiiKeHHS MOKJIAIEHO CTPYKTYPHY CXEMY MIKpPOINpPOrpaMHOrO aBTOMaTa 3 ONepaliifHUM aBTOMAaTOM IE€PEeXO/IiB.
CuHTE3 OKpeMHX OJIOKIB CTPYKTYpH aBTOMaTa 3JIHCHIOETHCS 3a IIEBHOO MPOIEIYPOO BiIOBIAHO JI0 33/1aHOT Tpad-CXEeMH allrOPUTMY Kepy-
BaHHS. Pe3ynbTaT CHHTE3y 3amporoHOBaHO npeacTapiaTH y Burisai VHDL-onucy, o ocHoBaHui Ha (DiKCOBaHMX 3HAUYCHHSX KOJIB CTaHIB
aBToMara. [IpogeMOHCTpOBaHMIl TPOIleC CHHTE3y OIEepalliiHOro aBTOMarta MepexoiB, 00Ky (OopMyBaHHsS KOIIB Omepalliii mepexoiB Ta
6stoky opmyBanHs Mikpoorniepauid. VHDL-onnc nanux OJIOKIB 3[IHCHIOETBCS Y CHHTE30BAHOMY CTHWIII, IO JJO3BOJISIE TIPOBECTU CHHTE3
noriuHoi cxemu aBromara B 6azuci FPGA 3a nonomoroto cydacHux CAIIP Ta oTpuMaTy 9HCIOBI XapaKTEPHCTUKH CXEMH, 30KpeMa 3HAYCHHS
amapatypHux BHUTpat. J[s aHamizy KOPEKTHOCTI POOOTH CHHTE30BaHOI CXEMH PO3IJISIHYTO MPOIEC PO3POOKH MOBEMIHKOBOI CKIIAJ0BOT
VHDL-moneni, GyHKII€0 K0T € reHepallisi BXiJHAUX CUTHAIIIB aBToMara. Kilacu4yHe Mo€eIHaHHS CHHTE30BaHOI Ta MOBEIHKOBOI YaCTHH MO-
JIeTTi T03BOJISIE TPEACTABUTH PE3YJIbTaTH CHHTE3y MIKpOIIPOIPAMHOr0 aBTOMATa 3 ONEepalliifHiM aBTOMATOM MEPEXO/iB SIK OKPEMHUil TPOEKT,
110 MOYKe OYTH BUKOPUCTAHUH B IKOCTI CTPYKTYPHOI CKJIaJ0BOT IPOEKTOBAHOI IU(PPOBOT CUCTEMH.

PesyabraTn. Ha npuknazi abcrpakTHol rpad-cxemu aroputMy kepyBanHs po3pobiaeno VHDL-mozens MikponporpaMHOTO aBToMaTta 3
ornepaliitHuM aBTomatoMm rnepexofis. 3a gonomorow CAIIP AMD Vivado npoBeneHo cuHTe3 po3po0iieHOT MOJIEl Ta MPOBe/IcHE MOBE/iH-
KOBE MOJICNIOBAHHS POOOTH CXeMHU aBToMara. Pe3yibTaTi CHHTE3y CXEMH J03BOJIMIM OTPUMATH 3HAYCHHS allapaTypHUX BUTPAT MPU peati-
3anii cxemu B 6asuci FPGA. 3a pe3ynpTaTamu MOBeIiHKOBOTO MOJICIIIOBaHHSI OTPHMAaHi AUarpaMu 4acy, siKi CBiI4aTh PO KOPEKTHICTh pea-
mizarii QyHKIiil mepexoiiB Ta BUXO/IiB CHHTE30BaHOTO aBTOMATA.

BucnoBkn. Y tpaguuitinx VHDL-Mozensx KiHIEBUX aBTOMATiB CTaHW HE MICTATh KOHKPETHHX KOJIB i 1IEHTU(IKYIOTbCS 3a JOTIOMO-
roto Jsitepainis. Le no3Boinsie CAIIP npoBoauTH KOAyBaHHS CTaHIB Ha BIAcHUIl po3cya. OnHaK Takuil MiAXiJ HE MiIXOIHUTH VIS OHHCY MiK-
POIPOrpaMHOTO aBTOMAara 3 OIEepaliiHMM aBTOMATOM MepexoiB. [lepeTBOpeHHs! KOMIB CTaHIB 3a JIOMOMOIOK MHOXHHH apH()METHKO-
JIOTIYHMX OIepaliii BUMarae BUKOPUCTaHHs (piKCOBaHUX 3HAYEHb KOJIIB CTaHIB, 110 BU3Ha4ae creudpiky VHDL-mozeni, 3anpornoHoBaHOl B
JaHiit po6ori. Jlana i moiOHi Mozeni MOKyTb OyTH BUKOPHCTaHI, 30KpeMa, MpU AOCTiAKEeHHI epEeKTUBHOCTI MIKpPOIIPIrpaMHOro aBToMara 3a
KPHUTEpieM armapaTypHUX BUTPAT B CXEMi HPHCTPOIO.
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