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ABSTRACT 

Pshenychnyi K.Y. Temporal finite state machines models and verification 

methods in hardware description languages. – Qualifying scientific work on the 

rights of the manuscript. 

The dissertation for the competition PhD scientific degree on a specialty 123 

"Computer engineering". – Kharkiv National University of Radio Electronics, 

Ministry  

of Education and Science of Ukraine, Kharkiv, 2024.  

The work solves the scientific and practical problems of real-time systems 

based on finite state machines models design, verification and diagnosis by 

introducing hardware description language (HDL) templates used for the synthesis 

of real-time devices. 

The objectives of the study are: 

1. HDL pattern development based on finite state machine (FSM) approach 

for solving the real-time digital devices design task. 

2. Development of methods for testing the temporal parameters of timed 

FSM based on the assertion apparatus. 

3. Development of methods for diagnosing timed FSM via the introduction 

of hardware redundancy at the design stage. 

4. Development of a software complex for the automation of the proposed 

verification and design methods. 

The object of research is the design and diagnosis processes of control 

automata in real-time logical control devices. 

The subject of research is design and verification models and methods of 

temporal control automata HDL-models. Mathematical apparatus: graph theory, 

automata theory, technical diagnostics. 

In the course of the research, the following methods are used: construction 

of templates using Verilog, System Verilog and VHDL hardware description 

languages for real-time digital devices design; introduction of additional assertion 
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structures in the HDL code of the digital device in order to reduce the verification 

time and improve the quality of tests; introduction of hardware redundancy in 

order to increase the diagnostic ability of the target device; improvement of the 

temporal state diagram; analysis and classification of real-time systems based on 

the external events processing and issuing output signals. The above methods are 

aimed at reducing the design and verification time and, accordingly, at reducing the 

time-to-market of the target digital product, which is the global trend in the field of 

computer engineering design automation. 

The scientific novelty of the dissertation research is: 

1. For the first time, the timed FSM temporal parameters verification 

methods based the apparatus of assertions and formal verification were proposed, 

which significantly reduced the length and time of the diagnostic experiment by 

increasing the observability of each state of the finite state automaton, and also 

made it possible to increase the quality of the test. 

2. Digital logic control systems with processing of external events of 

unknown duration models received further development, which made it possible to 

significantly expand the class of event logic control devices that can be represented 

by time automatic models. 

3. Model of easy-tested timed FSM based on the introduction of hardware 

redundancy in the HDL description received futher development, which 

significantly reduced the length of the test sequence by increasing the 

controllability of the graph model of the time machine. 

4. The three-component timed FSM HDL-model was improved using a 

synthesizing subset of the Verilog and VHDL languages, which, unlike the existing 

ones, expanded the class of real-time logic control systems described by models of 

time-based automata. 

The practical value of the research results arises in the following aspects. 

1. Reduction of digital device design time using ready-made HDL templates 

based on timed FSM. 
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2. Reducing the time of verification and debugging of the HDL model due to 

the use of assertion points, that significantly reduces the time of searching for an 

erroneous HDL operator. 

3. Diagnostic experiment simplification through the introduction of 

hardware redundancy, which makes it possible to install a real-time device in any 

state in a specified number of cycles. 

The proposed approaches and methods were tested on a number of digital 

projects using CPLD and FPGA in the Xilinx, Vivado, Aldec Reviera Pro design 

automation environments using VHDL and Verilog languages. The considered 

methods were presented at two international conferences in the field of EDA. 

Based on the research results, a software module using the Molybden 

framework was created at the company "&"� «TIMDEV»" on the order of a client 

from the EDA industry for the development of real-time logic control models. The 

software module is used to create and visualize temporal state diagrams and 

generate the HDL code of the developed digital device. 

Keywords: model, method, analysis, design automation technology, 

simulation, classification, diagnostics experiment, digital devices, FPGA, test 

sequences, real time systems, hardware description languages, events, control 

FSM, state diagram. 
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#�$���� %�"$"+�!,, ' "�!�) #"�!��, "��!�*, � &�$ �!�� 

#��% – #@>3@0<>20=0 �>3VG=0 �=B53@0;P=0 %E5<0  

�� – �V03=>AB8G=89 �:A?5@8<5=B 

�� – �5@CNG89 02B><0B 

%�#$ – %8AB5<0 �2B><0B87>20=>3> #@>є:BC20==O  

HDL – Hardware Description Language 

FSM – Finite State Machine 

SVA – System Verilog Assertions 

TFSM – Timed Finite State Machine 

ASIC – Application-specific integrated circuit 

FPGA – Field-Programmable Gate Array 

RTL – Register Transfer Level 

SoC – System-on-a-Chip 

VHDL – Very High-Speed Integrated Circuits Hardware Description 

Language 

BEL – Basic Elements of Logic  

LUT – Look-up Table 
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�%&'# 

�>3VG=V A8AB5<8 C?@02;V==O є 107>28< 2C7;>< 1C4P-O:>W A8AB5<8 

02B><0B87>20=>3> C?@02;V==O ?@>F5A0<8. "A>1;825 <VAF5 ?>AV40NBP A8AB5<8 

@50;P=>3> G0AC (real time devices). �;O B0:8E A8AB5< H284:>4VO >1@>:8 

2EV4=8E B0 28EV4=8E A83=0;V2 є :@8B8G=>N. !09?>H8@5=VH>N <>45;;N 

?@54AB02;5==O F8D@>28E ?@8AB@>W2 є <>45;P :V=F528E 02B><0BV2, C O:V9 2EV4=V 

A83=0;8 ?@54AB02;ONBP ?>4VW 77>2=V, 48A:@5B=89 0;D02VB – 2=CB@VH=V AB0=8 

A8AB5<8, 0 28EV4=V A83=0;8 – :5@CNGV A83=0;8. #8B0==O ?@>є:BC20==O B0 

25@8DV:0FVW <>45;59 ?@8AB@>W2 @50;P=>3> G0AC =0 107V :V=F528E 02B><0BV2 є 

0:BC0;P=8< 4;O ACG0A=>3> AB0=C 30;C7V 02B><0B870FVW ?@>є:BC20==O 

>1G8A;N20;P=>W B5E=V:8.  

&0:>6 20@B> 707=0G8B8, I> ACG0A=V F8D@>2V ?@8AB@>W – F5 A:;04=V 

A8AB5<8, O:V A:;040NBPAO 7 <V;P9>=V2 V <V;P9>=V2 ;>3VG=8E 5;5<5=BV2.  >28 

>?8AC 0?0@0BC@8, O: Verilog V VHDL, 70157?5GCNBP 28I89 @V25=P 01AB@0:FVW, 

I> 4>72>;Oє V=65=5@C ?@0FN20B8 V7 F8D@>28< ?@>є:B>< O: :>4><, O:89 

>?8ACє 9>3> DC=:FV>=0;P=VABP. "B65, ?@>є:BC20;P=8: 28:>@8AB>2Cє 

A8=B0:A8A <>28 4;O @50;V70FVW FV;P>2>3> ?@8AB@>N =570;56=> 2V4 9>3> 

A:;04=>ABV B0 @>7<V@C. �>4=>G0A ?8B0==O 4V03=>AB8:8 B0 B5ABC20==O є 

206;828< 0A?5:B>< ?@>є:BC20==O. 

�0@B> 707=0G8B8, I> AB@C:BC@=V <5B>48 4V03=>AB8:8, O:V 

28:>@8AB>2CNBPAO 4;O 28O2;5==O :>=AB0=B=8E =5A?@02=>AB59, =5 є 

5D5:B82=8<8. �@V< B>3>, FV <5B>48 ?@0:B8G=> =5<>6;82> 70AB>AC20B8 =0 

?@0:B8FV 4;O @50;P=8E ?@8AB@>W2 G5@57 WE=V 3010@8B8 B0 @>7<V@8. 

�V4><>, I> 25@8DV:0FVO F8D@>28E ?@>є:BV2, @>7@>1;5=8E =0 107V ASIC, 

FPGA B0 SoC 709<0є 4> 70% 2V4 7030;P=>3> G0AC ?@>є:BC20==O. /: @57C;PB0B, 

4> 80% :>4>2>W 1078 ?@>є:BC 709<0є :>4 B5ABC20==O (testbench). �<5=H5==O 

F8E 42>E ?0@0<5B@V2 7<5=HCє G0A 28?CA:C ?@8AB@>N =0 @8=:C (time-to-market) 

V є >4=8< 7 3>;>2=8E 70240=P 30;C7V 02B><0B870FVW ?@>є:BC20==O 

>1G8A;N20;P=>W B5E=V:8. 
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"B65, >:@V< 70240==O ?@>є:BC20==O ?@8AB@>W2 @50;P=>3> G0AC, 

0:BC0;P=8< є 70240==O B5ABC20==O HDL-<>45;59 B0:8E ?@8AB@>W2, 0 B0:>6 

WE=O 4V03=>AB8:0 B0 ?V428I5==O B5AB>?@840B=>ABV.  

+8<0;89 2=5A>: C @>72ʼO70==O ?@>1;5< B5AB>?@840B=>3> ?@>є:BC20==O 

B0 4V03=>ABC20==O F8D@>28E A8AB5< 7@>18;8 ?@>2V4=V 2VBG87=O=V 2G5=V: �. #. 

�>@OH:>, Є. %. %>3><>=O=, �. �. &>F5=:>, C.�. �0@0=>2, �. �. %?5@0=AP:89, �. 

�. �5@1C=>28G, �. %. )0@G5=:>,  . �.  0;8=>2AP:89,  �. (. �@82C;O, �. �.  

)0E0=>2, $-�. '10@ B0 70:>@4>==V: E. G. Hennie, P. G. Bennetts, M. �. Breuer, 

M. Abramovici, J. Roth, V. Pedroni, R. Alur, D. Hanna. 

"1ʼє:B>< 4>A;V465==O є ?@>F5A8 ?@>є:BC20==O B0 4V03=>ABC20==O 

:5@CNG8E 02B><0BV2 C ?@8AB@>OE ;>3VG=>3> C?@02;V==O @50;P=>3> G0AC. 

#@54<5B 4>A;V465==O – <>45;V B0 <5B>48 ?@>є:BC20==O V 25@8DV:0FVW 

HDL- <>45;59 B5<?>@0;P=8E :5@CNG8E 02B><0BV2.  0B5<0B8G=89 0?0@0B: 

B5>@VO 3@0DV2, B5>@VO 02B><0BV2, B5E=VG=0 4V03=>AB8:0. 

 5B0 4>A;V465==O – ?@>є:BC20==O, 25@8DV:0FVW B0 4V03=>AB8:8 A8AB5< 

@50;P=>3> G0AC =0 107V <>45;59 :V=F528E 02B><0BV2 7 4>?><>3>N 

2?@>20465==O H01;>=V2 =0 <>20E >?8AC 0?0@0BC@8, O:V 28:>@8AB>2CNBPAO 4;O 

A8=B57C ?@8AB@>W2 @50;P=>3> G0AC.  

�0240==O 4>A;V465==O: 

1. $>7@>1;5==O HDL H01;>=V2 =0 107V 48A:@5B=8E 02B><0BV2 4;O 

@>72ʼO70==O 70240==O ?@>є:BC20==O F8D@>28E ?@8AB@>W2 @50;P=>3> G0AC. 

2. $>7@>1;5==O <5B>4V2 25@8DV:0FVW B5<?>@0;P=8E ?0@0<5B@V2 :V=F528E 

G0A>28E $>7@>1;5==O =0 107V 0?0@0BC 0A5@FV9. 

3. $>7@>1;5==O <5B>4V2 B5AB>?@840B=>3> ?@>є:BC20==O :V=F528E 

G0A>28E 02B><0BV2 70 @0EC=>: 22545==O 0?0@0BC@=>W =04;8H:>2ABV =0 5B0?V 

?@>є:BC20==O. 

4. $>7@>1;5==O ?@>3@0<=>3> :><?;5:AC 02B><0B870FVW 70?@>?>=>20=8E 

<5B>4V2 25@8DV:0FVW B0 ?@>є:BC20==O. 

�;O 28@VH5==O 28I5707=0G5=8E 70240=P 28:>@8AB>2CNBPAO B0:V <5B>48: 

?>1C4>20 H01;>=V2 =0 <>20E >?8AC 0?0@0BC@8 Verilog, System Verilog B0 VHDL 
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4;O ?@>є:BC20==O F8D@>28E ?@8AB@>W2 @50;P=>3> G0AC; 2?@>20465==O 

4>40B:>28E 0A5@FV9=8E :>=AB@C:FV9 2 HDL-:>4 F8D@>2>3> ?@8AB@>N 4;O 

7<5=H5==O G0AC 25@8DV:0FVW B0 ?V428I5==O O:>ABV B5ABC; 2?@>20465==O 

0?0@0BC@=>W =04;8H:>ABV 4;O ?V428I5==O B5AB>?@840B=>ABV :V=F52>3> 

?@8AB@>N; C4>A:>=0;5==O B5<?>@0;P=>3> 3@0DC ?5@5E>4V2; 0=0;V7 B0 

:;0A8DV:0FVW A8AB5< @50;P=>3> G0AC 70;56=> 2V4 A?>A>1V2 >1@>1:8 7>2=VH=VE 

?>4V9 B0 2840==O 28EV4=8E A83=0;V2; D>@<0;P=V <5B>48 25@8DV:0FVW F8D@>28E 

A8AB5<. �8I5=02545=V ?C=:B8 A?@O<>20=V =0 A:>@>G5==O G0AC ?@>є:BC20==O 

B0 25@8DV:0FVW, 0 2V4?>2V4=> =0 7<5=H5==O G0AC 28E>4C 3>B>2>3> F8D@>2>3> 

28@>1C =0 @8=>: (time-to-market), I> є A2VB>28< B@5=4>< C AD5@V 

02B><0B870FVW ?@>є:BC20==O >1G8A;N20;P=>W B5E=V:8. 

!0C:>20 =>287=0 @57C;PB0BV2 4>A;V465=P:  

1. $>7@>1;5=> <>45;V 25@8DV:0FVW B5<?>@0;P=8E ?0@0<5B@V2 G0A>28E 

02B><0BV2 70 4>?><>3>N 0?0@0BC 0A5@FV9 B0 D>@<0;P=8E <5B>4V2 25@8DV:0FVW, 

I> ACBBє2> A:>@>B8;> G0A 25@8DV:0FVW G5@57 A:>@>G5==O ?>HC:C ?><8;:>2>W 

HDL :>=AB@C:FVW. 

2. !01C;8 ?>40;PH89 @>728B>: <>45;V B0 <5B>48 <>45;N20==O 

F8D@>28E A8AB5< ;>3VG=>3> C?@02;V==O 7 >1@>1:>N 7>2=VH=VE ?>4V9 7 

=5287=0G5=>N B@820;VABN, I> 4>72>;8;> 7=0G=> @>7H8@8B8 :;0A ?>4Vє28E 

?@8AB@>W2 ;>3VG=>3> :5@C20==O, O:V <>6CBP 1CB8 ?@54AB02;5=V G0A>28<8 

02B><0B=8<8 <>45;O<8. 

3. !01C;8 ?>40;PH89 @>728B>: <>45;V ?>1C4>28 ;53:>B5AB>20=>3> 

G0A>2>3> 02B><0BC =0 >A=>2V 22545==O 0?0@0BC@=>W =04;8H:>2>ABV C HDL 

>?8A, I> ACBBє2> A:>@>B8;> 4>268=C B5AB>2>W ?>A;V4>2=>ABV H;OE>< 

?V428I5==O :5@>20=>ABV 3@0D>2>W <>45;V G0A>2>3> 02B><0BC. 

4. '4>A:>=0;5=> B@P>E:><?>=5=BC HDL-<>45;P :V=F52>3> G0A>2>3> 

02B><0BC 7 28:>@8AB0==O A8=B57CNG>W ?V4<=>68=8 <>2 Verilog B0 VHDL, I> 

=0 2V4<V=C 2V4 =0O2=8E <>45;59, @>7H8@8;> :;0A A8AB5< ;>3VG=>3> C?@02;V==O 

@50;P=>3> G0AC, O:V >?8ACNBPAO 70 4>?><>3>N G0A>28E 02B><0BV2. 

#@0:B8G=0 FV==VABP @57C;PB0BV2 4>A;V465==O ?>;O30є C B0:8E 0A?5:B0E.  
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1. %:>@>G5==O G0AC ?@>є:BC20==O F8D@>2>3> ?@8AB@>N 7024O:8 

28:>@8AB0==N 3>B>28E HDL-H01;>=V2 =0 107V G0A>28E 02B><0BV2. 

2. %:>@>G5==O G0AC 25@8DV:0FVW B0 2V4;04:8 HDL-<>45;V G5@57 

28:>@8AB0==O 0A5@FV9=8E B>G>:, O:V ACBBє2> A:>@>GCNBP G0A ?>HC:C 

?><8;:>2>W HDL :>=A@C:FVW. 

3. %?@>I5==O ?@>F5AC ?@>2545==O 4V03=>AB8G=>3> 5:A?5@8<5=BC G5@57 

22545==O 0?0@0BC@=>W =04;8H:>2>ABV, I> 40є 7<>3C 2AB0=>2;N20B8 ?@8AB@V9 

@50;P=>3> G0AC 2 1C4P-O:89 AB0= 70 45B5@<V=>20=C :V;P:VABP B0:BV2. 

$>73;O=CBV <5B>48 1C;> ?@54AB02;5=> =0 42>E <V6=0@>4=8E 

:>=D5@5=FVOE C 30;C7V EDA.  

"1ґ@C=B>20=VABP =0C:>28E ?>;>65=P. "B@8<0=V 2 ?@>F5AV 28:>=0==O 

4>A;V465=P =0C:>2V 28A=>2:8 V ?@0:B8G=V @57C;PB0B8 7 <>45;N20==O ?@8AB@>W2 

@50;P=>3> G0AC, 0 B0:>6 <5B>4V2 B5ABC20==O B0 4V03=>AB8:8 є 4>AB>2V@=8<8, 

I> ?V4B25@46CєBPAO 4>AB0B=P>N :V;P:VABN ?@>2545=8E 5:A?5@8<5=BV2, 

B>G=VABN @>7@0EC=:V2, 0?@>10FVєN @57C;PB0BV2 =0 <V6=0@>4=8E =0C:>2>-

?@0:B8G=8E :>=D5@5=FVOE, 2?@>20465==O< @57C;PB0BV2 2 >A2VB=V9 ?@>F5A. 

$57C;PB0B8 48A5@B0FVW 2 A:;04V ?@>є:BC20==O ?@8AB@>W2 @50;P=>3> G0AC 

2?@>20465=V 2 =02G0;P=89 ?@>F5A )0@:V2AP:>3> =0FV>=0;P=>3> C=V25@A8B5BC 

@04V>5;5:B@>=V:8 (0:B ?@> 2?@>20465==O 2V4 25.01.2024). 

!0 >A=>2V @57C;PB0BV2 4>A;V465==O =0 ?V4?@8є<AB2V &"� «&� ���» 

1C;> AB2>@5=> ?@>3@0<=89 <>4C;P V7 28:>@8AB0==O< D@59<2>@:0 Molybden =0 

70<>2;5==O :;Vє=B0 7 30;C7V EDA 4;O @>7@>1;5==O <>45;59 ;>3VG=>3> 

:5@C20==O @50;P=>3> G0AC. #@>3@0<=89 <>4C;P 28:>@8AB>2CєBPAO 4;O 

AB2>@5==O B0 2V7C0;V70FVW B5<?>@0;P=8E 3@0DV2 ?5@5E>4V2 B0 ?>40;PH>W 

35=5@0FVW HDL-:>4C <>45;V ?@8AB@>N, I> @>7@>1;OєBPAO. 

�A>18AB8? 2=5A>> 74>1C20G0. 'AV =0C:>2V V ?@0:B8G=V @57C;PB0B8 

>B@8<0=V 02B>@>< >A>18AB>. ' @>1>B0E, >?C1;V:>20=8E 7V A?V202B>@0<8, 

74>1C20G52V =0;560BP (�>40B:8 �, �):  

[1] – @>73;O=CB> ?8B0==O <>45;N20==O F8D@>28E A8AB5< ;>3VG=>3> 

C?@02;V==O 7 >1@>1:>N 7>2=VH=VE ?>4V9 7 =52V4><>N B@820;VABN; 
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[2] – 70?@>?>=>20=> B@P>E:><?>=5=B=89 HDL H01;>= G0A>2>3> 

02B><0B0 7 ?>4VO<8 7 =52V4><>N B@820;VABN; 

[3] – <5B>4 25@8DV:0FVW HDL-<>45;59 ?@8AB@>W2 @50;P=>3> G0AC 

?@>?>=CєBPAO 70AB>A>2C20B8 <5E0=V7< 2;0AB82>AB59 B0 0A5@FV9 <>28 System 

Verlog; 

[4] – <5B>4 ?V428I5==O 4V03=>AB>20=>ABV F8D@>2>3> ?@8AB@>N 

@50;P=>3> G0AC 7024O:8 22545==N 0?0@0BC@=>W =04;8H:>2>ABV; 

[5] – <5B>4 25@8DV:0FVW <>45;59 ?@8AB@>W2 @50;P=>3> G0AC 7 >1@>1:>N 

7>2=VH=VE ?>4V9 V7 =545@<V=>20=>N B@820;VABN, I> >?8A0=V 7 28:>@8AB0==O< 

<>2 >?8A 0?0@0BC@8 7024O:8 28:>@8AB0==N 0?0@0BC 0A5@FV9 4;O >?8AC 

B5<?>@0;P=>W ?@8@>48 28I5707=0G5=8E <>45;59. 

А?@>10FVя @57C?ьB0BV2 48A5@B0FVW. $57C;PB0B8 @>1>B8 1C;8 

?@54AB02;5=V B0 >13>2>@5=V =0 B0:8E :>=D5@5=FVOE: XXIII  V6=0@>4=89 

<>;>4V6=89 D>@C< «$04V>5;5:B@>=V:0 V  >;>4P C ))� AB>;VBBV»; IEEE East-

West Design and Test Symposium 2021; 12th International Science and Technical 

Conference «Information Systems and Technologies» IST-2023. 

�C1?V>0FVW. "A=>2=V ?>;>65==O B0 @57C;PB0B8 48A5@B0FV9=>W @>1>B8 
4>A8BP ?>2=> 2V4>1@065=V C 5 4@C:>20=8E ?@0FOE, A5@54 O:8E, 5 – C =0C:>28E 

6C@=0;0E, 2:;NG5=8E 4> «#5@5;V:C =0C:>28E D0E>28E 2840=P ':@0W=8», 7 =8E 

1 – :0B53>@VW �, I> 2E>4OBP 4> =0C:><5B@8G=>W 1078 Scopus; 4 – :0B53>@VW �, 0 

B0:>6 3 B57 4>?>2V459 C <0B5@V0;0E <V6=0@>4=8E =0C:>28E :>=D5@5=FV9. 

%B@C:BC@0 48A5@B0FVW: 109 AB>@V=>: (7 =8E 77 ?@54AB02;ONBP >A=>2=89 

B5:AB) V <VAB8BP: 4 @>74V;8, 63 @8AC=:0, 2 B01;8FV, A?8A>: 465@5; 7 102 =072 

(=0 9 A.), 1 4>40B>: (=0 2 A.), 0=>B0FVW =0 8 A. 
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1 #$"Є�&'��!!/ *�($"��) %�%&�  $���,!"�" +�%' 

1.1 #@>є:BC20==O A8AB5< @50;P=>3> G0AC, cCG0A=89 AB0= ?8B0==O 

' ACG0A=><C A2VBV ?8B0==O 02B><0B870FVW C?@02;V==O ?@><8A;>28<8 B0 

?>1CB>28<8 ?@>F5A0<8 2V4V3@0є 206;82C @>;P. %5@54 CAP>3> :;0AC 70240=P 

C?@02;V==O є B0:V, 4;O O:8E 206;828< є =5 BV;P:8 D0:B =0AB0==O 7>2=VH=P>W 

?>4VW, 0;5 V G0A, C O:89 FO ?>4VO 2V41C20єBPAO. +0A @50:FVW B0:8E A8AB5< =0 

7<V=C 2EV4=8E 40=8E 01> 2=CB@VH=P>3> AB0=C <0є 1CB8 45B5@<V=>20=8<. 

�>B@8<0==O G0A>28E >1<565=P є >A>1;82> 0:BC0;P=8< 4;O A8AB5< C?@02;V==O 

2 <548F8=V, 206:V9 B0 EV<VG=V9 ?@><8A;>2>ABV, 0B><=V9 5=5@35B8FV, 30;C7V 

Internet of Things [1]. 

 V6=0@>4=V AB0=40@B8 B0 45@602=V AB0=40@B8 ':@0W=8 287=0G0NBP 

@568< @50;P=>3> G0AC F8D@>2>W A8AB5<8 O: @568<, I> 70157?5GCє 270є<>4VN 

>1G8A;N20;P=>W A8AB5<8 7 7>2=VH=V<8 I>4> =5W ?@>F5A0<8 7V H284:VABN 

?@>BV:0==O F8E ?@>F5AV2 [2, 3]. ":@V< B>3>, =0 B0:>3> @>4C A8AB5<8 

=0:;040NBPAO 4>40B:>2V 28<>38 I>4> =04V9=>ABV, O: 0?0@0BC@=>W, B0: V 

?@>3@0<=>W :><?>=5=B8 [4].  

%CG0A=89 F8D@>289 ?@8AB@V9 (*#) – A:;04=0 1030B>@V2=520 A8AB5<0, 

I> A:;040єBPAO 7 <V;P9>=0, 0 ?>45:C48 45AOB:0 <V;P9>=V2 @V7=8E 5;5<5=BV2: 

;>3VG=V 25=B8;V, <C;PB8?;5:A>@8, AC<0B>@8, 5;5<5=B8 ?0<ʼOBV B>I>. 

"G5284=>, I> ?V428I5==O A:;04=>ABV F8D@>28E A8AB5< ?@8725;> 4> ?>HC:C 

=>28E A?>A>1V2 A?@>I5==O ?@>є:BC20==O B0 B5ABC20==O. �06;828< 

?>HB>2E>< C FP><C =0?@O<V AB0;8 <>28 >?8AC 0?0@0BC@8, B0:V O: Verilog V 

VHDL. &0:V <>28 70157?5GCNBP 28A>:89 @V25=P 01AB@0:FVW, I> 4>72>;Oє 

V=65=5@C ?@0FN20B8 V7 F8D@>28< ?@8AB@>є< C 283;O4V :>4C, O:89 >?8ACє 9>3> 

DC=:FV>=0;P=VABP. &0:89 ?V4EV4 >B@8<02 =072C 28A>:>@V2=5289 A8=B57 – High 

Level Synthesis. 

%?@>I5=89 ?@>F5A ?@>є:BC20==O F8D@>2>W A8AB5<8 ?@54AB02;5=> =0 

@8AC=:C. 1.1. /: 284=> 7 FVєW AE5<8 ?@>є:BC20==O – F5 VB5@0B82=89 ?@>F5A, 

O:8< =0 @V7=8E 5B0?0E, O: ?@028;>, 709<0NBPAO @V7=V :><0=48 V=65=5@V2 [5]. 
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�030;P=>2V4><>, I> 25@8DV:0FVO F8D@>28E ?@>5:BV2, @>7@>1;5=8E =0 107V 

ASIC, FPGA B0 SoC, 709<0є 4> 70% 2V4 7030;P=>3> G0AC ?@>є:BC20==O [6-8]. 

/: @57C;PB0B, 4> 80% :>4>2>W 1078 ?@>є:BC 709<0є :>4 B5ABC20==O (testbench). 

�<5=H5==O F8E 42>E ?0@0<5B@V2 7<5=HCє G0A 28?CA:C ?@8AB@>N =0 @8=:C 

(time-to-market) V є >4=VєN 7 3>;>2=8E 7040G 30;C7V 02B><0B870FVW ?@>є:BC20==O 

>1G8A;N20;P=>W B5E=V:8. 

 

 

 

$8AC=>: 1.1 – %?@>I5=0 1;>:-AE5<0 ?@>F5AC ?@>є:BC20==O F8D@>2>3> 

?@8AB@>N 
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/: 284=> 7 @8A 1.1 4> >A=>2=8<8 5B0?0<8 ?@>є:BC20==O є: 

1. �>=F5?FVO - ?>G0B:>289 5B0?, =0 O:><C >FV=NєBPAO 0:BC0;P=VABP V45W 

?@>є:BC 7 ?>3;O4C ?>B@51 @8=:C 9 <>6;82>ABV @50;V70FVW. 

2. %?5F8DV:0FVO, B>1B> @>7@>1;5==O 4>:;04=8E 28<>3 4> 

DC=:FV>=0;P=>ABV, ?@>4C:B82=>ABV V V=H8E E0@0:B5@8AB8: ?@>є:BC. *59 5B0? 

2:;NG0є 2 A515 AB2>@5==O 28A>:>@V2=52>3> ?@>3@0<=>3> ?@>B>B8?C ?@8AB@>N 

- <>45;V A8AB5<=>3> @V2=O, C O:V9 <>6CBP 28:>@8AB>2C20B8 ?>?C;O@=V <>28 

A8AB5<=>3> @V2=O, B0:V O: SystemC [9], TLA+ [10]. 

3. #@>є:BC20==O RTL-<>45;V. !0 >A=>2V A?5F8DV:0FVW @>7@>1;OєBPAO 

4>:;04=0 0@EVB5:BC@0 A8AB5<8, I> ?@>є:BCєBPAO: 287=0G0єBPAO AB@C:BC@0 9 

V=B5@D59A8 >A=>2=8E DC=:FV9=8E 1;>:V2.  >45;P V7 A8AB5<=>3> @V2=O :@>: 70 

:@>:>< ?5@5B2>@NєBPAO =0 <>45;P RTL-@V2=O H;OE>< 28:>@8AB0==O <>2 

>?8AC 0?0@0BC@8 - VHDL [11], Verilog [12].  

4.  #>254V=:>25 <>45;N20==O. $>7@>1;5=0 HDL-<>45;P ?5@52V@OєBPAO 

=0 =0O2=VABP ?><8;>: C @50;V70FVW DC=:FV9=8E 28<>3 G5@57 28:>@8AB0==O 

testbench – HDL-:>4C, O:89 V<VBCє @>1>BC ?@8AB@>N C @50;P=><C A5@54>28IV 

[13].  

5. �>3VG=89 A8=B57. �0 4>?><>3>N A?5FV0;P=8E ?@>3@0<=8E 70A>1V2 

(A8=B570B>@V2), I> є G0AB8=>N %�#$, @>1>G0 RTL-<>45;P ?5@5B2>@8BPAO =0 

<>45;P @V2=O ;>3VG=8E ?@8<VB82V2 – 25=B8;V2.  

6. #>AB-A8=B57 <>45;N20==O – <>45;N20==O <>45;V, >B@8<0=>W 

C=0A;V4>: A8=B57C. *59 5B0? 40є 7<>3C ?>10G8B8 GVB:C :0@B8=C ?>254V=:8 

@>7@>1;5=>W HDL-<>45;V. 

7.  >45;N20==O 70B@8<>:, 2V4><5 B0:>6 O: G0A>20 25@8DV:0FVO, 

2:;NG0є >FV=:C G0A>28E ?0@0<5B@V2 25=B8;P=>W <>45;V. #V4 G0A FP>3> 5B0?C 

2@0E>2CNBPAO 5;5<5=B=V (V=5@FV9=V) V B@0=A?>@B=V 70B@8<:8, 0 B0:>6 A83=0;P=V 

?5@53>=8. 

8. $>7<VI5==O. "18@0єBPAO B5E=>;>3VO DV78G=>W @50;V70FVW A8AB5<8, I> 

?@>є:BCєBPAO, 74V9A=NєBPAO @50;V70FVO 5;5<5=BV2 25=B8;P=>W AB@C:BC@8 =0 

@50;P=V :><V@:8 GV?0, 28:>=CєBPAO >?B8<V70FVO @>7<VI5==O [14]. !0 FP><C 6 



 21

5B0?V 2 ?@8AB@V9 2=>AOBPAO 5;5<5=B8 4V03=>AB8G=>W V=D@0AB@C:BC@8 [15]. 

9. (V78G=0 25@8DV:0FVO B0 :>=AB@C:B>@AP:5 ?@>є:BC20==O 2:;NG0NBP 

0=0;V7 5=5@3>A?>6820==O, 28O2;5==O B5<?5@0BC@=8E 0=><0;V9, ?0@078B=8E 

є<=>AB59 B0 V=H8E =87P:>@V2=528E 5D5:BV2. !0 7025@H0;P=V9 AB04VW ?@>F5AC 

GV? C:;040єBPAO 2 V7>;P>20=89 :>@?CA B0 @>7<VICєBPAO =0 4@C:>20=V9 ?;0BV 

@07>< 7 V=H8<8 :><?>=5=B0<8 A8AB5<8, O:C ?@>є:BCNBP. 

#@>1;5<0 B5ABC20==O HDL-<>45;59 є =04728G09=> 0:BC0;P=>N, ?@> I> 

A2V4G8BP 25;8:0 :V;P:VABP =0C:>28E @>1VB, I> 254CBPAO 2 FP><C =0?@O<V, 0 

B0:>6 V=AB@C<5=B0;P=8E 70A>1V2, I> @>7@>1;ONBPAO 4;O A?@>I5==O 

B5ABC20==O B0:8E <>45;59. !8=V A:>@>G5==O G0AC B5ABC20==O, 0 B0:>6 

?V428I5==O O:>ABV B5ABV2 4>AO30єBPAO G5@57 A?5FV0;P=V @>7H8@5==O HDL, 

<5B>4>;>3V9 (UVM, OVM), AB2>@5==O< =>28E <0B5<0B8G=8E <>45;59 4;O 

<>45;N20==O =5A?@02=>AB59 [16-17].  

' [18-19] ?>:070=V >A>1;82>ABV 70AB>AC20==O B0 ?@>є:BC20==O 

@>7?>4V;5=8E A8AB5< @50;P=>3> G0AC B0 WE=є 70AB>AC20==O 4;O @V7=8E 

?@8:;04=8E 30;C759: <548F8=0, @>1>B>B5E=V:0 B>I>. "A>1;82>ABV 

?@>є:BC20==O ?@>3@0<=>3> 70157?5G5==O (#�) 4;O A8AB5< @50;P=>3> G0AC 

>?8A0=> C [20]. ' [21] @>73;O=CBV ?8B0==O @>7@>1;5==O B0 B5ABC20==O #� 4;O 

A8AB5< @50;P=>3> G0AC. #@>?>=CNBPAO H01;>=8 B5ABC20==O, >?8ACNBPAO 

B8?>2V 1V1;V>B5:8 B0 D@59<2>@:8 4;O 4V03=>AB8:8.  

 

1.2 �2B><0B=V <>45;V 2 A8AB5<0E ;>3VG=>3> C?@02;V==O @50;P=>3> G0AC 

,01;>= :V=F52>3> 02B><0B0 (FSM) є :0=>=VG=>N <>45;;N ?V4 G0A 

?@>є:BC20==V F8D@>28E A8AB5< C?@02;V==O B0 >1@>1:8 V=D>@<0FVW. �2B><0B є 

<0B5<0B8G=>N 01AB@0:FVєN, I> A:;040єBPAO 7 48A:@5B=8E <=>68= 2=CB@VH=VE 

AB0=V2, 28EV4=>3> B0 2EV4=>3> 0;D02VBV2, B0 ?>G0B:>2>3> AB0=C [22]. ' [23] 

?>:070=>, I> 1C4P-O:89 F8D@>289 ?@8AB@V9 <>6=0 @>73;O40B8 O: :><1V=0FVN 

42>E >A=>2=8E :><?>=5=BV2: >?5@0FV9=>3> B0 :5@CNG>3> 02B><0BV2 (��). 
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"?5@0FV9=89 ?@8AB@V9 01> >?5@0FV9=89 02B><0B ("�) ?@0FNє =0 >A=>2V 

?@8=F8?C <V:@>?@>3@0<=>3> C?@02;V==O, I> ?5@5410G0є B0:V :@>:8.  

1. �C4P-O:C >?5@0FVN ?@8AB@>N <>6=0 @>73;O40B8 O: ?>A;V4>2=VABP 

5;5<5=B0@=8E ;>3V:>-0@8D<5B8G=8E >?5@0FV9 =0 2EV4=8E A;>20E. 

2. �>3VG=V C<>28 287=0G0NBP ?>A;V4>2=VABP 28:>=0==O F8E >?5@0FV9. 

3.  V:@>?@>3@0<0 28@060є 0;3>@8B< C B5@<V=0E <V:@>>?5@0FV9 B0 

;>3VG=8E C<>2. 

4.  V:@>?@>3@0<0 ?@54AB02;Oє DC=:FV>=0;P=VABP ?@8AB@>N, 287=0G0NG8 

9>3> AB@C:BC@C B0 ?>@O4>: DC=:FV>=C20==O 2 G0AV. 

"?5@0FV9=89 02B><0B 70157?5GCє 715@V30==O A;V2 V=D>@<0FVW, 28:>=0==O 

<V:@>>?5@0FV9 0;3>@8B<C, @>18BP @>7@0EC=:8 7=0G5=P ;>3VG=8E C<>2, 

=5>1EV4=8E 4;O 28:>=0==O 0;3>@8B<C. �>3> E0@0:B5@87CNBP B0:V 48A:@5B=V 

<=>68=8: Y = {y1, ym} - <V:@>>?5@0FVW; X = {x1, xl} - ;>3VG=V C<>28, I> 

28=8:0NBP ?V4 G0A 28:>=0==O 0;3>@8B<C; D = {d1, dh} - 40=V, O:V ?>40NBPAO =0 

2EV4; R = {r1, rq} - @57C;PB0B8 >?5@0FV9; S = {s1, sn} - 2=CB@VH=V A;>20, I> 

<VABOBP V=D>@<0FVN 2 ?@>F5AV 28:>=0==O >?5@0FV9. !0 @8AC=:C 2.1 ?>:070=> 

AB@C:BC@C "� O: :><1V=0FVN >?5@0FV9=>W B0 :5@CNG>W G0AB8=8 B0 729O7:V2 <V6 

=8<8.  

 

 

 

$8AC=>: 2.1 – #@54AB02;5==O F8D@>2>3> ?@8AB@>N O: :><1V=0FVW >?5@0FV9=>W 

B0 :5@CNG>W G0AB8= 
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' [24-28] @>73;O=CB> ?@>F5A8 ?@>є:BC20==O F8D@>28E ?@8AB@>W2 V7 

28:>@8AB0==O< <>2 >?8AC 0?0@0BC@8 Verilog, VHDL. �>:@5<0, >:@5<V @>74V;8 

?@8A2OG5=> ?@>є:BC20==N =0 >A=>2V 02B><0BV2  C@0 B0  V;V 7 28:>@8AB0==O 

42>E B0 B@P>E?@>F5A>@=8E H01;>=V2. 

%8AB5<8 ;>3VG=>3> C?@02;V==O є @V7=>284>< A8AB5<8 ;>3VG=>3> 

C?@02;V==O (%�'). "A>1;82VABN B0:8E A8AB5< ?>;O30є 2 B><C, I> 2EV4=V 

A83=0;8 X V 28EV4=V A83=0;8 Y <>6CBP ?@89<0B8 BV;P:8 420 7=0G5==O – 0 B0 1 

70;56=> 2V4 3@0=8G=8E 7=0G5=P :>=:@5B=8E DV78G=8E 25;8G8=, I> 287=0G0NBP 

FV 7=0G5==O [29]. "1ʼє:B0<8 :5@C20==O %�' є @V7=><0=VB=V 40BG8:8, ?@8AB@>W 

@53C;N20==O 4>@>6=P>3> @CEC, B8A:C, B5<?5@0BC@8 B>I>. �0@B> 707=0G8B8, I> 

%�' 2?;820NBP =0 >1ʼє:B8 :5@C20==O G5@57 28:>=02GV 2C7;8 – <03=VB=V 

?CA:0GV, 5;5:B@><5E0=VG=V ?5@5B2>@N20GV, 3V4@>@><5E0=VG=V ?5@5B2>@N20GV 

B>I>. "B65, ?@8 ?@>є:BC20==V A8AB5<8 ;>3VG=>3> C?@02;V==O ?5@5410G0єBPAO, 

I> 2>=0 1C45 A:;04=8:>< :V=F52>3> >1ʼє:B0 :5@C20==O. �=D>@<0FVO ?@> 

@>1>BC B0 AB0= >1ʼє:B0 =04E>48BP 2 %�' 2V4 A83=0;V70B>@V2 AB0=>28I0, AB0=C 

9 ?0@0<5B@V2. 

#V4 G0A 28:>@8AB0==O 02B><0B=8E <>45;59 4;O >?8AC B0 ?@>є:BC20==O 

A8AB5< @50;P=>3> G0AC =5>1EV4=> 2@0E>2C20B8 >A>1;82>ABV E0@0:B5@=V 4;O F8E 

A8AB5<. *8:;8 A8=E@>A83=0;0 287=0G0NBP <0H8==89 (02B><0B=89) G0A, 

C?@>4>26 O:>3> DC=:FV>=Cє 02B><0B. "4=0: A8AB5<8 @50;P=>3> G0AC 

?@0FNNBP C <5B@8G=><C G0AV. �=H8<8 A;>20<8, AB0= B0:8E ?@8AB@>W2 

70;568BP O: 2V4 2EV4=8E A83=0;V2, B0: V 2V4 G0AC, C?@>4>26 O:>3> FV A83=0;8 

>1@>1;ONBPAO. �;O >?8AC B0:8E A8AB5< 28:>@8AB>2CєBPAO <>45;P G0A>2>3> 

02B><0B0 (TFSM). �>=F5?FVN G0A>2>3> 02B><0B0 O: A?>A>1C >?8AC A8AB5< 

@50;P=>3> G0AC 70?@>?>=>20=> C [30, 31]. �@0D ?5@5E>4V2 4>?>2=NєBPAO 

:V=F52>N <=>68=>N B09<5@V2, O:V ?@89<0NBP 4V9A=V 7=0G5==O. �5@H8=8 

3@0DC =07820NBPAO ?>78FVO<8, 0 @51@0 – ?5@5E>40<8. �>65= B09<5@ 

A:840єBPAO 4> =C;O ?V4 G0A ?5@5E>4C B0 71V;PHCє A2>є 7=0G5==O 7 :>6=8< 

F8:;>< FSM. �>65= ?5@5EV4 ?>29O70=89 7 >1<565==O< B0:B>2>3> A83=0;C, I> 
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>7=0G0є, I> F59 ?5@5EV4 <>6=0 74V9A=8B8, ;8H5 O:I> ?>B>G=V 7=0G5==O 

B09<5@0 704>2>;P=ONBP FP><C >1<565==N. �>6=0 ?>78FVO <0є >1<565==O 70 

B09<5@><, O:5 =07820єBPAO V=20@V0=B><; A8AB5<0 <>65 ?5@51C20B8 2 FP><C 

AB0=V ;8H5 4>B8, ?>:8 704>2>;P=OєBPAO WW V=20@V0=B.  

' [32] 4>A;V465=> D>@<0;P=V <5B>48 B5ABC20==O, O:V 2@0E>2CNBP G0A>2V 

E0@0:B5@8AB8:8 A8AB5<8. �;O >?8AC ?>254V=:8 A8AB5<8 1C;0 28:>@8AB0=0 

<>45;P TFSM, 45 70<VABP 1030BP>E B09<5@V2 22545=0 >4=0 G0A>20 7<V==0. 

�>65= ?5@5EV4 <V6 AB0=0<8 TFSM E0@0:B5@87CєBPAO G0A>< (70B@8<:>N), 

C?@>4>26 O:>3> 1C45 28:>=0=> ?5@5EV4. �;O 25@8DV:0FVW TFSM 22545=> 

?>=OBBO G0A>2>W :0@B8 (time trace) O: ?>A;V4>2=>ABV ?5@5E>4V2 <V6 AB0=0<8 B0 

G0A><, C?@>4>26 O:>3> 2>=8 2V41C20;8AO. �0?@>?>=>20=> 0;3>@8B< 35=5@0FVW 

?>2=>3> =01>@C B5ABV2, O:89 40є 7<>3C ?5@52V@8B8 2V4?>2V4=VABP <>45;V 

7040=8< G0A>28< ?0@0<5B@0<. ' [33] <>45;P TFSM @>7H8@5=> H;OE>< 

22545==O B09<-0CBC 2 AB0=V B0 70B@8<:8 ?V4 G0A ?5@5E>4C, I> 4>72>;Oє 1V;PH 

B>G=> 2@0E>2C20B8 ?0@0<5B@8 A8=E@>=V70FVW ?V4 G0A B5ABC20==O 

A8=E@>=V7>20=>3> 02B><0B0 G5@57 ?>1C4>2C G0A>28E :0@B, ?>G8=0NG8 2V4 

?>G0B:>2>3> AB0=C. 

#V4 G0A ?>1C4>28 B5ABV2 4;O A8=E@>=V7>20=>3> 02B><0B0 2 @>1>BV [34] 

@>73;O=CB> <>45;P TFSM, O:0 2@0E>2Cє B09<-0CB8 2 AB0=0E V 70B@8<:8 

28EV4=8E A83=0;V2 7 C@0EC20==O @50;V70FVW DC=:FVW ?5@5E>4V2. �>4=>G0A 

2@0E>2CєBPAO, I> O:I> 2?@>4>26 B09<-0CBC =5 =04E>48BP 2EV4=89 A83=0;, B> 

02B><0B ?5@5E>48BP C 45B5@<V=>20=89 AB0=. 

 >45;P G0A>2>3> 02B><0B0 2:;NG0є B@8 B8?8 G0A>28E ?0@0<5B@V2: B09<-

0CB8 2 AB0=0E, G0A>2V >1<565==O =0 ?@89<0==O 2EV4=8E A83=0;V2 V G0A >1@>1:8 

2EV4=>3> A83=0;C, B>1B> 70B@8<:0 28EV4=>3> A83=0;C I>4> 2EV4=>3>. �@V< 

B>3>, <>6=0 @>73;O40B8 G0A>2V 02B><0B8 7 <5=H>N :V;P:VABN ?0@0<5B@V2 [35-

37]. ' F8E @>1>B0E @>73;O40NBPAO 7040GV <V=V<V70FVW G0A>28E 02B><0BV2, 

?5@52V@:8 WE=P>W 5:2V20;5=B=>ABV B0 AB2>@5==O B5ABV2. 

' [38] 22545=> =>2C :;0A8DV:0FVN <>45;59 :V=F528E 02B><0BV2 70;56=> 

2V4 @50;V70FVW ?5@5E>4V2 B0 28EV4=8E A83=0;V2. 'AV 02B><0B8 @>74V;5=> =0 3 
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:;0A8. �2B><0B8 ?5@H>W :0B53>@VW (@53C;O@=V, regular) ?5@5E>48 70;560BP 

28:;NG=> 2V4 2EV4=8E A83=0;V2, 0 7=0G5==O 28EV4=8E A83=0;V2 – BV;P:8 2V4 

AB0=V2. *5 :;0A8G=V 02B><0B8  V;V B0  C@0. � 02B><0BV2 4@C3>W :0B53>@VW 

(G0A>2V, timed) ?5@5E>48 70;560BP 2V4 2EV4=8E A83=0;V2 B0 G0AC ?>O28 F8E 

A83=0;V2; 28EV4=V A83=0;8 – BV;P:8 2V4 AB0=V2. #5@5E>48 02B><0BV2 B@5BP>W 

:0B53>@VW (@5:C@A82=V. recursive) 70;560BP 2V4 2EV4=8E A83=0;V2 B0 G0AC WE 

?>O28, 0 28EV4=V – 2V4 B5?5@VH=P>3> AB0=C B0 ?>?5@54=P>3>, B>1B> 4;O 

28EV4=8E A83=0;V2 C AB0=V ai @50;V7CєBPAO DC=:FVO yi = yi + yj , 45 aj - 

?>?5@54=V9 AB0= 02B><0B0. 

� [39] @>73;O=CB0 C7030;P=5=0 <>45;P G0A>2>3> 02B><0B0 7 B09<0CB0<8 9 

G0A>28<8 >1<565==O<8 B0 28EV4=8<8 70B@8<:0<8. *O @>1>B0 є 

DC=40<5=B0;P=>N ?>3;O4C ?@>є:BC20==O A8AB5< ;>3VG=>3> C?@02;V==O 

@50;P=>3> G0AC, 0465 2?5@H5 ?@54AB02;5=> C7030;P=5=C <>45;P AB@C:BC@=>3> 

B5<?>@0;P=>3> :5@CNG>3> 02B><0B0 Y(t) = g(X(t), Z(t), T) , Z(t +1) = f (X (t), 

Z(t), T), 45 Х - <=>68=0 2EV4=8E A83=0;V2, Z - <=>68=0 2=CB@VH=VE 7<V==8E, 

O:0 287=0G0є AB0= 02B><0B0, Y - <=>68=0 28EV4=8E A83=0;V2, t - <0H8==89 G0A, 

I> 287=0G0єBPAO 2 02B><0B=8E B0:B0E, d - DC=:FVO 28E>4V2 B0 f - DC=:FVO 

?5@5E>4V2 AB@C:BC@=>3> 02B><0B0. T = {tc, to, td} є <=>68=>N G0A>28E 

?0@0<5B@V2 02B><0B0, 45: tE - G0A>2V >1<565==O, to - 2EV4=V 309<0CB8 V td - 

28EV4=V 70B@8<:8. ":@5<C C203C ?@84V;5=> A?>A>1C >1@>1:8 7>2=VH=VE ?>4V9. 

�;O :>6=>3> AB0=C ai 2AB0=>2;NNBPAO 2EV4=V >1<565==O tc(ai), B>1B> ?5@V>4 

G0AC, C?@>4>26 O:>3> 02B><0B C AB0=V ai <>65 >1@>1;OB8 2EV4=V ?>4VW. +0A>2V 

>1<565==O 287=0G0NBPAO 2 F8:;0E B0:BC A8=E@>A83=0;0 9 >1G8A;NNBPAO S> tc 

= (t1–t0). /:I> 7>2=VH=O ?>4VO 2V41C;0AO 70 <560<8 «2V:=0» G0A>28E 

>1<565=P – 02B><0B =5 @503Cє =0 =5W. ' FV9 @>1>BV 70?@>?>=>20=> 02B><0B=89 

H01;>= =0 <>2V VHDL, O:89 70157?5GCє @50;V70FVN G0A>28E ?0@0<5B@V2, I> 

70157?5GCє :>@5:B=89 A8=B57 B0 V<?;5<5=B0FVN 70?@>?>=>20=>W <>45;V C 

FGPA B0 CPLD.  
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' [40] 70?@>?>=>20=> CB>G=5=C :;0A8DV:0FVN A8AB5<=8E ?>4V9. *O 

:;0A8DV:0FVO 28:>@8AB>2CєBPAO ?V4 G0A @>7@>1;5==O A?5F8DV:0FVW 

?@>3@0<=>3> B0 0?0@0B=>3> 70157?5G5==O. Є B@8 :;0A8 7>2=VH=VE ?>4V9: 

– 1V7=5A-?>4VO – 4VO :>@8ABC20G0-;N48=8, O:0 AB8<C;Nє 4V0;>3 V7 

?@>3@0<=8< 01> 0?0@0B=8< 70157?5G5==O<, =0?@8:;04, :>;8 :>@8ABC20G 

=0B8A:0є :=>?:C; 

– A83=0;P=0 ?>4VO – B0:0 ?>4VO @5єAB@CєBPAO, :>;8 A8AB5<0 >B@8<Cє 

A83=0; :5@C20==O, 7G8BC20==O 40=8E 01> ?5@5@820==O 2V4 7>2=VH=P>3> 

0?0@0B=>3> ?@8AB@>N G8 V=H>W ?@>3@0<=>W A8AB5<8; 

– G0A>20 ?>4VO – ?>4VO, I> V=VFVNєBPAO 2 ?52=V ?@><V6:8 G0AC, 

=0?@8:;04, :>;8 3>48==8: :><?9NB5@0 4>AO30є 287=0G5=>3> G0AC 01> :>;8 

?>?5@54=P> 2AB0=>2;5=89 ?@><V6>: G0AC <8=C2 ?VA;O ?>?5@54=P>W ?>4VW (O: C 

A8AB5<V, O:0 70?8ACє ?>:070==O B5<?5@0BC@8 40BG8:0 :>6=V 10 A5:C=4). 

' [41] @>73;O40NBPAO A8AB5<8 @50;P=>3> G0AC, C O:8E 45O:V G0A>2V 

?0@0<5B@8 є =5287=0G5=8<8. &0:>6 @>73;O=CB> ?8B0==O ?0@0<5B@8G=8E 

02B><0BV2 V7 25@E=P>N <565N (The Upper-bound Parametric Timed Automata) – 

>4=5 7 =09?@>ABVH8E @>7H8@5=P G0A>28E 02B><0BV2 V7 ?0@0<5B@0<8, C O:><C 

?0@0<5B@8 28:>@8AB>2CNBPAO O: 25@E=O <560 B09<5@0. 

' [42] @>7@>1;5=> 01AB@0:B=V <>45;V B0 284V;5=> :;0A8 157?5G=8E 

02B><0BV2. �0?@>?>=>20=> B01;8G=V B0 3@0DVG=V <5B>48 70240==O B0:8E 

02B><0BV2, 0 B0:>6 <5B>48 A8=B57C 157?5G=8E 02B><0BV2 V7 DC=:FV9=>N 

453@040FVєN, O:V ґ@C=BCNBPAO =0 D>@<C20==V <=>68= 2V4?>2V40;P=8E 

>?5@0FV9 V ?>1C4>2V, 0=0;V7V B0 ?5@5B2>@5==V χ-02B><0BV2. 

 

1.3  5B>48 4V03=>AB8:8 F8D@>28E ?@8AB@>W2 @50;P=>3> G0AC 

�06;828< 0A?5:B>< ?>1C4>28 A8AB5< 02B><0B87>20=>3> C?@02;V==O 

@50;P=>3> G0AC є 70157?5G5==O =04V9=>ABV DC=:FV>=C20==O, I> =5<>6;82> 157 

28:>@8AB0==O A8AB5< 02B><0B870FVW 4V03=>ABC20==O. �V03=>ABC20==O <0є =0 

<5BV ?V428I5==O =04V9=>ABV B0 @5AC@AC B5E=VG=8E A8AB5<. "A=>2=8< 70240==O 
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B5E=VG=>W 4V03=>AB8:8 є >B@8<0==O 4>AB>2V@=8E 40=8E ?@> AB0= B5E=VG=>3> 

>1ʼє:B0 H;OE>< 71>@C, 0=0;V7C B0 >1@>1:8 @V7=8E ?0@0<5B@V2 >1;04=0==O, O:V 

<>6CBP 1CB8 O: O:VA=8<8, B0: V :V;P:VA=8<8. *59 ?@>F5A B0:>6 2:;NG0є 

C?@02;V==O >1;04=0==O< 2V4?>2V4=> 4> 287=0G5=>3> 0;3>@8B<C 

4V03=>ABC20==O. 

' @>1>BV [43], O:0 <0є 203><89 2?;82 C B5>@VW 5:A?5@8<5=BV2 7 

02B><0B0<8, ?@>?>=CєBPAO 28:>@8AB0==O E0@0:B5@8AB8G=8E ?>A;V4>2=>AB59, 

O:V 40NBP 7<>3C V45=B8DV:C20B8 B01;8FN ?5@5E>4V2-28E>4V2 (&#�) A?@02=>3> 

02B><0B0. *V ?@>F54C@8 =09:@0I5 ?@0FNNBP 4;O :;0AC <V=V<0;P=8E 

A8;P=>72'O7=8E 02B><0BV2 V7 E0@0:B5@8AB8G=8<8 ?>A;V4>2=>ABO<8. ' FV9 A0<V9 

@>1>BV 287=0G5=89 :;0A ?>A;V4>2=>AB59, O:V є 2AB0=>2;NNG8<8, 

A8=E@>=V7CNG8<8 B0 E0@0:B5@8AB8G=8<8, V O:V 4>?><030NBP C ?>1C4>2V 

4V03=>AB8G=8E 5:A?5@8<5=BV2 4;O 02B><0BV2, I> =5 <0NBP E0@0:B5@8AB8G=8E 

?>A;V4>2=>AB59. 

�06;828< =0?@O<>< B5ABC20==O 02B><0B=8E <>45;59 є 7=0E>465==O 

C=V:0;P=8E 2EV4-28EV4=8E ?>A;V4>2=>AB59 4;O V45=B8DV:0FVW 2=CB@VH=VE 

AB0=V2 02B><0BV2. #@>1;5<0 @>7@>1;5==O D>@<0;P=8E <5B>4V2 35=5@0FVW 

B5AB>28E ?>A;V4>2=>AB59 4;O 02B><0BV2 1C;0 0:B82=>N 4>A;V4=8FP:>N 

30;C77N 2 >AB0==V 45AOB8;VBBO. !0?@8:;04, C [44-47] ?@54AB02;5=> >3;O48 

B5ABC20==O =0 >A=>2V 02B><0B=8E <>45;59. ' [49-56] 70?@>?>=>20=> 45O:V 

B8?>2V <5B>48 282545==O B5AB>28E ?>A;V4>2=>AB59. 

' [57, 58] 70?@>?>=>20=> A?>AV1 ?>1C4>28 4V03=>AB8G=>3> 5:A?5@8<5=BC 

=04 3@0D>2>N <>45;;N 02B><0B0 G5@57 >1EV4 2AVE 4C3 3@0DC, ?>G8=0NG8 7 

?>G0B:>2>W 25@H8=8. �>4=>G0A ?5@52V@ONBPAO 2AV ?>>48=>:V =5A?@02=>ABV 

?5@5E>4V2, 0 B0:>6 A?@02=VABP DC=:FV9 ?5@5E>4V2 02B><0B0. 

#8B0==O B5ABC20==O G0A>28E 02B><0BV2 є >:@5<>N AD5@>N 4>A;V465=P. 

' AB0BBV [59] ?@54AB02;5=> <5B>4 >B@8<0==O ?>2=>3> =01>@C B5ABV2 4;O 

45B5@<V=>20=>3> 02B><0B0 7 B09<-0CB0<8, :>;8 2V4><V ;8H5 25@E=O <560 

:V;P:>ABV AB0=V2 V =091V;PH89 B09<-0CB AB0=C. #>:070=>, I> =01V@ B5ABV2, 

>B@8<0=89 4;O 2V4?>2V4=>3> :;0A8G=>3> 02B><0B0, =01030B> 4>2H89, =V6 
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>B@8<0=89 157?>A5@54=P> 7 02B><0B0 7 B09<-0CB0<8.  #@>1;5<8 =0?8A0==O 

B5ABV2 4;O G0A>28E 02B><0BV2, V45=B8DV:0FVW 2=CB@VH=VE AB0=V2, black-box 

25@8DV:0FVW ?@8A2OG5=> @>1>B8 [60-64]. 

' <5B>48FV, >?8A0=V9 C [65], 70?@>?>=>20=> >B@8<0==O B5ABV2 7 

30@0=B>20=8< ?>:@8BBO< =5A?@02=>AB59 =0 >A=>2V <>45;V A8=E@>=V7>20=>3> 

G0A>2>3> 02B><0B0 7 >4=8< B0:B>28< A83=0;><. #@>F5A >B@8<0==O B5ABC 

107CєBPAO =0 287=0G5==V >1;0ABV =5A?@02=>AB59, I> 4>72>;Oє AB2>@N20B8 

=01>@8 B5ABV2 V7 ?@89=OB=>N 4>268=>N. *O >1;0ABP 2:;NG0є 2AV <>6;82V 

?><8;:>2V @50;V70FVW 02B><0B0 7 2V4><8<8 =091V;PH8<8 <560<8 G0A>28E 

>1<565=P B0 <V=V<0;P=>N B@820;VABN G0A>28E >1<565=P. 

�8:>@8AB0==O %�#$ 40є 7<>3C ?@>є:BC20B8 F8D@>2V A8AB5<8 1C4P-O:>W 

A:;04=>ABV. *5, 7>:@5<0, AB0;> <>6;828< 7024O:8 <>20< >?8AC 0?0@0BC@8. 

"G5284=>, I> 7 >4=>3> 1>:C HDL-:>4 є =01>@>< A8=B0:A8G=8E :>=AB@C:FV9, 0 

7 V=H>W – <>45;;N ?@8AB@>N, I> ?@>є:BCєBPAO. &0:8< G8=><, B5ABC20==O 

HDL-<>45;59 є 206;828< 0A?5:B>< C ?@>F5AV ?@>є:BC20==O. '4>A:>=0;5==O 

VA=CNG8E B0 2?@>20465==O =>28E <5B>4V2 25@8DV:0FVW HDL-<>45;59 є 

>:@5<8< =0?@O<>< 4>A;V465=P.  

�V4><>, I> =09?@>ABVH>N A8AB5<>N B5ABC20==O HDL-:>4C є testbench. 

 5B>4>;>3VW =0?8A0==O testbench 7 28:>@8AB0==O <>28 SystemVerilog 

?@8A2OG5=> ?@0FN [66], C O:V9 @>73;O=CB> @V7=V <5B>4>;>3VW =0?8A0==O B5ABV2 

4;O 25@8DV:0FVW @V7=8E >A>1;82>AB59 F8D@>2>3> ?@>є:BC, 0 B0:>6 ?8B0==O 

0A5@FV9, DC=:FV>=0;P>3> ?>:@8BBO B0 1030B>@V2=52>W 0@EVB5:BC@8 B5AB>2>3> 

A5@54>28I0.  

' [67-69] @>73;O=CB> @V7=V <5B>4>;>3VW B0 B5E=>;>3VW 25@8DV:0FVW 

Application-Specific Integrated Circuit (ASIC) B0 System-on-a-Chip (SoC) 

?@>є:BV2. �:BC0;P=VABP ?@>1;5<8 B5ABC20==O, ?>?C;O@=VABP ?V4E>4V2 B0 @VH5=P 

?@8725;> 4> 28=8:=5==O A?5FV0;P=8E HDL 1V1;V>B5: B0 <5B>4>;>3V9, B0:8E O: 

OVM [70] B0 UVM [71]. *5 40;> 7<>3C A:>@>B8 G0A =0?8A0==O B5AB>2>W 

V=D@0AB@C:BC@8 70 @0EC=>: 28:>@8AB0==O H01;>=V2 V7 3>B>28E 1V1;V>B5:. 
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' [72] 1C;> ?@54AB02;5=> <>4C;P=C :>=AB@C:FVN SoC, O:0 A;V4:Cє 70 

0:B820FVєN AB@C:BC@ >1'є:BV2 V=B5;5:BC0;P=>W 2;0A=>ABV (IP-Cores) C B5AB>28E, 

=0;03>46C20;P=8E B0 DC=:FV9=8E @568<0E. #>:@0I5=0 V=D@0AB@C:BC@0 SoC 

Design-for-Test (DfT) 2:;NG0є 70E>48 157?5:8 4;O 70?>1V30==O 7>2=VH=V< 

0B0:0< =0 IP-Core C @568<0E B5ABC20==O. %?>G0B:C 70E8I0NBPAO 0:B828 IP-

Cores B0 SoC 2V4 0B0: C B5AB>28E B0 =0;03>46C20;P=8E @568<0E, 0 ?>BV< 

V=D@0AB@C:BC@0 DfT 28:>@8AB>2CєBPAO 4;O 28O2;5==O 0B0: C DC=:FV9=><C 

@568<V. 

' [73], ?@>?>=CєBPAO :><?;5:A=89 >3;O4 @V7=8E 0A?5:BV2 157?5:8 SoC 2 

@568<V B5ABC20==O, 2:;NG=> 7 2V4><8<8 <>45;O<8 703@>7, :;0A8DV:0FVN 

0B0:CNG8E B0 VA=CNG8E <5B>4V2. &0:>6 ?@54AB02;5=0 :>=F5?FVO 4;O ?>1C4>28 

157?5G=>W V=D@0AB@C:BC@8 B5ABC20==O SoC 7 D>:CA>< =0 B5ABC20==O 

21C4>20=8E O45@. 

�V 7@>AB0==O< B5E=>;>3VG=>W A:;04=>ABV ACG0A=8E :>=AB@C:FV9 SoC 

?@>4>26CNBP 71V;PHC20B8AO 2 @>7<V@0E B0 70;CG0B8 4540;V 1V;PH5 IP-Cores. ' 

72'O7:C V7 F8< AB0є =01030B> A:;04=VH8< 7025@H8B8 B5ABC20==O 25;8:8E SoC 2 

<560E 7040=8E G0A>28E 28B@0B V 20@B>ABV. �2B><0B87>20=89 Vє@0@EVG=89 B5AB 

70728G09 4>?><030є 5D5:B82=> 28@VH8B8 FN ?@>1;5<C, 0;5 4;O B0:8E A8AB5< 

?V43>B>2:0 2EV4=8E 40=8E, >A>1;82> V=D>@<0FVW =0 @V2=V IP-Cores B0 >?8AC 

B5AB>28E ?>A;V4>2=>AB59, 70728G09 709<0є 1030B> G0AC. ' [74], 1C;> 

?@54AB02;5=> 5D5:B82=5 @VH5==O 4;O ?V43>B>2:8 28EV4=8E 40=8E 4;O 

Vє@0@EVG=>W A8AB5<8 B5ABC20==O IP-Cores C A:;04V SoC. 

 

1.4  5B>48 B5AB>?@840B=>3> B0 0A5@FV9=>3> ?@>є:BC20==O F8D@>28E 

?@8AB@>W2 

�@>AB0==O A:;04=>ABV A8AB5< 71V;PH8;> =0O2=89 @>7@82 <V6 

<>6;82>ABO<8 ?@>є:BC20==O B0 <5B>40<8 B5ABC20==O B0 25@8DV:0FVW. *5 

?@8725;> 4> 28=8:=5==O =>28E <5B>4>;>3V9 25@8DV:0FVW ACG0A=8E ?@>є:BV2 =0 

A8AB5<=><C @V2=V, 0 A0<5 <5B>4V2 D>@<0;P=>W 25@8DV:0FVW. #V4 D>@<0;P=>N 
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25@8DV:0FVєN F8D@>2>3> ?@>є:BC 1C45<> @>7C<VB8 ?@>F5A 4>2545==O 01> 

A?@>ABC20==O ?@028;P=>ABV A8AB5<8 2V4?>2V4=> 4> ?52=>3> =01>@C 

D>@<0;P=8E 28<>3 V7 28:>@8AB0==O< <0B5<0B8G=8E <5B>4V2 [75]. 

"A=>2=8< 70240==O<8 ?@8 28:>@8AB0==V D>@<0;P=8E <5B>4V2 є 

28O2;5==O 2;0AB82>AB59 F8D@>2>3> ?@>є:BC, WE=V9 >?8A B0 ?>40;PH0 

25@8DV:0FVO. ' @>1>B0E [76-78] >?8A0=> B5>@5B8G=V 70A048 D>@<0;P=8E 

<5B>4V2 25@8DV:0FVW ?@8 ?@>5:BC20==V 0?0@0BC@8.  0B5<0B8G=89 0?0@0B 

D>@<0;P=8E <5B>4V2 45B0;P=> @>73;O=CB> 2 ?@0FOE [80-86].  

�=H>N DC=40<5=B0;P=>N @>1>B>N 2 FV9 30;C7V є 4>A;V465==O [79], C 

O:><C @>73;O=CB> ?8B0==O ?@0:B8G=>3> 70AB>AC20==O D>@<0;P=8E <5B>4V2 =0 

@50;P=8E ?@>є:B0E V=4CAB@VW, 0 A0<5 =0 <V:@>?@>F5A>@0E, >1;04=0==V 4;O 

>1G8A;5=P V7 ?;020NG>N :><>N, ?@>B>:>;0E, ?V4A8AB5<0E ?0<'OBV B0 

:><C=V:0FV9=><C >1;04=0==V. &0:>6 1C;> 40=> 4>:;04=V E0@0:B5@8AB8:8 

@V7=8< <5E0=V7<0< >?8AC D>@<0;P=8E 2;0AB82>AB59, O:->B B5<?>@0;P=0 

;>3V:0, ;>3V:0 ?@548:0BV2, 01AB@03C20==O B0 CB>G=5==O. $>73;O=CBV <5B>48 

25@8DV:0FVW 2:;NG0NBP ?5@52V@:C <>45;V, 02B><0B87>20=V B5>@5B8G=V <5B>48, 

02B><0B87>20=5 4>2545==O B5>@5< B0 ?V4E>48, O:V >19є4=CNBP 28I5707=0G5=V 

<5B>48. 

' [87] 70?@>?>=>20=> <>45;P 25@8DV:0FVW SoC ?@>є:BV2. $>73;O=CB0 

<>45;P 107CєBPAO =0 @>7H8@5==O HDL-:>4C 70 4>?><>3>N ?@>3@0<=8E 

:>=AB@C:FV9 C D>@<V 0A5@FV9, O:V 40NBP 7<>3C VAB>B=> 7<5=H8B8 G0A 

AB2>@5==O ?@>B>B8?C ?@>є:BC. �8:;045=V B5>@5B8G=V ?>;>65==O V ?@0:B8G=V 

?@8:;048, O:V 4>2>4OBP 5D5:B82=VABP <5E0=V7<C 0A5@FV9 4;O 28@VH5==O 

70240=P ?5@52V@:8 ?@>є:BV2 =0 A8AB5<=><C @V2=V.  

(>@<0;P=V <5B>48 ?5@52V@:8 ?@>є:BC20==O 0?0@0B=>3> 70157?5G5==O, 

2:;NG=> 7 A5:25=FV9=8<8 B0 ?0@0;5;P=8<8 A8AB5<0<8, G0A>2>N ;>3V:>N, 

0;3>@8B<0<8 ?5@52V@:8 <>45;V, A8<2>;P=>N ?5@52V@:>N <>45;V B0 

V=AB@C<5=B0<8 D>@<0;P=>W ?5@52V@:8 45B0;P=> @>73;O=CB> C [88-92]. 

' [93] 70?@>?>=>20=> <>45;P 25@8DV:0FVW F8D@>28E A8AB5< =0 GV?V 

(SoC).  >45;P 107CєBPAO =0 @>7H8@5==O 48709=C 7 4>?><>3>N ?@>3@0<=>3> 
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:>4C C D>@<V 0A5@FV9=8E :>=AB@C:FV9, O:V 40NBP 7<>3C VAB>B=> 7<5=H8B8 G0A 

AB2>@5==O ?@>B>B8?C 48709=C. �8:;045=> B5>@5B8G=V ?>;>65==O V ?@0:B8G=V 

?@8:;048, O:V 4>2>4OBP 5D5:B82=VABP 70?@>?>=>20=8E ?V4E>4V2 4;O 28@VH5==O 

70240=P ?@>є:BC20==O ?5@52V@:8 =0 A8AB5<=><C @V2=V. 

":@5<8< =0?@O<>< ?@0:B8G=>3> 70AB>AC20==O D>@<0;P=8E <5B>4V2 є 

28@07 2;0AB82>AB59 A?5FV0;P=8<8 <>20<8. "A=>2=8<8 <>20<8 >?8AC 

2;0AB82>AB59 є Property Specification Language (PSL) [94] (28:>@8AB>2CєBPAO C 

VHDL, Verilog, System Verilog) B0 SystemVerilog Assertions (SVA) [11] 

(?V4<=>68=0 <>28 System Verilog).  

#8B0==N 28:>@8AB0==O PSL ?@8A2OG5=> ?@0FV [95-96]. ' F8E ?@0FOE 

@>73;O=CB> >A=>2=V >?5@0B>@8, 0A?5:B8 >?8AC B5<?>@0;P=8E 2;0AB82>AB59, 

@V2=V 25@8DV:0FVW B0 ?@>є:B8 7 1030BP<0 A8=E@>A83=0;0<8.  

%8=B0:A8G=V >A>1;82>ABV B0 28:>@8AB0==O <>28 SVA є B5<>N ?@0FP [97-

99]. ' 70?@>?>=>20=8E @>1>B0E @>73;O=CB> A8=B0:A8A <>28, >?8A @V7=>3> B8?C 

2;0AB82>AB59, AB@0B53VW 28:>@8AB0==O 0A5@FV9 4;O ?V428I5==O O:>ABV ?@>F5AC 

25@8DV:0FVW B0 A:>@>G5==O 9>3> G0AC. 

 

1.5  5B0 B0 ?>AB0=>2:0 7040G 4>A;V465==O 

#@>0=0;V7C202H8 A?8A>: ?C1;V:0FV9 7 B5<0B8:8 ?@>є:BC20==O F8D@>28E 

?@8AB@>W2 @50;P=>3> G0AC 7 28:>@8AB0==O< 02B><0B=8E H01;>=V2, <>6=0 

7@>18B8 28A=>2>:, I> F5 ?8B0==O <0є =87:C =54>A;V465=8E 0A?5:BV2. *5 

=0A0<?5@54 AB>ACєBPAO ?8B0==O >1@>1:8 7>2=VH=VE ?>4V9 C <>45;OE B0:8E 

?@8AB@>W2, 25@8DV:0FVW B0 4V03=>AB8:8, 0 B0:>6 ?>1C4>28 ;53:>B5AB>20=8E 

HDL-<>45;59.  

�V4><>, I> >A=>2=8< A?>A>1>< B5ABC20==O HDL-<>45;59 02B><0BV2 є 

=0?8A0==O testbench, C O:><C @50;V7CєBPAO ?52=0 AB@0B53VO >1E>4C CAVE AB0=V2 

B0 4C3 V7 2V4?>2V4=8< 0=0;V7>< 28EV4=8E A83=0;V2. *59 A?>AV1 є 5D5:B82=8< 70 

70740;53V4P 2V4><V9 <>45;V 02B><0B0, 0;5 =5 ?V4E>48BP ?V4 G0A black-box 

B5ABC20==O, :>;8 B5ABC20;P=8: =5 7=0є 2=CB@VH=V 45B0;V V<?;5<5=B0FVW. ":@V< 
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B>3>, A8AB5<8 ;>3VG=>3> C?@02;V==O @50;P=>3> G0AC ?>B@51CNBP 25@8DV:0FVW 

G0A>28E ?0@0<5B@V2 ?@>є:B>20=>W <>45;V. *5 =5 702648 <>6;82> 7@>18B8 7 

28:>@8AB0==O< :;0A8G=8E ?V4E>4V2.  

%CB=VABP 4>A;V465==O ?>;O30є C 24>A:>=0;5==V =0O2=8E HDL-H01;>=V2 

<>45;59 ?@8AB@>W2 ;>3VG=>3> C?@02;V==O @50;P=>3> G0AC, 0 A0<5 0A?5:BC 

>1@>1:8 7>2=VH=VE ?>4V9, I> 4>72>;8BP @>7H8@8B8 :;0A ?@8AB@>W2 ;>3VG=>3> 

C?@02;V==O @50;P=>3> G0AC; A:>@>G5==V G0AC ?@>є:BC20==O G5@57 28:>@8AB0==O 

0A5@FV9=8E :>=AB@C:FV9 4;O >?8AC B5<?>@0;P=8E >A>1;82>AB59 HDL-

<>45;59; A:>@>G5==V G0AC ?@>2545==O 4V03=>AB8G=>3> 5:A?5@8<5=BC G5@57 

22545==O 0?0@0BC@=>W =04;8H:>2>ABV =0 5B0?V ?@>є:BC20==O HDL-<>45;V. 

$8=:>20 ?@8201;82VABP 4>A;V465==O ?>;O30є C 2?@>20465==V 3>B>28E 

HDL-H01;>=V2 ?@8AB@>W2 ;>3VG=>3> C?@02;V==O @50;P=>3> G0AC =0 >A=>2V 

:5@CNG8E 02B><0BV2, I> 40ABP 7<>3C A:>@>B8B8 G0A =0?8A0==O ?>G0B:>2>W 

HDL-<>45;V; 2?@>20465==V <>45;59 B0 <5B>4V2 0A5@FV9=>3> ?@>є:BC20==O, I> 

<0є =0 <5BV 7<5=H5==O G0AC 25@8DV:0FVW, 0 2V4?>2V4=> TTM. 

"1ʼє:B>< 4>A;V465==O є ?@>F5A8 ?@>є:BC20==O B0 B5ABC20==O :5@CNG8E 

02B><0BV2 C ?@8AB@>OE ;>3VG=>3> C?@02;V==O @50;P=>3> G0AC. 

#@54<5B 4>A;V465==O – <>45;V B0 <5B>48 ?@>є:BC20==O V 25@8DV:0FVW 

HDL-<>45;59 B5<?>@0;P=8E :5@CNG8E 02B><0BV2.  0B5<0B8G=89 0?0@0B: 

B5>@VO 3@0DV2, B5>@VO 02B><0BV2, B5E=VG=0 4V03=>AB8:0. 

 5B0 4>A;V465==O – ?@>є:BC20==O, 25@8DV:0FVW B0 4V03=>AB8:8 A8AB5< 

@50;P=>3> G0AC =0 107V <>45;59 :V=F528E 02B><0BV2 7 4>?><>3>N 

2?@>20465==O H01;>=V2 =0 <>20E >?8AC 0?0@0BC@8, O:V 28:>@8AB>2CNBPAO 4;O 

A8=B57C ?@8AB@>W2 @50;P=>3> G0AC.  

#V4 G0A 4>A;V465==O 28:>@8AB>2CNBPAO B0:V <5B>48: ?>1C4>20 H01;>=V2 

=0 <>20E >?8AC 0?0@0BC@8 Verilog, System Verilog B0 VHDL 4;O ?@>є:BC20==O 

F8D@>28E ?@8AB@>W2 @50;P=>3> G0AC; 2?@>20465==O 4>40B:>28E 0A5@FV9=8E 

:>=AB@C:FV9 2 HDL :>4 F8D@>2>3> ?@8AB@>N 4;O 7<5=H5==O G0AC 25@8DV:0FVW 

B0 ?V428I5==O O:>ABV B5ABC; 2?@>20465==O 0?0@0BC@=>W =04;8H:>ABV 4;O 

?V428I5==O B5AB>?@840B=>ABV :V=F52>3> ?@8AB@>N; C4>A:>=0;5==O 
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B5<?>@0;P=>3> 3@0DC ?5@5E>4V2; 0=0;V7 B0 :;0A8DV:0FVW A8AB5< @50;P=>3> G0AC 

70;56=> 2V4 A?>A>1V2 >1@>1:8 7>2=VH=VE ?>4V9 B0 2840GV 28EV4=8E A83=0;V2. 

�8I5=02545=V ?C=:B8 A?@O<>20=V =0 A:>@>G5==O G0AC ?@>є:BC20==O B0 

25@8DV:0FVW, 0 2V4?>2V4=> =0 7<5=H5==O G0AC 28E>4C 3>B>2>3> F8D@>2>3> 

28@>1C =0 @8=>: (time-to-market), I> є A2VB>28< B@5=4>< C AD5@V 

02B><0B870FVW ?@>є:BC20==O >1G8A;N20;P=>W B5E=V:8. 

�0240==O 4>A;V465==O. 

1. $>7@>1;5==O <5B>48 25@8DV:0FVW B5<?>@0;P=8E <>45;59 G0A>28E 

02B><0BV2 70 4>?><>3>N 0?0@0BC D>@<0;P=>W 25@8DV:0FVW 4;O 7<5=H5==O G0AC 

5B0?C 25@8DV:0FVW F8D@>2>3> ?@>5:BC. 

2. '4>A:>=0;5==O =0O2=8E B0 @>7@>1;5==O =>28E <>45;59 B0 <5B>4V2 

<>45;N20==O F8D@>28E A8AB5< @50;P=>3> G0AC 7 >1@>1:>N 7>2=VH=VE ?>4V9. 

3. $>728B>: A?>A>1V2 ?>1C4>28 ;53:>B5AB>20=>3> G0A>2>3> 02B><0BC =0 

>A=>2V 22545==O 0?0@0BC@=>W =04;8H:>2>ABV C HDL >?8A, I> ACBBє2> 

A:>@>B8BP 4>268=C B5AB>2>W ?>A;V4>2=>ABV G5@57 ?V428I5==O :5@>20=>ABV 

3@0D>2>W <>45;V G0A>2>3> 02B><0BC. 

4. $>7@>1;5==O ?@>3@0<=>3> :><?;5:AC 02B><0B870FVW 70?@>?>=>20=8E 

<5B>4V2 25@8DV:0FVW B0 ?@>є:BC20==O. 
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2 HDL- "���� "�$"��� #"��� ' %�%&� �) $���,!"�" +�%' 

�@C389 @>74V; @>1>B8 ?@8A2OG5=> @>7@>1;5==N <>45;59 B0 <5B>4V2 

>1@>1:8 7>2=VH=VE ?>4V9 C A8AB5<0E ;>3VG=>3> C?@02;V==O @50;P=>3> G0AC, O:V 

>?8A0=V G5@57 28:>@8AB0==O 02B><0B=8E H01;>=V2.  

' ?@>F5AV @>1>B8 =5>1EV4=> 28@VH8B8 =0ABC?=V ?8B0==O: 

1) :;0A8DV:C20B8 ?@8AB@>W @50;P=>3> G0AC 70;56=> 2V4 <5B>4V2 >1@>1:8 

7>2=VH=VE ?>4VW; 

2) =0 107V 70?@>?>=>20=>W :;0A8DV:0FVW @>7@>18B8 HDL-H01;>=8 

>1@>1:8 7>2=VH=VE ?>4V9 =0 107V 02B><0B=8E H01;>=V2 @50;P=>3> G0AC; 

3) ?@>25AB8 <>45;N20==O B0 A8=B57 70?@>?>=>20=8E HDL-H01;>=V2.  

 

2.1 %5<0=B8:0 G0A>2>3> 02B><0B0 

"4=VєN 7 :0=>=VG=8E D>@< ?@54AB02;5==O >?5@0FV9=>3> B0 :5@CNG8E 

1;>:V2 є :V=F5289 02B><0B (Finite State Machine). &0:0 D>@<0 ?@54AB02;5==O 

?@8AB@>N 40є 7<>3C A8=B57C20B8 48A:@5B=V AE5<8 157 C@0EC20==O G0A>28E 

?0@0<5B@V2 B0 :>=:@5B=8E DV78G=8E 5;5<5=BV2, 7 O:8E FV AE5<8 ?>1C4>20=V. 

�>=F5?FVO 02B><0B0 @50;P=>3> G0AC – F5 A?>AV1 >?8AC A8AB5< @50;P=>3> 

G0AC, 22545=89 C [30]. �@0D>20 <>45;P 02B><0B0 4>?>2=NєBPAO A:V=G5=>N 

<=>68=>N B09<5@V2, O:V ?@89<0NBP =0BC@0;P=V 25;8G8=8. �V7C0;P=8< >?8A>< 

<>45;V G0A>2>3> 02B><0B0 є B5<?>@0;P=89 3@0D ?5@5E>4V2. &0:89 3@0D 

@>7H8@NєBPAO B09<5@><, O:89 28:>@8AB>2CєBPAO 4;O 70B@8<>: C AB0=0E. 

&09<5@ 28:>@8AB>2CєBPAO 4;O ?5@51C20==O 2 AB0=V 2?@>4>26 ?52=>W :V;P:>ABV 

B0:BV2 A8=E@>A83=0;0.  

Є 420 B8?8 B5<?>@0;P=8E ?5@5E>4V2 – G0A>2V B0 C<>2=>-G0A>2V. !0 

@8AC=:C 2.1 =02545=> D@03<5=B 02B><0B0 7 G0A>28<8 B0 C<>2=>-G0A>28<8 

?5@5E>40<8. ' =86=V9 G0AB8=V ?@54AB02;5=> @>73>@=CBV 3@0D8 7 

28:>@8AB0==O< O2=>3> 7=0G5==O B09<5@0 2 >?8AV C<>2. #5@5EV4 <V6 AB0=0<8 A 

B0 B – F5 728G09=89 G0A>289 ?5@5EV4, 70 O:>3> 02B><0B 70;8H0єBPAO 2 AB0=V A 

C?@>4>26 T F8:;V2 A8=E@>A83=0;0. '<>20 =0?8A0=0 C D>@<V T - 1, >A:V;P:8 



 35

2=CB@VH=V9 B09<5@ ?@89<0B8<5 7=0G5==O 2V4 0 4> t = T - 1. #5@5EV4 BA 

70;568BP 2V4 AB0=C 4>?><V6=>3> B09<5@0 V 2EV4=>3> A83=0;C X. "B65, 02B><0B 

?5@51C20B8<5 2 AB0=V B ?@8=09<=V 2?@>4>26 T - 1 B0:BV2. &0:89 B8? ?5@5E>4V2 

=07820єBPAO C<>2=>-G0A>28<8. 

 

 

 

$8AC=>: 2.1 – #@8:;04 B5<?>@0;P=8E ?5@5E>4V2 

 

#8B0==O >?8AC HDL-H01;>=V2 ґ@C=B>2=> @>73;O=CB> 2 @>1>B0E [38-39]. 

�>:@5<0, C F8E @>1>B0E @>73;O=CB> >1@>1:C >4=>B0:B>28E ?>4V9. �0@B> 

70C2068B8, I> є :;0A ?@8AB@>W2, DC=:FV>=0;P=VABP O:8E 70;568BP =5 BV;P:8 

2V4 7>2=VH=P>W ?>4V, 0;5 V 2V4 WW G0A>28E E0@0:B5@8AB8:. !0?@8:;04, 70B8A:0==O 

:;02VHV 28<8:0є ?@8AB@V9; B@820;VABP 70B8A:0==O :=>?:8 =0 ?C;PBV :5@C20==O 

A2VB;>D>@>< ?5@52>48BP 9>3> 2 @V7=V @568<8 @>1>B8. *59 :;0A ?@8AB@>W2 

28<030є 2V4>1@065==O 2 =0O2=8E <>45;OE =0 107V :V=F528E 02B><0BV2. 

 

2.2 �;0A8DV:0FVO 7>2=VH=VE ?>4V9 B0 <5B>48 WE=P>W >1@>1:8 

'B>G=5==O :;0A8DV:0FVW 7>2=VH=VE ?>4V9 70?@>?>=>20=> C [40]. 'AV ?>4VW 

4V;OBPAO =0 3 :;0A8: 1V7=5A-?>4VW, A83=0;8 B0 G0A>2V ?>4VW. *O :;0A8DV:0FVO є 

206;82>N ?V4 G0A AB2>@5==O A?5F8DV:0FVW F8D@>2>3> ?@8AB@>N. �=H8< 

206;828< 0A?5:B>< є ?8B0==O >1@>1:8 ?>4V9 C HDL-:>4V, 0 A0<5 ?8B0==O 

A8=E@>=V70FVW, >A:V;P:8 ?>4VW <>6CBP 1CB8 A8=E@>==8<8 B0 0A8=E@>==8<8. 
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%8=E@>==8<8 ?>4VO<8 1C45<> =07820B8 ?>4VW, >1@>1:0 O:8E 70;568BP 2V4 

D@>=BC A8=E@>A83=0;0; 0A8=E@>==8<8 – BV, O:V =5 70;560BP 2V4 D@>=BC 

A8=E@>A83=0;0. /A:@028< ?@8:;04>< B0:>3> @>4C ?>4VW є A83=0; A:840==O 

(reset), O:89 <>65 1CB8 O: 0A8=E@>==8<, B0: V A8=E@>==8<. �81V@ <V6 

A8=E@>==8< 01> 0A8=E@>==8< A:840==O< 70;568BP 2V4 E0@0:B5@C ;>3V:8, I> 

?@>є:BCєBPAO, B0 28<>3 ?@>є:BC. !0 @8AC=:C 2.2 =02545=> ?@8:;04 VHDL-:>4C 

V7 A8=E@>==8< (;V20 G0AB8=0) B0 0A8=E@>==8< A83=0;>< A:840==O rst (?@020 

G0AB8=0).  

 

 

 

$8AC=>: 2.2 – #@8:;04 0A8=E@>==>3> B0 A8=E@>==>3> A:840==O 

 

� ?>3;O4C 02B><0B=8E H01;>=V2 >1@>1:0 7>2=VH=VE ?>4V9 2V41C20єBPAO 2 

?@>F5AV, O:89 >?8ACє :><1V=0FV9=C ;>3V:C ?5@5E>4V2 V =5 70;568BP 2V4 

A8=E@>A83=0;0. ' G0A>28E 02B><0B0E >1@>1:C 7>2=VH=VE ?>4V9 287=0G0є 

?0@0<5B@ tc (timing constaint, G0A>25 >1<565==O) – ?5@V>4 G0AC, C?@>4>26 O:>3> 

FSM C AB0=V ai <>65 >1@>1;OB8 2EV4=V ?>4VW. *59 ?0@0<5B@ 287=0G0єBPAO 2 

F8:;0E A8=E@>A83=0;C 9 >1G8A;NєBPAO O: tc = (t1–t0). #@8 t1 = ∞ V t0 = 0 

02B><0B =5 <0є G0A>28E >1<565=P =0 >1@>1:C 2EV4=8E A83=0;V2. /:I> 

7>2=VH=O ?>4VO AB0;0AO 70 <560<8 «2V:=0» G0A>28E >1<565=P – 02B><0B =5 

@503Cє =0 =5W. 

 

2.3 HDL H01;>=8 >1@>1:8 7>2=VH=VE ?>4V9 C ?@8AB@>OE @50;P=>3> G0AC 

2.3.1 "1@>1:0 7>2=VH=VE ?>4V9 7 <V=V<0;P=>N B@820;VABN 
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�87=0G8<>, I> G0A>2V >1<565==O ?>4VW – F5 7=0G5==O tc(X(i)) = [c1], I> 

?>7=0G0є <V=V<0;P=89 G0A B@820;>ABV ?52=>3> 2EV4=>3> A83=0;C. ' ?@8:;04V 7 

:=>?:>N 1;>:C20==O <>1V;P=>3> B5;5D>=C tc = 3 (4;O ?@>AB>B8 28:;045==O F5 

7=0G5==O =02545=> 2 A5:C=40E). *5 >1<565==O ?>:065<> =0 B5<?>@0;P=><C 

3@0DV O: ?5@5EV4. � C<>2V FP>3> ?5@5E>4C =5>1EV4=> 2@0E>2C20B8 7=0G5==O 

B09<5@0 7V 7=0G5==O< tc(X(i)). 

!0 @8AC=:C 2.3 =02545=> ?@8:;04 B0:>3> ?5@5E>4C. /: V 28?04:C 

B5<?>@0;P=>3> ?5@5E>4C 2 C<>2V 15@5BPAO 4> C2038 AB0= B09<5@0. �>;>2=>N 

2V4<V==VABN є B5, I> B09<5@ B5?5@ <0є =86=N 3@0=8FN, B>1B> 4;O CA?VH=>W 

7<V=8 AB0=C a2/a3 =5>1EV4=>, 018 A83=0; ?>4VW evnt 1C2 0:B82=8< (?@89<02 

7=0G5==O 28A>:>3> @V2=O, B>1B> 819) B0 B09<5@ 1C2 1V;PH8< 70 7=0G5==O 

tc(evnt). �2545<> 420 ;>3VG=V ?V4AB0=8 AB0=C a2: a2/reset F4 a2/inc. ' @07V, O:I> 

A83=0; evnt ?@89<0є 7=0G5==O 28A>:>3> @V2=O, 0;5 7=0G5==O B09<5@0 <5=H5 70 

tc(evnt), B> 02B><0B ?5@5E>48BP C ?V4AB0= a2/inc. ' FP><C AB0=V B09<5@ 

V=:@5<5=BCє 2=CB@VH=V9 AB0=. /:I> A83=0; evnt ?@89<0є 7=0G5==O =87P:>3> 

@V2=O (809) B0 7=0G5==O B09<5@0 <5=H5 70 tc(evnt) – 02B><0B >?8=OєBPAO C 

?V4AB0=V a2/reset, C O:><C B09<5@ A:840єBPAO C 0. �06;82> 70C2068B8, I> 

=5>1EV4=> <0B8 AB0=, ?5@5EV4 C O:89 =5 1C45 70;560B8 2V4 B09<5@0. *5 є 

206;828< 4;O C=8:=5==O F8:;V2. ' 40=><C ?@8:;04V B0:8< AB0=>< є a1, C 

O:89 02B><0B ?5@5E>48BP ?@8 28A>:><C @V2=V A83=0;C rst. 
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$8AC=>: 2.3 – #@8:;04 B5<?>@0;P=>3> ?5@5E>4C 7 ?>4VєN 

 

�0;56=> 2V4 E0@0:B5@C 7>2=VH=P>W ?>4VW, <>6=0 284V;8B8 G>B8@8 

<>6;82V B8?8 ?>254V=:8, I> 2V4?>2V40NBP 01> ?>@CHCNBP G0A>2C 28<>3C. �;O 

?>40;PH>3> @>73;O4C ?@8?CAB8<>, I> A83=0; evnt <CA8BP 70;8H0B8AO =0 

28A>:><C @V2=V C?@>4>26 =5 <5=H5 =V6 4 B0:BV2 A83=0;C clk. #5@H89 AF5=0@V9 

?5@5410G0є, I> 7>2=VH=O ?>4VO B@820є @V2=> =5>1EV4=89 G0A. ' FP><C @07V 

02B><0B ?5@5E>48BP C =0ABC?=89 AB0=, V 2=CB@VH=V9 ;VG8;P=8: A:840єBPAO. !0 

G0A>2V9 4V03@0<V =0 @8AC=:C 2.4 ?>:070=>, O: A83=0; evnt 70;8H0єBPAO =0 

28A>:><C @V2=V C?@>4>26 4 B0:BV2 A8=E@>A83=0;C clk (<V=V<0;P=> =5>1EV4=0 

B@820;VABP 4;O 7<V=8 AB0=V2), ?VA;O G>3> 02B><0B ?5@5E>48BP C =>289 AB0= a3. 

+5@2>=8<8 ?C=:B8@=8<8 ;V=VO<8 ?>7=0G5=> ?>G0B>: B0 7025@H5==O 

>1G8A;5==O ?>4VW 2=CB@VH=V< B09<5@><. 

�@C389 AF5=0@V9 2V4?>2V40є A8BC0FVW, :>;8 ?>4VO B@820є 4>2H5, =V6 tE 

2V4?>2V4=>3> AB0=C. �06;82> 707=0G8B8, I> 4;O :;0AC ?@8AB@>W2, 73040=8E C 

2ABC?V, 1V;PH0 B@820;VABP ?>4VW =5 є :@8B8G=>N, >A:V;P:8 28:>=CєBPAO C<>20 

<V=V<0;P=>W B@820;>ABV ?>4VW. &0: A0<>, O: V 2 ?>?5@54=P><C 28?04:C, 02B><0B 

?5@5945 2 =0ABC?=89 AB0= 7V A:840==O< ;VG8;P=8:0. 
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$8AC=>: 2.4 – +0A>20 4V03@0<0 B5<?>@0;P=>3> ?5@5E>4C 7 ?>4VєN, O:0 B@820є 

@V2=> =5>1EV4=C :V;P:VABP B0:BV2 

 

!0 @8AC=:C 2.5 ?>:070=> G0A>2C 4V03@0<C 4;O B0:>3> 28?04:C. �3V4=> 7 

4V03@0<>N, A83=0; evnt 70;8H0єBPAO =0 28A>:><C @V2=V C?@>4>26 5 B0:BV2, I> 

=0 1 B0:B 4>2H5 2V4 =5>1EV4=>3> 7=0G5==O. /: V 2 ?>?5@54=P><C 28?04:C, 

02B><0B ?5@5945 2 =>289 AB0= V @>7?>G=5 7=>2C ;VG8;P=8:. �V4@V7>:, =0 O:><C 

A83=0; evnt <0є ?>78B82=5 7=0G5==O, ?>7=0G5=89 75;5=8< ?C=:B8@><, 0 

<><5=B 7<V=8 AB0=C 02B><0B0 – G5@2>=8<. 

 

 

 

$8AC=>: 2.5 – +0A>20 4V03@0<0 B5<?>@0;P=>3> ?5@5E>4C 7 ?>4VєN, B@820;VABN 

1V;PH5 =V6 =5>1EV4=> 
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&@5BV9 AF5=0@V9 2V4>1@060є A8BC0FVN, :>;8 ?>4VO B@820є <5=H5 

2:070=>3> G0AC. &CB 02B><0B 70;8H0єBPAO 2 B><C A0<><C AB0=V 7V A:840==O< 

;VG8;P=8:0, O: ?>:070=> =0 @8AC=:C. 2.6. %:840==O ;VG8;P=8:0 є 206;82>N 

>?5@0FVєN, >A:V;P:8 B09<5@ ?>28=5= 1CB8 3>B>289 4> >1@>1:8 =0ABC?=8E 

?>B5=FV9=8E ?>4V9. 

 

 

 

$8AC=>: 2.6 – +0A>20 4V03@0<0 B5<?>@0;P=>3> ?5@5E>4C 7 ?>4VєN, B@820;VABN 

<5=H5 =V6 =5>1EV4=> 

 

�06;82> @>73;O=CB8 <>6;82VABP BC?8:0, 4> O:>3> <>65 ?>B@0?8B8 

02B><0B, O:I> 7>2=VH=O ?>4VO =5 B@820є =5>1EV4=89 G0A 01> 27030;V =5 

2V41C20єBPAO. �;O FP>3> 02B><0B <0є A83=0; A:840==O, I> ?5@52545 ?@8AB@V9 C 

?>?5@54=P> 7040=89 AB0=. �0728G09 4;O FP>3> 2 V=B5@D59AV F8D@>2>3> 

?@8AB@>N є A83=0; A:840==O. �0@B> 707=0G8B8, I> F59 A83=0; <0є 28I89 

?@V>@8B5B, =V6 V=HV 2EV4=V A83=0;8. *5 >A>1;82> 206;82> ?V4 G0A =0?8A0==O 

0?0@0BC@=>W @50;V70FVW ?@8AB@>N 7 28:>@8AB0==O< <>2 >?8AC 0?0@0BC@8. !0 

@8AC=:C 2.7 =02545=0 G0A>20 4V03@0<0, I> >?8ACє FN A8BC0FVN - A83=0; evnt 

70;8H0єBPAO =0 28A>:><C @V2=V >4=>G0A=> V7 A83=0;>< rst, 0;5 02B><0B 

?5@5E>48BP C AB0= a1, >A:V;P:8 A83=0; rst <0є 1V;PH89 ?@V>@8B5B. 
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$8AC=>: 2.7 – +0A>20 4V03@0<0 B5<?>@0;P=>3> ?5@5E>4C ?@8 0A8=E@>==><C 

A:840==V 

 

2.3.2 HDL-H01;>= >1@>1:8 ?>4V9 7 G0A>28<8 28<>30<8 

#@>V;NAB@Cє<> B5>@5B8G=V 28:;04:8 7 >1@>1:8 7>2=VH=VE ?>4V9 V7 

<V=V<0;P=>N B@820;VABN =0 ?@8:;04V <>45;V <>4C;O 5=5@3>715@565==O. *59 

<>4C;P 70728G09 28:>@8AB>2CєBPAO 2 A8AB5<0E V7 :@8B8G=8< 

5=5@3>A?>6820==O< 4;O 7<5=H5==O A?>6820==O 5=5@3VW, :>;8 A8AB5<0 =5 

?@0FNє 2?@>4>26 ?52=>3> ?5@V>4C. 

 >4C;P ?@0FNє C 42>E @568<0E: 109?0A V 5=5@3>715@565==O. �EV4=89 

0;D02VB A:;040єBPAO 7 B0:8E 42V9:>28E A83=0;V2 X = {onn, evnt}, 45 onn – 

A83=0; 4;O 2:;NG5==O 0;3>@8B<C 5=5@3>715@565==O, evnt – A83=0; 

A?>2VI5==O ?@> B5, I> AB0;0AO 7>2=VH=O ?>4VO, V A8AB5<0 <0є 289B8 7 @568<C 

5=5@3>715@565==O. �8EV4=V 42V9:>2V A83=0;8 =0;0HB>20=V B0:: Y = {save}, 45 

save >7=0G0є 2EV4 C @568< 5=5@3>715@565==O. �=B5@D59A <>4C;O B0 9>3> 

72'O7>: 7 V=H8<8 2C7;0<8 A8AB5<8 ?>:070=V =0 @8AC=:C. 2.8. 
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$8AC=>: 2.8 – �;>:-AE5<0 <>4C;O 5=5@3>715@565==O B0 9>3> 72ʼO7:C 7 V=H8<8 

2C7;0<8 

 

!0ABC?=8< :@>:>< є 287=0G5==O AB0=V2 02B><0B0 B0 G0A>28E >1<565=P. 

!01V@ AB0=V2 B0:89: 

1) AB0= a0 – <>4C;P ?@0FNє 2 @568<V 109?0A, B>1B> 7>2=VH=V ?>4VW =5 

2V4AB56CNBPAO; 

2)  AB0=8 a1/a2 – @>7@0EC=>: @568<C 5=5@3>715@565==O – O:I> 2?@>4>26 

DV:A>20=>3> ?5@V>4C G0AC =5 2V41C20єBPAO 6>4=8E ?>4V9, 02B><0B ?5@5E>48BP C 

AB0= a3; 

3) AB0= 43 – @568< 5=5@3>715@565==O – A83=0; save ?@89<0є 28A>:89 

;>3VG=89 @V25=P; 

4) tc(evnt) –  <V=V<0;P=89 G0A (C F8:;0E A8=E@>A83=0;0) C?@>4>26 O:>3> 

A83=0; evnt <0є 1CB8 C =87P:><C ;>3VG=><C 7=0G5==V (0). 

�;3>@8B< @>1>B8 <>4C;O 715@565==O 5=5@3VW 4>A8BP ?@>AB89. ->@07C, 

:>;8 F59 1;>: 2<8:0єBPAO A83=0;>< onn, 2V= ?>G8=0є <>=VB>@8=3 2EV4=>3> 

A83=0;C evnt. /:I> A83=0; evnt =5 ?@89<0є 28A>:89 ;>3VG=89 @V25=P 

C?@>4>26 DV:A>20=>3> G0AC – A8AB5<0 <0є ?5@59B8 2 @568< 5=5@3>715@565==O 

(A83=0; save ?@89<0є 7=0G5==O 1). %8AB5<0 28E>48BP V7 @568<C 715@565==O 2 

@07V 2AB0=>2;5==O A83=0;C evnt 01> 28<:=5==O <>4C;O G5@57 2EV4=89 A83=0; 

onn 7 ?>40;PH8< 7=OBBO< A83=0;C 715@565==O. �V4?>2V4=89 B5<?>@0;P=89 
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3@0D ?5@5E>4V2 ?@54AB02;5=> B0 Verilog >?8A ;>3V:8 ?5@5E>4V2 ?@54AB02;5=> 

=0 @8AC=:C 2.9.  

 

 

 

$8AC=>: 2.9 – &5<?>@0;P=89 3@0D ?5@5E>4V2 <>4C;O 5=5@3>715@565==O B0 

D@03<5=B Verilog >?8AC 

 

�V4?>2V4=C G0A>2C 4V03@0<C ?>:070=> =0 @8AC=:C 2.10 – BCB tc(evnt) 

4>@V2=Nє 5 B0:B0<. #5@V>4 >1G8A;5==O ?>4VW ?>7=0G5=> G5@2>=8<8 ;V=VO<8; 

A8=V ;V=VW ?>7=0G0NBP 7<V=C A83=0;V2 (evnt V onn), I> ?5@52>48BP 02B><0B C 

@568< <>=VB>@8=3C 01> 109?0A @568<. 

 



 44

 

 

$8AC=>: 2.10 – +0A>20 4V03@0<0 @>1>B8 <>4C;O 5=5@3>715@565==O 

 

�;O 25@8DV:0FVW B0 A8=B57C ?@>є:BC 28:>@8AB>2C20;0AO %�#$ Xilinx ISE 

14.7. #>254V=:>25 <>45;N20==O B0 ?>AB-A8=B57 <>45;N20==O 4;O ?>G0B:>2>3> 

>?8AC 1C;> 28:>=0=> =0 CPLD XC9572XL-10-TQ100 (Post-Fit Simulation) V =0 

FPGA XC3S100E-5vq100 (Post-Place & Route Simulation). 

�0B@8<:0 <V6 ?5@5E>40<8 02B><0B0 0 =A. #>>48=>:8E :>@>B:>G0A=8E 

V<?C;PAV2 =5 70DV:A>20=>. "B65, ?V4 G0A A8=B57C ?@8AB@>N =0 FPGA V CPLD 

9>3> @>1>B0 2V4?>2V40є >@83V=0;P=><C >?8AC (A?5F8DV:0FVW). "GV:C20=0 

<V=V<0;P=0 :V;P:VABP B@835@V2 AB0=>28BP 5: 2 B@835@8 4;O :>4C20==O 4 AB0=V2, 

3 B@835@V2 4;O ;VG8;P=8:0 (>A:V;P:8 <0:A8<0;P=89 B09<-0CB AB0=>28BP 3 

B0:B8). %E5<0B8G=89 72VB RTL 4;O >1>E <V:@>AE5< ?V4B25@482 F5. 

' 72VBV 2V4ACB=V ;0BG-B@835@8. �;O @50;V70FVW DC=:FV9 ?5@5E>4V2 V 

28E>4V2 A8=B57>20=> :><1V=0FV9=V AE5<8. 36 :><1V=0FV9=8E 5;5<5=B0 

A8=B57>20=> =0 XC9572-7PC44, 0 24 :><1V=0FV9=8E 5;5<5=B8 – =0 XC3S100E-

5vq100.  

�;O FPGA: <V=V<0;P=89 B0:B>289 ?5@V>4: 2,945 =A (<0:A8<0;P=0 

G0AB>B0: 339,570  �F). �;O CPLD: <V=V<0;P=89 B0:B>289 ?5@V>4: 8,000 =A 

(<0:A8<0;P=0 G0AB>B0: 125,000  �F). 
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2.3.3 "1@>1:0 7>2=VH=VE ?>4V9 7 2V:=>< ?@89><C 

":@5<8< :;0A>< F8D@>28E ?@>є:BV2 є ?@8AB@>W, DC=:FV>=0;P=VABP O:8E 

70;568BP 2V4 A?V22V4=>H5==O 2V:=0 ?@89><C ?>4VW (tc) B0, 2;0A=5, B@820;>ABV 

?>4VW. &0:>3> @>4C <>45;V <0NBP A2>W >A>1;82>ABV ?V4 G0A ?>1C4>28 HDL-

<>45;V. !0 @8AC=:C 2.11 7>1@065=> 3@0D B0:>3> @>4C <>45;V B0 <>6;828E 

?5@5E>4V2 70 @V7=><C A?V22V4=>H5==V B@820;>ABV 7>2=VH=P>W ?>4VW B0 2V:=0 

?@89><C. &CB R – A83=0; A:840==O, e – 7>2=VH=O ?>4VO, te – B@820;VABP 

7>2=VH=P>W ?>4VW, tc – 2V:=> ?@89><C. 

 

 

 

$8AC=>: 2.11 – �@0D ?5@5E>4V2, I> 70;568BP 2V4 B@820;>ABV 7>2=VH=P>W ?>4VW 

B0 WW A?V22V4=>H5==O 7 2V:=>< ?@89><C tc(a0) 

 

�;O B0:>3> B8?C <>45;59 <>6;82V G>B8@8 20@V0=B8 ?5@5E>4C: 

− a0 – a1 70 2V4ACB=>ABV ?>4VW 2 ?5@V>4 tc(a0); 

− a0 – a2 70 C<>28, I> ?>4VO ?>2=VABN C 2V:=V ?@89><C - te * tc(a0); 

− a0 – a3 70 C<>28, I> ?>4VO G0AB:>2> C 2V:=V ?@89><C - te ~ tc(a0); 

− a0 – a4 70 C<>28, I> B@820;VABP ?>4VW 1V;PH0 70 2V:=> ?@89><C - te > 

tc(a0); 
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�8I5>?8A0=V AF5=0@VW ?>254V=:8 ?@54AB02;5=> =0 @8AC=:C 2.12. &CB 

6>2B8< :>;P>@>< ?>7=0G5=> 2V:=> ?@89><C. 

 

 

 

$8AC=>: 2.12 – %?V22V4=>H5==O 2V:=0 ?@89><C B0 B@820;>ABV ?>4VW 

 

�;O ?@>AB>B8 ?>1C4>28 HDL >?8AC (7<5=H5==O :>=AB@C:FV9 if-else) 

@>7H8@8<> 3@0D 2.11 4>40B:>28<8 AB0=0<8.  

a0 – ?>G0B:>289 AB0=, C O:><C 02B><0B ?5@51C20є 4> ?>G0B:C 2V:=0 

?@89><C. #V4 G0A =0AB0==O 2V:=0 ?@89><C 2V41C20єBPAO ?5@5EV4 C AB0= 01 ?@8 

2V4ACB=>ABV ?>4VW 01> 2 AB0= 04 (?>G0B>: ?>4VW 2V41C2AO 4> 2V:=0 ?@89><C). 

a1 – AB0= 28O2;5==O ?>G0B:C ?>4VW (?5@54=V9 D@>=B) C 2V:=V ?@89><C. 

#5@5EV4 C AB0= 42 70 28O2;5==O ?5@54=P>3> D@>=BC; C AB0= 47 – 70 2V4ACB=>ABV 

?>4VW. 

a2 – 28O2;5==O :V=FO ?>4VW. #5@5EV4 C AB0= 43, O:I> :V=5FP ?>4VW 2V41C2AO 

C 2V:=V ?@89><C, V=0:H5 – C AB0= 46. 

a3 – AB0=, O:89 ?>:07Cє, I> ?>4VO 2V41C;0AO C 2V:=V ?@89><C.  

a4 – 28O2;5==O :V=FO ?>4VW ?@8 C<>2V, I> ?>G0B>: ?@8?02 70 2V:=>< 

?@89><C. #5@5EV4 C AB0= 45, O:I> :V=5FP ?>4VW 2V41C2AO C 2V:=V ?@89><C, 

V=0:H5 – C AB0= 46. 

a5 – AB0=, O:89 ?>:07Cє, I> ?>4VO G0AB:>2> 2V41C;0AO C 2V:=V ?@89><C. 

a6 – AB0=, O:89 ?>:07Cє, I> B@820;VABP ?>4VW ?>70 2V:=>< ?@89><C. 

a7 – AB0=, O:89 ?>:07Cє 2V4ACB=VABP ?>4VW ?V4 G0A 2V:=0 ?@89><C. 
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"=>2;5=89 3@0D ?5@5E>4V2 7>1@065=> =0 @8AC=:C 2.13.  

 

 

 

$8AC=>: 2.13 – "=>2;5=89 3@0D ?5@5E>4V2, I> 70;568BP 2V4 B@820;>ABV 

7>2=VH=P>W ?>4VW B0 WW A?V22V4=>H5==O 7 2V:=>< ?@89><C tc(a0) 

 

2.3.4 HDL-H01;>= >1@>1:8 7>2=VH=VE ?>4V9 7 2V:=>< ?@89><C 

�;O V;NAB@0FVW 70?@>?>=>20=8E B5>@5B8G=8E 28:;04>: ?>1C4Cє<> HDL 

H01;>= 28I5707=0G5=>W <>45;V 7 ?>40;PH8< <>45;N20==O< B0 A8=B57><. !0 

@8AC=:C 2.14 ?>:070=> Verilog H01;>= >1@>1:8 7>2=VH=VE ?>4V9 V7 2V:=>< 

?@89><C. 

 

 

$8AC=>: 2.14 – Verilog H01;>= >1@>1:8 ?>4V9 7 2V:=>< ?@89><C 
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$>73;O=5<> 1V;PH ґ@C=B>2=> <>6;82V AF5=0@VW ?>254V=:8 B0 2V4?>2V4=V 

G0A>2V 4V03@0<8. �;O ?>40;PH8E 28:;04>: ?@89<5<>, I> 2V:=> ?@89><C 

7>2=VH=P>W ?>4VW tc = [1; 5] B0:BV2 A8=E@>A83=0;0. !0 @8AC=:C 2.15 7>1@065=> 

?5@H89 28?04>: ?>254V=:8, :>;8 7>2=VH=O ?>4VW ?>2=VABN C 2V:=V ?@89><C. 

+5@2>=8<8 AB@V;:0<8 ?>:070=> ?>G0B>: B0 :V=5FP 7>2=VH=P>W ?>4VW btn. !0 FV9 

4V03@0<V 284=>, I> ?>4VO ?5@51C20є ?>2=VABN C 2V:=V ?@89><C (?>G0B>: ?>4VW 

?@8?040є =0 7=0G5==O B09<5@0 2, 0 :V=5FP – =0 5). "4@07C ?VA;O :V=FO ?>4VW 

02B><0B ?5@5E>48BP C AB0= a3 B0 A83=0; in_window ?@89<0є 28A>:89 ;>3VG=89 

@V25=P (?>4VO ?>2=VABN C 2V:=V ?@89><C). 

 

 

 

$8AC=>: 2.15 – (@03<5=B G0A>2>W 4V03@0<8, :>;8 ?>4VO ?>2=VABN C 2V:=V 

?@89><C 

 

%8BC0FVN, :>;8 ?>4VO G0AB:>2> C 2V:=V ?@89><C 7>1@065=> =0 @8AC=:C 

2.16. �84=>, I> ?>G0B>: ?>4VW ?5@51C20є 70 2V:=>< ?@89><C (?>G0B>: ?>4VW 

?@8?040є =0 7=0G5==O B09<5@0 0), 0 WW :V=5FP – =0 5. "4@07C ?VA;O :V=FO ?>4VW 

02B><0B ?5@5E>48BP C AB0= a5 B0 A83=0; in_wnd_part ?@89<0є 28A>:89 

;>3VG=89 @V25=P (?>4VO ?>2=VABN C 2V:=V ?@89><C). 

 

 

 

$8AC=>: 2.16 – (@03<5=B G0A>2>W 4V03@0<8, :>;8 ?>4VO G0AB:>2> C 2V:=V 
?@89><C 
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+0A>20 4V03@0<0 =0 @8AC=:C 2.17 >?8ACє A8BC0FVN, :>;8 ?>4VO 28E>48BP 

70 2V:=> ?@89><C. �84=>, I> ?>G0B>: ?>4VW V :V=5FP ?>4VW 7=0E>4OBPAO 70 

2V:=>< ?@89><C (?>G0B>: ?>4VW ?@8?040є =0 7=0G5==O B09<5@0 0), 0 WW :V=5FP – 

=0 5. "4@07C ?VA;O B>3>, O: 2=CB@VH=V9 ;VG8;P=8: (count) ?@89<0є 7=0G5==O 6 

(count > C2) 02B><0B ?5@5E>48BP C AB0= a6 B0 A83=0; out_wnd ?@89<0є 28A>:89 

;>3VG=89 @V25=P (?>4VO 70 2V:=>< ?@89><C). 

 

 

 

$8AC=>: 2.17 – (@03<5=B G0A>2>W 4V03@0<8, :>;8 ?>4VO 70 2V:=>< 

?@89><C 

"AB0==V9 AF5=0@V9 – ?>4VO =5 2V41C20єBPAO 2?@>4>26 2V:=0 ?@89><C. /: 

284=> 7 4V03@0<8 =0 @8AC=:C 2.18, C B0:><C @07V 02B><0B ?5@5E>48BP C AB0= a7 

7V 71C465==O< A83=0;C no_evnt. 

 

 

 

$8AC=>: 2.18 – (@03<5=B G0A>2>W 4V03@0<8, :>;8 ?>4VO 2V4ACB=O C 2V:=V 

?@89><C 
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%8=B57 70?@>?>=>20=>W <>45;V 1C;> ?@>2545=> 2 A5@54>28IV Vivado 7 

28:>@8AB0==O< SoC AV<59AB20 Zynq-7000. !0 @8AC=:C 2.19 ?@54AB02;5=> 

@57C;PB0B8 D@03<5=B @57C;PB0BV2 A8=B57C @V2=O @53VAB@V2 (RTL). #V4 G0A 

A8=B57C 1C;> 28:>@8AB0=> 11 FF B@835@V2 (8 4;O :>4C20==O AB0=V2 C=VB0@=8< 

:>4>< B0< 3 4;O 2=CB@VH=P>3> B09<5@0) B0 10 LUT 4;O @50;V70FVW 

:><1V=0FV9=>W G0AB8=8 ;>3V:8.  

 

$8AC=>: 2.19 – (@03<5=B @57C;PB0BV2 A8=B57C 4;O SoC Zynq-7000 

 

2.4 �8A=>2:8 4> @>74V;C 2  

1. $>7H8@5=> :;0A ?@8AB@>W2 @50;P=>3> G0AC – ?@8AB@>W, O:V 

DC=:FV>=CNBP =0 107V ?>4V9 V7 ?52=>N B@820;VABN 2 G0AV B0 ?@8AB@>W, 

DC=:FV>=0;P=VABP O:8E 70;568BP 2V4 A?V22V4=>H5==O B@820;>ABV ?>4VW B0 2V:=0 

?@89><C. 

2. $>7@>1;5=> HDL-<>45;V >1@>1:8 7>2=VH=VE ?>4V9 V7 B@820;VABN. 

 >45;N20==O ?@>2>48;>AO 7 28:>@8AB0==O< A8AB5<8 <>45;N20==O EDA 

Playground.  

3. �5@8DV:0FVN 70?@>?>=>20=8E HDL <>45;V 1C;> ?@>2545=> C 42>E 

%�#$: Vivado 7 28:>@8AB0==O< SoC AV<59AB20 Zynq 7000 B0 Xilinx 7 

28:>@8AB0==O< FPGA XC3S500E-5fg320 B0 CPLD XC9572XL-10-TQ100. 

�2B><0B87>20=89 A8=B57 B0 ?>AB-A8=B57 <>45;N20==O ?V4B25@48;> 

?@0F5740B=VABP 70?@>?>=>20=8E H01;>=V2. 
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3 �%�$*��!� #$"Є�&'��!!/ &� ����!"%&'��!!/ +�%"��) 

��&" �&�� 

&@5BV9 @>74V; @>1>B8 ?@8A2OG5=> ?@>є:BC20==N A8AB5< @50;P=>3> G0AC 

7 4>?><>3>N 0A5@FV9 B0 <5B>4V2 D>@<0;P=>W 25@8DV:0FVW.  

' ?@>F5AV 4>A;V465==O =5>1EV4=> 28@VH8B8 B0:V ?8B0==O: 

1) 287=0G8B8 <VAF5 D>@<0;P=8E <5B>4V2 25@8DV:0FVW 2 ACG0A=><C 

?@>F5AV ?@>є:BC20==O; 

2) @>7@>18B8 <5B>48:0 @>7AB0=>2:8 0A5@FV9 C HDL-<>45;OE ?@8AB@>W2 

@50;P=>3> G0AC; 

3) @>7@>18B8 H01;>=8 0A5@FV9=8E :>=AB@C:FV9 4;O 25@8DV:0FVW G0A>28E 

?0@0<5B@V2 ?@8AB@>W2 @50;P=>3> G0AC.  

 

3.1 '7030;P=5=0 <>45;P 25@8DV:0FVW F8D@>28E ?@8AB@>W2 

' 72'O7:C 7 V=B5=A82=8< @>728B:>< F8D@>28E ?@8AB@>W2 V @>AB>< WE=P>W 

A:;04=>ABV ?5@52V@:0 F8D@>28E ?@8AB@>W2 AB0є 2A5 1V;PH 0:BC0;P=>N B5<>N. 

�8A>:V 28B@0B8, 7C<>2;5=V B@C4>є<:VABN ?5@52V@:8 DC=:FV>=0;P=> V 

AB@C:BC@=> A:;04=8E AE5<, <>6CBP 4>AO30B8 70% 2V4 7030;P=>3> G0AC 

@>7@>1;O==O ?@>є:BC. �8:>@8AB0==O <>2 >?8AC 0?0@0BC@8 4>72>;8;> 

?V428I8B8 @V25=P 01AB@0:FVW C ?@>F5AV ?@>є:BC20==V. �>4=>G0A =09=86G8< 

@V2=5< 45B0;V70FVW F8D@>28E ?@8AB@>W2 7 ?>3;O4C 02B><0B870FVW ?@>є:BC20==O 

є @V25=P @5єAB@>28E ?5@540G (RTL).  >45;P 4;O B5ABC20==O F8D@>2>W A8AB5<8 

HDL-:>4C ?@54AB02;5=0 B0:8< xor-2V4=>H5==O< <V6 ?0@0<5B@8  

A?5F8DV:0FVєN F, @50;V70FVєN T B0 =5A?@02=>ABO<8 F (?><8;:0<8 

?@>є:BC20==O): 

 ÿ⨁Ā⨁F = 0,  (3.1) 
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�5@8DV:0FVO – F5 ?@>F5A ?5@52V@:8 B>3>, I> ?@>5:B>20=0 A8AB5<0 (B>1B> 

@50;V70FVO) ?>2>48BPAO 2V4?>2V4=> 4> 7040=>3> =01>@C 28<>3 (A?5F8DV:0FVN) 9 

>?8ACєBPAO O: T⊕L=F.  

&5ABC20==O – ?@>F5A 7=0E>465==O ?><8;>: ?@>є:BC20==O 4;O 7040=>3> 

:;0AC =5A?@02=>AB59 V7 28:>@8AB0==O 2EV4=>3> 25:B>@C B0 0=0;V7>< 28EV4=>3> 

25:B>@C F=T⊕L. 

�A5@FV9=0 B>G:0 – A?5FV0;P=0 :>=AB@C:FVO 4;O ?5@52V@:8 2V4?>2V4=>ABV 

?>254V=:8 F8D@>2>3> ?@8AB@>N 7040=V9 A?5F8DV:0FVW. 

�>:@5<0, C [100] >?8A0=> B5E=>;>3VN 4V03=>AB8:8 SoC HDL-<>45;V, I> 

ґ@C=BCєBPAO =0 3@0DV:C B@0=70:FV9 :>4C (Code-Flow Transaction Graph). 

�0?@>?>=>20=> <5B>4 4V03=>AB8:8, A?@O<>20=89 =0 7<5=H5==O G0AC 

28O2;5==O =5A?@02=>ABV B0 ?0<'OBV 4;O 715@V30==O 4V03=>AB8G=>W <0B@8FV, 

G5@57 D>@<C20==O B@8:><?>=5=B=8E 72'O7:V2 <V6 B5AB><, <>=VB>@>< 

(0A5@FVO<8) B0 DC=:FV>=0;P=8<8 :><?>=5=B0<8. �0?@>?>=>20=> <>45;P 

@>7AB0=>2:8 0A5@FVW =0 >A=>2V 0=0;V7C ABC-3@0DC, O:89 ?@54AB02;Oє HDL-:>4.  

 

3.2 (>@<0;P=0 25@8DV:0FVO B0 WW <VAF5 C ?@>5:BC20==V 

Є 420 A?>A>18 25@8DV:0FVW <>45;59 F8D@>28E ?@8AB@>W2. �V;PH 

B@048FV9=8< A?>A>1>< є <>45;N20==O (simulations). &0:89 A?>AV1 ?5@5410G0є 

?>40==O ?52=8E 2EV4=8E ?>A;V4>2=>AB59 (testbench) B0 0=0;V7 2V4?>2V4=8E 

28EV4=8E 25:B>@V2 (70728G09 =0 G0A>28E 4V03@0<0E). *59 A?>AV1 є 2A5 I5 

=091V;PH 28:>@8AB>2C20=8< B0 ?@872V2 4> 28=8:=5==O <5B>4>;>3V9, O:->B 

Universal Verification Methodology, B0 <>2 4;O ?@>є:BC20==O :><?;5:A=8E 

A5@54>28I 25@8DV:0FVW, O:V 2:;NG0NBP C A515 02B><0B8G=C 35=5@0FVN 

B5AB>28E 25:B>@V2, 20;V40FVN 28EV4=8E ?>A;V4>2=>AB59 B0 0=0;V7 :>4>2>3> 

?>:@8BBO. "A=>2=>N 204>N B0:>3> 284C 25@8DV:0FVW є 71V;PH5==O A:;04=>ABV 

?@>F5AC 25@8DV:0FVW, 0 2V4?>2V4=> 9 G0AC ?@>2545==O, 7V 71V;PH5==O< @>7<V@C 

?@>є:BC.  
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�;PB5@=0B82=8< ?V4E>4>< є D>@<0;P=0 <5B>4>;>3VO, O:0 28:>@8AB>2Cє 

A?5F8DV:0FVW/>1<565==O (70?8A0=V O: 2;0AB82>ABV) V 28:>@8AB>2Cє 

<0B5<0B8G=89 0?0@0B 4;O 4>2545==O (01> A?@>ABC20==O), I> ?@>є:B>20=0 

A8AB5<0 2V4?>2V40є F8< 28<>30<. /:I> >?8A0=0 2;0AB82VABP 28O2;OєBPAO 

=5?@02482>N, V=AB@C<5=B =040ABP :>=B@?@8:;04 7 CAV<0 2EV4=8<8 40=8<8, 

=5>1EV4=8<8 4;O <>45;N20==O =5A?@02=>ABV. 

�;0A=5 D>@<0;P=0 25@8DV:0FVO A:;040єBPAO 7 B@P>E >A=>2=8E :@>:V2: 1) 

:><?V;OFVO D>@<0;P=>W <>45;V ?@>є:B>20=>3> ?@8AB@>N; 2) =0?8A0==O B>G=>W 

B0 =5AC?5@5G;82>W A?5F8DV:0FVW; 3) 70AB>AC20==O 02B><0B87>20=>3> 0;3>@8B<C 

?5@52V@:8 <>45;V.  

!0 ?5@H><C 5B0?V D>@<0;P=>3> ?@>F5AC ?5@52V@:8 2;0AB82>AB59 

(property checking) ?@>є:BC20;P=8:8 AB2>@NNBP D>@<0;P=C <>45;P 48709=C 

G5@57 :><?V;OFVN HDL >?8AC (=0?@8:;04, <>45;P Verilog RTL) C D>@<C 

?@89=OB=C 4;O 0;3>@8B<C ?5@52V@:8. �;O ?@>AB>B8 ?>40;PH8E 28:;04>: 

?@89<5<>, I> F8D@>2V A8AB5<8 – F5 ?0@0;5;P=V A8AB5<8 7 48A:@5B=8< 

G8A;>< AB0=V2. !0?@8:;04, 7=0G5==O ?>B>G=>3> AB0=C A8AB5<8 <>65 1CB8 

287=0G5=> 2 ?52=89 <><5=B G0AC G5@57 0=0;V7 AB0=C 2AVE 5;5<5=BV2 A8AB5<8. 

!0ABC?=89 AB0= A8AB5<8 <>65 1CB8 >1G8A;5=89 O: DC=:FVO, I> 70;568BP 2V4 

?>B>G=>3> AB0=C A8AB5<8 B0 2EV4=8E 7=0G5=P. #0@0 ?>B>G=89-=0ABC?=89 AB0=8 

>?8ACє >4=5 :>=:@5B=5 2V4=>H5==O ?5@5E>4C A8AB5<8. !0?@8:;04, (si, si+1) - F5 

2V4=>H5==O ?5@5E>4C, 45 ?@54AB02;Oє ?>B>G=89 AB0= A8AB5<8 si B0 

157?>A5@54P=> 4>AO6=89 AB0= si+1. �0728G09 AC:C?=VABP CAVE <>6;828E 

?5@5E>4V2 <V6 AB0=0<8 >?8ACєBPAO G5@57 ?52=V AB@C:BC@8 40=8E, =0?@8:;04, 

1V=0@=>3> 45@520.  

,;OE C AB0=V s – F5 =5A:V=G5==0 ?>A;V4>2=VABP AB0=V2 =s0s1s2s3&, O:0 

?@54AB02;Oє ?@>3@5A C G0AV B0 ?>A;V4>2=VABP AB0=V2. !01V@ H;OEV2 ?@54AB02;Oє 

?>254V=:C A8AB5<8. "B65 D>@<0;P=0 <>45;P <>65 1CB8 AB2>@5=0 G5@57 

:><?V;OFVN A8=B57>20=>W <>45;V F8D@>2>W A8AB5<8 C 3@0D ?5@5E>4V2, 2V4><>N 

O: <>45;P �@V?:5.  
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 >45;P �@V?:5 – F5 :>@B56 V7 4 5;5<5=BV2 (S, S0, R, L), 45 S – F5 :V=F520 

<=>68=0 AB0=V2; S0 – <=>68=0 ?>G0B:>28E AB0=V2; R  S  S – 2V4=>H5==O 

?5@5E>4V2; L – S → 2AP – DC=:FVO <VB>:, O:0 ?><VG0є :>6=89 AB0= <=>68=>N 

B25@465=P, O:V 28:>=CNBPAO 2 FP><C AB0=V.  &0:0 <>45;Nє A8AB5<C G5@57 3@0D, 

45 25@H8=0 ?>7=0G0є AB0=, 0 @51@> – ?5@5EV4 <V6 AB0=0<8 [102]. 

!0 =0ABC?=><C 5B0?V D>@<0;P=>W ?5@52V@:8 2;0AB82>AB59 =5>1EV4=> 

287=0G8B8 2;0AB82>ABV O: B25@465==O 48709=C, O:V =5>1EV4=> ?5@52V@8B8. 

�;0AB82VABP - AC:C?=VABP ;>3VG=8E V G0A>28E 72'O7:V2 <V6 ?V4?>@O4:>20=8<8 

1C;528<8 28@070<8, ?>A;V4>2=>ABO<8 B0 V=H8<8 2;0AB82>ABO<8, O:V 2 

AC:C?=>ABV ?@54AB02;ONBP =01V@ ?>254V=:8 (H;OE) [94]. Є 420 :;0A8 

2;0AB82>AB59 – 157?5G=V (safety) B0 =545B5@<V=>20=V 2;0AB82>ABV (liveness).  

�57?5G=0 2;0AB82VABP – 2;0AB82VABP, O:0 287=0G0є V=20@V0=B =04 AB0=0<8 

2 48709=V. �=20@V0=B =5 >1>2'O7:>2> >1<56CєBPAO >4=8< F8:;><, 0;5 2V= 

>1<565=89 C G0AV. �=H8<8 A;>20<8, B0:0 2;0AB82VABP AB25@46Cє, I> A8AB5<0 

=5 <>65 C2V9B8 2 =520;V4=89 AB0=. !0?@8:;04, 2;0AB82VABP «A83=0;8 wr_en V 

rd_en є 270є<>28:;NG=V" B0 "I>@07C, :>;8 A83=0; req ?@89<0є 28A>:89 

;>3VG=89 @V25=P, A83=0; ack ?@89<0є 28A>:89 ;>3VG=89 @V25=P C?@>4>26 3 

F8:;V2» є 157?5G=8<8 2;0AB82>ABO<8. 

!545B5@<V=>20=0 2;0AB82VABP – 2;0AB82VABP, O:0 >?8ACє <>6;82C ?>4VN 

=545B5@<V=>20=C 2 G0AV. �=H8<8 A;>20<8, B0:0 2;0AB82VABP >?8ACє, I> «I>AP 

E>@>H5» 7@5HB>N AB0=5BPAO. #@8:;04>< B0:>3> B8?C 2;0AB82>AB59 є 

B25@465==O "I>@07C, :>;8 A83=0; req ?@89<0є 28A>:89 ;>3VG=89 @V25=P, 

A83=0; ack ?@89<0є 28A>:89 ;>3VG=89 @V25=P C <091CB=P><C».  

�451V;PH>3> <>28 >?8AC 2;0AB82>AB59 28:>@8AB>2CNBP D>@<0;V7< 

2V4><89 O: ?@>?>78FV9=>-B5<?>@0;P=0 ;>3V:0, O:89 40є 7<>3C 0=0;V7C20B8 

?>A;V4>2=>ABV ?5@5E>4V2 <V6 AB0=0<8. $>730;C65=0 C G0AV B5<?>@0;P=0 ;>3V:0 

(branching-time temporal logic, CTL) B0 ;V=V9=>-G0A>20 ;>3V:0 (linear-time logic, 

LTL) – :;0A8 D>@<0;V7<V2 4;O >?8AC ?>A;V4>2=>AB59. CTL – ?@8:;04 ;>3V:8 

@>730;C65=>W 2 G0AV. &5<?>@0;P=V >?5@0B>@8 FP>3> D>@<0;V7<C 4>72>;ONBP 
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0=0;V7C20B8 ?@> 2AV H;OE8-=0ABC?=8:8 40=>3> AB0=C. &5<?>@0;P=V >?5@0B>@8 

LTL 40NBP 7<>3C 0=0;V7C20B8 ?>4VW 2 >4=><C H;OEC >1G8A;5==O. 

#VA;O AB2>@5==O D>@<0;P=>W <>45;P, I> ?@54AB02;Oє F8D@>289 

?@8AB@V9, V D>@<0;P=>W A?5F8DV:0FVW, I> B>G=> >?8ACє 2;0AB82>ABV, O:V 

=5>1EV4=> ?5@52V@8B8, =0ABC?=8< :@>:>< є 70AB>AC20==O 02B><0B8G=>3> 

0;3>@8B<C 4>:07C. !0?@8:;04, <0NG8 D>@<0;P=C <>45;P F8D@>2>3> ?@8AB@>N 

O: <>45;V �@V?:5 M = (S, S0, R, L) B0 D>@<C;C B5<?>@0;P=>W ;>3V:8, O:0 >?8ACє 

?52=C 1060=C 2;0AB82VABP ?@8AB@>N, ?@>1;5<C 4>:07C ?@028;P=>ABV 2:;NG0є 

7=0E>465==O <=>68=8 2AVE AB0=V2 7 S, O:V 1 704>2>;P=8;8 f:  

 {� * ÿ |Ā, � |= �},  (3.2) 

45 s |= f >7=0G0є, I> 2;0AB82VABP, ?@54AB02;5=0 B5<?>@0;P=>N D>@<C;>N f, 

28:>=CєBPAO C AB0=V s. 

 

�0@B> 707=0G8B8, I> D>@<0;P=0 <>45;P 704>2>;P=Oє A?5F8DV:0FVN B>4V 

9 BV;P:8 B>4V, :>;8 2AV ?>G0B:>2V AB0=8 <VABOBPAO 2 <=>68=V 2AVE AB0=V2, O:V 

704>2>;P=ONBP f. $8AC=>: 3.1 V;NAB@Cє (=0 28A>:><C @V2=V) >48= 0;3>@8B< 

?5@52V@:8, O:89 28:>@8AB>2CєBPAO 4;O 7=0E>465==O =01>@C 2AVE AB0=V2 C S, O:V 

704>2>;P=ONBP f. 

 

 

 

$8AC=>: 3.1 - �>AO6=V AB0=8 7 DV:A>20=>N B>G:>N 

 

�8I5=02545=89 0;3>@8B< 4>:07C 2V4><89 O: 0=0;V7 4>AO6=>ABV G5@57 

>1G8A;5==O >1@07V2. �;3>@8B< ?>G8=0єBPAO 7V <=>68=8 ?>G0B:>28E AB0=V2 S0, 
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O: ?>:070=> =0 <0;N=:C 3.1. 'AV 4>AO6=V AB0=8 7 S0 >1G8A;NNBPAO 

28:>@8AB>2CNG8 2V4=>H5==O ?5@5E>4C R 70 >48= :@>: (F8:; A8=E@>A83=0;0). 

#@>F5A >1G8A;5==O =07820єBPAO >1G8A;5==O< >1@07V2. ' FP><C ?@8:;04V S1 - 

=>289 =01V@ 4>AO6=8E AB0=V2. #@>F5A ?>2B>@NєBPAO VB5@0B82=>, AB2>@NNG8 

=>289 =01V@ 4>AO6=8E AB0=V2 =0 :>6=><C :@>FV, 4>:8 =5 1C45 28O2;5=> =>28E 

4>AO6=8E AB0=V2 (B>1B> DV:A>20=0 B>G:0 28=8:0є, :>;8 Sk  = Sk+1). 

�06;82> A:070B8, I> 4;O 157?5G=8E 2;0AB82>AB59, >?8A0=8E 

B5<?>@0;P=>N D>@<C;>N f, <>6;82> ?V4B25@48B8, I> f 28:>=CєBPAO 4;O 

:>6=>3> =>2>3> AB0=C, >1G8A;5=>3> C?@>4>26 VB5@0FVW ?@>F5AC >1G8A;5==O 

>1@07V2. 

�;O 0;3>@8B<C ?5@52V@:8 7 DV:A>20=>N B>G:>N <>6;82> B@8 @V7=8E 

@57C;PB0B8. 

1. #@>F5A 4>AO30є DV:A>20=>W B>G:8, B0 f 28:>=CєBPAO =0 2AVE 4>AO6=8E 

AB0=0E. 

2. #@>F5A =5 4>AO3 DV:A>20=>W B>G:8, B0 f =5 28:>=CєBPAO 4;O ?52=>3> 

AB0=C si,. 

"B65, <>6=0 7=09B8 :>=B@?@8:;04 (B>1B> H;OE =s0s1s2s3& si), O:89 

28:>@8AB>2CєBPAO 4;O CAC=5==O ?@>1;5<8. 

3. #@>F5A ?5@5@820єBPAO 4> 4>AO3=5==O DV:A>20=>W B>G:8 G5@57 C<>2C, 

2V4><C O: 281CE AB0=V2 (state explosion), B>1B> є 701030B> AB0=V2, I>1 <5E0=V7< 

?5@52V@:8 <V3 ?@54AB028B8 2 ?0<9OBV. 

�06;828< 0A?5:B>< ?@>F5AC D>@<0;P=>W 25@8DV:0FVW є 2;0A=5 

@>7AB0=>2:0 0A5@FV9=8E B>G>:. $0=VH5 1C;> 287=0G5=>, I> 0A5@FV9=0 B>G:0 є 

?52=>N :>=AB@C:FVєN 4;O ?5@52V@:8 2V4?>2V4=>ABV 48709=C A?5F8DV:0FVW. 

#@>F5A @>7AB0=>2:8 0A5@FV9 ?5@5410G0є 28O2;5==O 2;0AB82>AB59 F8D@>2>3> 

?@8AB@>N (design property) B0 WE=V9 >?8A, 28:>@8AB>2CNG8 2V4?>2V4=V <>28.  

Є @O4 D>@<0;V7>20=8E ?V4E>4V2 287=0G5==O HDL-:>=AB@C:FV9 B0 1;>:V2, 

O:V =5>1EV4=> ?>:@8B8 0A5@FVO<8. !0?@8:;04, C [101] ?@>?>=CєBPAO AB@0B53VO 

@>7<VI5==O 0A5@FV9=8E B>G>: 4;O :5@CNG8E B0 >?5@0FV9=8E 02B><0BV2 =0 

>A=>2V 0=0;V7C 3@0DC ?5@5E>4V2 B0 4>AO6=>ABV 25@H8=. *O <5B>48:0 є 4Vє2>N 
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4;O :;0A8G=8E 02B><0BV2, 0;5 =5 ?V4E>48BP 4;O G0A>28E 02B><0BV2, 45 ?5@5E>48 

<0NBP B5<?>@0;P=C ?@8@>4C. ":@V< B>3>, :>;8 V45BPAO ?@> A8AB5<8 @50;P=>3> 

G0AC 206;828< 0A?5:B>< є ?8B0==O G0AC @50:FVW A8AB5<8 =0 2EV4=C ?>4VN. 

�0728G09, G0A>2V ?0@0<5B@8 GVB:> >?8A0=V 2 A?5F8DV:0FVW, O:0 є 2EV4=>N 

B>G:>N ?@>є:BC20==O B0 >A=>2=8< 465@5;>< 2;0AB82>AB59 A8AB5<8.   

' @>74V;V 2 1C;> ?>:070=>, I> ?>2=>N <0B5<0B8G=>N <>45;;N G0A>2>3> 

02B><0B0 є B5<?>@0;P=89 3@0D ?5@5E>4V2. !0 B0:><C 3@0DV O2=> >?8A0=> 

70B@8<:8 2 AB0=0E C B0:B0E A8=E@>A83=0;0, O:V =040;V 28:>@8AB>2CNBPAO C 

HDL->?8AV. #@>?>=CєBPAO @>7H8@8B8 B0:89 3@0D <VB:0<8, O:V ?@54AB02;ONBP 

0A5@FV9=V B>G:8. &0:89 C=V25@A0;P=89 ?V4EV4 40є 7<>3C @>7?>4V;8B8 ?@>F5A 

=0?8A0==O HDL-:>4C B0 :>4C 25@8DV:0FVW. !0 @8AC=:C 3.2 ?@54AB02;5=> 

B5<?>@0;P=89 3@0D DC=:FV>=C20==O A2VB;>D>@0, 70?@>?>=>20=89 C [32], 

4>?>2=5=89 0A5@FV9=8<8 B>G:0<8.  

 

 

 

$8AC=>: 3.2 – &5<?>@0;P=89 3@0D, 4>?>2=5=89 0A5@FV9=8<8 B>G:0<8 
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3.3 �A5@FV9=0 25@8DV:0FVO B5<?>@0;P=8E ?0@0<5B@V2 02B><0BV2 

3.3.1 �A5@FV9=V :>=AB@C:FVW 25@8DV:0FVW B5<?>@0;P=8E ?5@5E>4V2 

#@028;P=VABP @50;V70FVW HDL->?8AC G0A>2>3> 02B><0B0 287=0G0єBPAO 

?@028;P=8< >?8A>< B5<?>@0;P=8E ?5@5E>4V2. &5<?>@0;P=V ?5@5E>48, B0:>6 

?5@5410G0NBP I> 02B><0B 70;8H0єBPAO 2 ?52=><C AB0=V 2?@>4>26 

45B5@<V=>20=>W :V;P:>ABV F8:;V2. !02545=5 28I5 B25@465==O є ?@8:;04>< 

2;0AB82>ABV F8D@>2>3> 48709=C, B>1B> C<>28 48709=C, =5>1EV4=>W 4;O 9>3> 

=0;56=>3> DC=:FV>=C20==O. *59 ?V4@>74V; ?@8A2OG5=> >?8AC B5<?>@0;P=8E 

2;0AB82>AB59 <>2>N SystemVerilog Assertions (SVA) B0 WE ?>40;PH><C 

28:>@8AB0==N ?V4 G0A 0A5@FV9=>W ?5@52V@:8.  

�;O >?8AC B5<?>@0;P=8E 2;0AB82>AB59 28:>@8AB>2CNBPAO B0:V 

:>=AB@C:FVW SVA: 1) ?>A;V4>2=VABP – ?@54AB02;Oє ?>A;V4>2=VABP ?>4V9, 

>E>?;5=8E C G0AV, 28@065=8E C B0:B0E A8=E@>A83=0;0; 2) 2;0AB82VABP – 

:>=AB@C:FVO, O:0 >19є4=Cє @V7=V ?>A;V4>2=>ABV >?5@0B>@0<8 SVA; 3) 

2;0AB82VABP assert – ?@54AB02;Oє B>G:C ?5@52V@:8, O:0 28:>@8AB>2CєBPAO 4;O 

?5@52V@:8 2;0AB82>ABV ?V4 G0A <>45;N20==O 01> 2 ?@>F5AV D>@<0;P=>W 

25@8DV:0FVW. 

�;O V;NAB@0FVW ?>40;PH8E 28:;04>: 1C45<> 28:>@8AB>2C20B8 02B><0B, 

O:89 >?8ACєBPAO B5<?>@0;P=8< 3@0D>< =0 @8AC=:C 3.3.  

 

 

 

$8AC=>: 3.3 – &5<?>@0;P=89 3@0D G0A>2>3> 02B><0B0 

 

/: 1C;> 707=0G5=> 2 @>74V;V 2, є 420 >A=>2=8E 284V2 B5<?>@0;P=8E 

?5@5E>4V2: B5<?>@0;P=V B0 C<>2=>-B5<?>@0;P=V. �;0AB82VABP G0A>2>3> 
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?5@5E>4C A:;040єBPAO 7 B@P>E :><?>=5=BV2: 1) ?5@54C<>20 – ;>3VG=89 28@07, 

I> >?8ACє AB0= 02B><0B0 ?5@54 G0A>28< ?5@5E>4><; 2) 70B@8<:0 2 AB0=V – 

:>=AB@C:FVO SVA 4;O ?5@52V@:8 B>3>, I> 02B><0B 70;8H0єBPAO 2 ?52=><C AB0=V 

C?@>4>26 N B0:B>28E F8:;V2; 3) ?5@5EV4 – >AB0==V9 :><?>=5=B, O:89 

?5@52V@Oє, I> FSM ?5@5E>48BP C ?>?5@54=P> 287=0G5=89 AB0=, C:070=89 C 

A?5F8DV:0FVW. !0 @8AC=:C 3.4 ?>:070=> B5<?>@0;P=89 ?5@5EV4 (;V20 G0AB8=0) 

B0 2V4?>2V4=V SVA :><?>=5=B8.  

 

 

 

$8AC=>: 3.4 – SVA >?8A B5<?>@0;P=>3> ?5@5E>4C 

 

$57C;PB0B8 <>45;N20==O 4;O 02B><0B0 7 @8AC=:C 3.3 ?>:070=V =0 

@8AC=:C 3.5. &CB 75;5=V AB@V;:8 ?>7=0G0NBP ?>G0B:>2C B>G:C >1G8A;5==O 

0A5@FVW, G5@2>=V – :V=F52C B>G:C, 45 2>=0 4>AO30є CA?VEC. �V03@0<0 ?>:07Cє, I> 

02B><0B8G=89 02B><0B 70;8H0єBPAO 2 AB0=V A C?@>4>26 ?5@V>4C 2V4 30 =A 4> 70 

=A, I> 2V4?>2V40є 2 B0:B0< V7 ?5@V>4>< B0:BC, @V2=8< 20 =A. *V <><5=B8 є 

206;828< 4;O ?>40;PH>W 2V4;04:8. 

 

$8AC=>: 3.5 –  >45;N20==O B5<?>@0;P=>3> ?5@5E>4C 02B><0B0 7 2V4?>2V4=8< 

?>7=0G5==O< B>G>: >1@0EC20==O 0A5@FVW  
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%E>68< G8=>< >?8ACєBPAO B5<?>@0;P=>-C<>2=89 ?5@5EV4. /: V 

728G09=89 G0A>289 ?5@5EV4, 2;0AB82VABP B0:>3> ?5@5E>4C <0B8<5 BV A0<V 

G0AB8=8 (?5@54C<>20, 70F8:;N20==O B0 ?5@5EV4). "4=0: G0AB8=0 ?5@5E>4C <0є 

1CB8 >?8A0=0 O: >:@5<0 2;0AB82VABP G5@57 =5GVB:V G0A>2V ?0@0<5B@8, B>1B> 

?5@5EV4 2V41C20єBPAO ?VA;O B>3>, O: CAO C<>20 28:>=CєBPAO, 0 =5 ?VA;O N 

B0:B>28E F8:;V2. !0 @8AC=:C 3.6 trans_property_3 28:>@8AB>2Cє A?5F8DV:0FVN 

=5>1<565=>3> G0AC 2 ?>A;V4>2=>ABV, >A:V;P:8 ?5@5EV4 C AB0= A <>65 2V41CB8AO 

2 1C4P-O:89 G0A C <091CB=P><C. *O ?>A;V4>2=VABP 28:>@8AB>2CєBPAO O: 

0@3C<5=B C DC=:FVW strong, O:0 @>18BP FN 2;0AB82VABP A8;P=>N. C8;P=0 

?>A;V4>2=VABP 28:>=CєBPAO B>4V 9 BV;P:8 B>4V, :>;8 >A=>2=0 ?>A;V4>2=VABP <0є 

71V3 [99]. 

 

 

 

$8AC=>: 3.6 – SVA >?8A C<>2=>-B5<?>@0;P=>3> ?5@5E>4C 

 

�V4?>2V4=V @57C;PB0B8 <>45;N20==O ?5@5E>4C AB ?@54AB02;5=V =0 

@8AC=:C 3.7. /: V 2 ?>?5@54=P><C ?@8:;04V, AB@V;:8 ?>7=0G0NBP 

?>G0B>:/:V=5FP >FV=:8 0A5@FVW: 75;5=0 – ?>G0B:>20 B>G:0, G5@2>=0 – CA?VH=5 

?5@51C20==O 2 AB0=V (trans_prop_2), 6>2B0 – ?5@5EV4 C =>289 AB0=. �V03@0<0 

?>:07Cє, I> 02B><0B 70;8H0єBPAO 2 AB0=V B C?@>4>26 4 B0:BV2 (2V4 70 =A 4> 150 

=A). �V= ?5@5E>48BP C AB0= A =0 =0ABC?=><C ?>78B82=><C D@>=BV 

A8=E@>A83=0;0 ?VA;O B>3>, O: A83=0; x ?@89<0є 28A>:5 ;>3VG=5 7=0G5==O. 

!0ABC?=>3> @07C 02B><0B8G=89 02B><0B 70;8H0єBPAO 2 B ;8H5 2?@>4>26 2 

F8:;V2 (2V4 190 =A 4> 230 =A) V =5309=> ?5@5E>48BP 2 A, >A:V;P:8 A83=0; x <0є 

28A>:89 @V25=P.  
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$8AC=>: 3.7 –  >45;N20==O C<>2=>-B5<?>@0;P=>3> ?5@5E>4C 02B><0B0 7 

2V4?>2V4=8< ?>7=0G5==O< B>G>: >1@0EC20==O 0A5@FVW 

 

"AB0==V< V =09206;82VH8< :@>:>< є c?5F8DV:0FVO @V2=O ?5@52V@:8, O:0 

287=0G0є ?>254V=:C A5@54>28I0 %�#$ C @07V 71>N 2;0AB82>ABV. �451V;PH>3> 

:><0=40 B5ABC20;P=8:V2 70FV:02;5=0 2 4>:;04=8E ?>2V4><;5==OE ?@> 

?><8;:8. &0:8< G8=><, =5>1EV4=> 28:>@8AB>2C20B8 2;0AB82VABP 7 >?5@0B>@>< 

assert. ' @07V ?>@CH5==O 2;0AB82>ABV ?V4 G0A <>45;N20==O F59 >?5@0B>@ 

2840ABP ?>2V4><;5==O. �;O ?@8:;04C @>73;O=5<> ?><8;:C C HDL >?8AV 7 

@8AC=:C 3.8, :>;8 70<VABP 70F8:;N20==O C AB0=V A 02B><0B ?5@5E>48BP C AB0= 

B. !0?@8:;04, %�#$ Aldec Riviera Pro 2020.04 @5єAB@Cє B0:5 ?>2V4><;5==O 2 

@07V ?>@CH5==O 0A5@FVW: ASSERT: Assertion FAILED at time: 50ns (3 clk), scope: 

testbench.inst, start-time: 30ns (2 clk). �=65=5@8 <>6CBP 28:>@8AB>2C20B8 FV 

?>2V4><;5==O 4;O 0=0;V7C 7=0G5=P 2=CB@VH=VE @53VAB@V2 V A83=0;V2 C 

:>=:@5B=89 <><5=B. !0 FP><C 5B0?V ?@>F5A CAC=5==O ?><8;>: HDL AB0є 

?>4V1=8< 4> ?@>F5AC 2V4;04:8 ?@>3@0<=>3> 70157?5G5==O, =0?8A0=>3> =0 <>2V 

?@>3@0<C20==O C++ 01> Java. 

 

 

 

$8AC=>: 3.8 – #@8:;04 ?><8;:>2>3> >?8AC ?5@5E>4V2 
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3.4.2 �A5@FV9=V :>=AB@C:FVW 25@8DV:0FVW >1@>1:8 7>2=VH=VE ?>4V9 

' @>74V;V 1C;> 22545=> HDL <>45;V >1@>1:8 7>2=VH=VE ?>4V9, 0 A0<5 

>1@>1:0 ?>4V9 V7 2V:=>< ?@89><C B0 ?>4V9 V7 G0A>28<8 28<>30<8. $>73;O=5<> 

?5@H89 @V7=>284 <>45;P B0 2V4?>2V4=V 0A5@FV9=V :>=AB@C:FVW. �;O V;NAB@0FVW 

70?@>?>=>20=8E <>45;59 1C45<> 28:>@8AB>2C20B8 <>45;P <>4C;O 

5=5@3>715@565==O, ?@54AB02;5=89 C @>74V;V 2. 

#5@H8< :@>:>< =5>1EV4=> >?8A0B8 ?>G0B:>289 AB0= <>45;V. !0 @8AC=:C 

3.9 ?@54AB02;5=> :>=AB@C:FVN property, O:0 >?8ACє ?5@54C<>2C >1G8A;5==O 

@568<C 5=5@3>715@565==O – <>4C;P 2:;NG5=89, 7>2=VH=O ?>4VO =5 

2V41C20єBPAO B0 A83=0; save <0є =87P:89 ;>3VG=89 @V25=P. 

 

 
 

$8AC=>: 3.9 – SVA >?8A ?5@54C<>28 >1G8A;5==O @568<C 
5=5@3>715@565==O 

 

!0 @8AC=:C 3.10 ?@54AB02;5=> SVA >?8A ?>254V=:8, :>;8 7>2=VH=O 

?>4VO B@820є =5>1EV4=C :V;P:VABP B0:BV2 - C FP><C 28?04:C 5 B0:BV2. !0 

=0ABC?=><C B0:BV A83=0; save <0є <0B8 28A>:89 ;>3VG=89 @V25=P. +0A>20 

4V03@0<0, O:0 >?8ACє B0:C A8BC0FVN, =02545=> =0 @8AC=:C 3.11. �>2B>N 

AB@V;:>N ?>7=0G5=> <><5=B ?>G0B:C >1G8A;5==O 2;0AB82>ABV – 28:>=0==O 

C<>28 onn && !evnt && !save, 75;5=>N – <><5=B CA?VH=>3> >1G8A;5==O 

2;0AB82>ABV – A83=0; save ?@89<0є 7=0G5==O ;>3VG=>W >48=8FV. �0@B> 

707=0G8B8, I> F59 >?8A ?>:@820є A8BC0FVN, :>;8 7>2=VH=O ?>4VO B@820є 

1V;PH5 =5>1EV4=>W :V;P:>ABV B0:BV2. 

 

 

 

$8AC=>: 3.10 – SVA >?8A ?>254V=:8, :>;8 7>2=VH=O ?>4VO B@820є =5>1EV4=C 
:V;P:VABP B0:BV2 
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$8AC=>: 3.11 – +0A>20 4V03@0<0 >1@>1:8 7>2=VH=P>W ?>4VW, O:0 B@820є 

=5>1EV4=C :V;P:VABP B0:BV2 

 

�=0;>3VG=8< G8=>< >?8ACєBPAO A8BC0FVO, :>;8 7>2=VH=O ?>4VO =5 

704>2>;P=Oє G0A>28< 28<>30<. !0 @8AC=:C 3.12 ?@54AB02;5=> SVA :>4 >?8AC 

B0:>3> AF5=0@VN.  

 

 

 

$8AC=>: 3.12 – SVA >?8A ?>254V=:8, :>;8 7>2=VH=O ?>4VO B@820є <5=H5 
=5>1EV4=>W :V;P:>ABV B0:BV2 

 

�V4?>2V4=0 G0A>20 4V03@0<0 ?@54AB02;5=0 =0 @8AC=:C 3.13. +5@2>=>N 

AB@V;:>N ?>7=0G5=> <><5=B ?>G0B:C >1G8A;5==O 2;0AB82>ABV – 28:>=0==O 

C<>28 onn && !evnt && !save, 6>2B>N – <><5=B, :>;8 A83=0; evnt ?@89<0є 

7=0G5==O ;>3VG=>W >48=8FV, 75;5=>N – <><5=B CA?VH=>3> >1G8A;5==O 

2;0AB82>ABV – A83=0; save ?@89<0є 7=0G5==O ;>3VG=>3> =C;O. 

 



 64

 

 

$8AC=>: 3.13 – +0A>20 4V03@0<0 >1@>1:8 7>2=VH=P>W ?>4VW, O:0 B@820є <5=H5 

=5>1EV4=>W :V;P:>ABV B0:BV2 

 

"AB0==V9 20@V0=B ?>254V=:8 – <>4C;P 2:;NG5=89 (A83=0; onn <0є @V25=P 

;>3VG=>W >48=8FV), B0 A83=0; evnt <0є 28A>:89 ;>3VG=89 @V25=P 25AP G0A 

(7>2=VH=O ?>4VO =5 2V41C20єBPAO 27030;V). SVA >?8A B0:>W ?>254V=:8 

?@54AB02;5=> =0 @8AC=:C 3.14. 

 

 
 

$8AC=>: 3.14 – SVA->?8A ?>254V=:8, :>;8 7>2=VH=O ?>4VO =5 704>2>;P=Oє 

G0A>2V 28<>38 

 

�V4?>2V4=0 G0A>20 4V03@0<0 ?@54AB02;5=0 =0 @8AC=:C 3.15. +5@2>=8<8 

AB@V;:0<8 ?>7=0G5=> <><5=B ?>G0B:C >1G8A;5==O 2;0AB82>ABV – 28:>=0==O 

C<>28 onn && evnt, 6>2B8<8 – <><5=B8 CA?VH=>3> >1G8A;5==O 2;0AB82>ABV – 

A83=0; save ?@89<0є 7=0G5==O ;>3VG=>3> =C;O. 

 

 
 

$8AC=>: 3.15 – +0A>20 4V03@0<0 @>1>B8 02B><0B0, :>;8 7>2=VH=O ?>4VO =5 
2V41C20єBPAO 
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#>4V1=> =5>1EV4=> >?8A0B8 AF5=0@VW ?>254V=:8 HDL-<>45;V, :>;8 

DC=:FV>=0;P=VABP 02B><0B0 70;568BP 2V4 4>268=8 ?>4VW B0 2V:=0 ?@89><C. ' 

@>74V;V 2 1C;> ?>:070=>, I> 4;O B0:>3> :;0AC ?@8AB@>W2 є 4 <>6;82V 

?>254V=:8: 1) ?>4VO ?>2=VABN C 2V:=V ?@89><C; 2) ?>4VO G0AB:>2> C 2V:=V 

?@89><C; 3) ?>4VO 1V;PH0 70 2V:=> ?@89><C; 4) ?>4VO =5 2V41C20єBPAO ?V4 G0A 

2V:=0. �;O ?>40;PH>W V;NAB@0FVW 0A5@FV9=8E :>=AB@C:FV9 1C45<> 

28:>@8AB>2C20B8 <>45;P 70?@>?>=>20=C 2 ?C=:BV 2.3.4.  

!0 @8AC=:C 3.16 ?@54AB02;5=> SVA >?8A ?>254V=:8, :>;8 ?>4VO 

?>2=VABN C 2V:=V ?@89><C. #@8 >?8AV :>=AB@C:FVW property 28:>@8AB>2CєBPAO 

V<?;V:0B82=0 AB@C:BC@0 (>?5@0B>@ |=>): C ;V2V9 G0AB8=V 28@07C >?8ACєBPAO 

?>254V=:0, :>;8 ?>4VO ?>G8=0єBPAO V 70:V=GCєBPAO C 2V:=V ?@89><C. &0:89 

AF5=0@V9 @>718B> =0 >:@5<V ?>A;V4>2=>ABV (sequence) 4;O ?@>AB>B8: 1) wnd – 

>?8ACє 2V:=> ?@89><C ?>@V2=NNG8 7=0G5==O 2=CB@VH=P>3> ;VG8;P=8:0; 2) 

begin_evnt – ?>G0B>: ?>4VW (?>78B82=89 D@>=B A83=0;C btn). �0;V 

?>A;V4>2=>ABV :><?>=CNBPAO >?5@0B>@0<8 4;O CB2>@5==O ?5@54C<>28. ' 

?@02V9 G0AB8=V 28@07C >?8ACєBPAO @57C;PB0B, 0 A0<5 0:B820FVO A83=0;C 

in_window B0 2V4ACB=VABP 0:B820FVW V=H8E A83=0;V2.  

 

 

 

$8AC=>: 3.16 – SVA >?8A ?>254V=:8, :>;8 7>2=VH=O ?>4VO ?>2=VABN C 2V:=V 

?@89><C 

 

!0 @8AC=:C 3.17 ?@54AB02;5=> G0A>2C 4V03@0<C <>45;N20==O B0:>W 

?>254V=:8 B0 7 O2=8< 287=0G5==O< B>G>: >1@0EC20==O 0A5@FVW. +5@2>=>N 

AB@V;:>N ?>:070=> 28:>=0==O C<>28 ?>G0B:C ?>4VW C 2V:=V ?@89><C (wnd and 
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begin_evnt), 6>2B>N – WW :V=5FP (wnd and !btn), A8=P>N – 28:>=0==O @57C;PB0BC 

(in_window and !in_wnd_part and !out_window and !no_evnt) 

 

 

 

$8AC=>: 3.17 – +0A>20 4V03@0<0 >1G8A;5==O 0A5@FVW, :>;8 7>2=VH=O ?>4VO 

?>2=VABN C 2V:=V ?@89><C 

 

�=0;>3VG=> >?8ACєBPAO A8BC0FVO, :>;8 ?>4VO G0AB:>2> C 2V:=V ?@89><C. 

SVA B0:>3> AF5=0@VN ?@54AB02;5=> =0 @8AC=:C 3.18. (0:B8G=> 40=0 

:>=AB@C:FVO ?5@52V@Oє, I> :V=5FP ?>4VW ?@8?040є =0 2V:=> ?@89><C.  

 

 

 

$8AC=>: 3.18 – SVA->?8A ?>254V=:8, :>;8 7>2=VH=O ?>4VO G0AB:>2> C 2V:=V 

?@89><C 

 

!0 @8AC=:C 3.19 ?@54AB02;5=> G0A>2C 4V03@0<C <>45;N20==O FVєW 

?>254V=:8 B0 7 O2=8< 287=0G5==O< B>G>: >1@0EC20==O 0A5@FVW. +5@2>=>N 

AB@V;:>N ?>:070=> 28:>=0==O C<>28 ?>G0B:C ?>4VW C 2V:=V ?@89><C (wnd and 
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begin_evnt), 6>2B>N – WW :V=5FP (wnd and !btn), A8=P>N – 28:>=0==O @57C;PB0BC 

(in_window and !in_wnd_part and !out_window and !no_evnt) 

 

 

 

$8AC=>: 3.19 –  >45;N20==O 0A5@FVW, :>;8 7>2=VH=O ?>4VO G0AB:>2> C 2V:=V 

?@89><C 

 

!0ABC?=>N ?>254V=:>N є A8BC0FVO, :>;8 ?>4VO 1V;PH0 70 2V:=> ?@89><C. 

�V4?>2V4=0 SVA :>=AB@C:FVO ?@54AB02;5=0 =0 @8AC=:C 3.20. �;O >?8AC FVєW 

A8BC0FVW 28:>@8AB>2CєBPAO >?5@0B>@ first_match, O:89 2818@0є ?5@H89 V7 

<>6;828E :V;P:>E 71V3V2 7040=>W ?>A;V4>2=>ABV – >A:V;P:8 C<>20 «?>4VO 

B@820є< C 2V:=V ?@89><C» (wnd and btn) <>65 28:>=C20B8AO 45:V;P:0 @07V2. *5 

40є 7<>3C 28:;NG8B8 2AV =0ABC?=V 71V38 7 @>73;O4C. �@C3>N G0AB8=>N 

?5@54C<>28 є 28@07 count > C2 and btn – ?>4VO B@820є ?>70 2V:=><. 

 

 

$8AC=>: 3.20 – SVA->?8A ?>254V=:8, :>;8 7>2=VH=O ?>4VO 28E>48BP 70 2V:=> 

?@89><C 

 

+0A>2C 4V03@0<C <>45;N20==O FVєW ?>254V=:8 B0 7 O2=8< 287=0G5==O< 

B>G>: >1@0EC20==O 0A5@FVW ?@54AB02;5=> =0 @8AC=:C 3.21. �5;5=8<8 AB@V;:0<8 
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?>:070=> 28:>=0==O C<>2 wnd and btn B0 count > C2 and btn, A8=P>N – 

28:>=0==O @57C;PB0BC (out_window && !in_wnd_part && !in_window && 

!no_evnt). 

 

 

 

$8AC=>: 3.21 –  >45;N20==O 0A5@FVW, :>;8 7>2=VH=O ?>4VO 28E>48BP 70 2V:=> 

?@89><C 

 

"AB0==V< AF5=0@Vє< є ?>254V=:0, :>;8 7>2=VH=O ?>4VO =0 2V41C20єBPAO 

?V4 G0A 2V:=0 ?@89><C. ' FP><C 28?04:C =5>1EV4=> ?5@52V@8B8, I> A83=0; btn 

(7>2=VH=O ?>4VO) 715@V30є =87P:89 ;>3VG=89 @V25=P C?@>4>26 2AP>3> 2V:=0 

?@89><C (@8AC=>: 3.22).  

 

 

 

$8AC=>: 3.22 – SVA->?8A ?>254V=:8, :>;8 7>2=VH=O ?>4VO =5 ?>B@0?;Oє C 

2V:=> ?@89><C 
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�V4?>2V4=0 G0A>20 4V03@0<0 ?@54AB02;5=0 =0 @8AC=:C 3.23. +5@2>=8<8 

AB@V;:0<8 ?>:070=> 2V:=> ?@89><C, 75;5=>N 28:>=0==O G@B6< !out_window 

&& !in_wnd_part && !in_window && no_evnt.  

 

 

 

$8AC=>: 3.23 –  >45;N20==O 0A5@FVW, :>;8 7>2=VH=O ?>4VO =5 2V41C20єBPAO 70 

2V:=> ?@89><C 

 

3.4 �8A=>2:8 4> @>74V;C 3  

1. �87=0G5=> <VAF5 28:>@8AB0==O 0A5@FV9 B0 <5B>4V2 D>@<0;P=>W 

25@8DV:0FVW C ?@>є:BC20==V ?@8AB@>W2 @50;P=>3> G0AC. 

2. �0?@>?>=>20=> <5B>48:C @>7AB0=>2:8 0A5@FV9=8E B>G>: C HDL-

<>45;V G0A>28E 02B><0BV2.  

3. $>7@>1;5=> SVA <>45;V 25@8DV:0FVW B5<?>@0;P=8E E0@0:B5@8AB8: 

G0A>28E 02B><0BV2 70;56=> 2V4 E0@0:B5@C B5<?>@0;P=8E ?5@5E>4V2. 

4. $>7@>1;5=V <>45;V 0?@>1>20=> B0 ?5@52V@5=> =0 <>45;OE G0A>28E 

02B><0BV2 ?>254V=:>28< <>45;N20==O< C A5@54>28IV Aldec Riviera Pro 2022.  
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4 ��&" �&���*�/ #$"Є�&'��!!/ &�%&"#$���&!�) +�%"��) 

��&" �&�� 

' G5B25@B><C @>74V;V @>73;O=CB> ?8B0==O <5B>48 B5AB>?@840B=>3> 

?@>є:BC20==O G0A>28E :5@CNG8E 02B><0BV2 G5@57 22545==O 4>40B:>28E 

0?0@0B=8E 28B@0B =0 5B0?V ?@>є:BC20==O HDL-<>45;V, 0 A0<5 – @>7H8@5==O< 

2EV4=>3> 0;D02VBC 02B><0B0. *59 A?>AV1 40є 7<>3C 2AB0=>28B8 02B><0B C 

4>2V;P=89 AB0= C 45B5@<V=>20=89 G0A, ACBBє2> A:>@>GCє 4>268=C B0 G0A 

4V03=>AB8G=>3> 5:A?5@8<5=BC. 

�0240==O, O:V =5>1EV4=> 28@VH8B8 2 ?@>F5AV 4>A;V465==O. 

1. $>7@>18B8 <5B>48 ?V428I5==O B5AB>?@840B=>ABV <>45;59 :V=F528E 

G0A>28E 02B><0BV2 G5@57 @>7H8@5==O 2EV4=>3> 0;D02VBC H;OE>< 22545==O 

4>40B:>2>3> AB>2?FO 2 B01;8FN ?5@5E>4V2-28E>4V2, I> 40ABP 7<>3C 

2AB0=>2;N20B8 :5@CNG89 02B><0B C 4>2V;P=89 AB0= 70 (n-1) B0:BV2, 45 n – 

G8A;> AB0=V2 02B><0B0; 

2. #@>25AB8 02B><0B87>20=89 A8=B57 70?@>?>=>20=8E 4V03=>AB8G=8E 

<>45;59 B0 ?@>0=0;V7C20B8 4>40B:>2V 0?0@0BC@=V 28B@0B8, O:V 28=8:0NBP ?@8 

@>7H8@5==V 2EV4=>3> 0;D02VBC. 

3. $>7@>18B8 <5B>48 ?@>2545==O =5@C9=V2=>3> 4V03=>AB8G=>3> 

5:A?5@8<5=BC 2 3@0D>28E <>45;OE :5@CNG8E 02B><0BV2 @50;P=>3> G0AC 70 

@0EC=>: >@30=V70FVW 30<V;PB>=>28E F8:;V2 C B5<?>@0;P=><C 3@0DV ?5@5E>4V2. 

 

4.1 &5AB>?@840B=5 ?@>є:BC20==O G0A>28E 02B><0BV2 

*8D@>289 ?@8AB@V9 22060єBPAO B0:8<, I> =5>1VE4=> ?5@52V@8B8, O:I> 

704>2>;P=ONBPAO B0:V ?0@0<5B@8 I>4> DV=0=A>28E V G0A>28E 28B@0B C 

287=0G5=8E <560E: 1) 35=5@0FVO B5AB>28E =01>@V2; 2) >FV=:0 5D5:B82=>ABV 

=01>@C B5ABV2; 3) ?@>2545==O B5AB>2>W 4V03=>AB8:8.  

&8?>289 4V03=>AB8G=89 5:A?5@8<5=B (��) =04 02B><0B>< A:;040єBPAO 7 

42>E 5B0?V2: ?>40==O 2EV4=8E ?>A;V4>2=>AB59 B0 0=0;V7 2V4?>2V4=8E 28EV4=8E 

@50:FV9. �:A?5@8<5=B8 ?>4V;ONBPAO =0 B@8 :0B53>@VW: V45=B8DV:0FVO AB0=V2 
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02B><0B0, V45=B8DV:0FVO 2EV4=>W ?>A;V4>2=>ABV 02B><0B0 B0 V45=B8DV:0FVO 

02B><0B0 7 n AB0=0<8, O:V 2V4@V7=ONBPAO 2V4 CAVE V=H8E 02B><0BV2 V7 B0:>N 6 

:V;P:VABN AB0=V2. �V03=>AB8G=89 5:A?5@8<5=B, O:89 >1E>48BP CAV 2C7;8 3@0D0 

?5@5E>4V2, 28:>@8AB>2CєBPAO 4;O 28O2;5==O ?@>1;5< ?@>є:BC20==O 2 <>45;OE 

:5@CNG8E 02B><0BV2, I> ?@54AB02;5=V B01;8F5N ?5@5E>4V2 01> 3@0D>< 

?5@5E>4V2. 

�53:>B5AB>20=89 02B><0B 287=0G0єBPAO O: 02B><0B, O:89 <>6=0 

2AB0=>28B8 2 1C4P-O:89 AB0= C?@>4>26 <5=H =V6 n F8:;V2 157 

A8=E@>=V7CNG8E ?>A;V4>2=>AB59, 45 n – 7030;P=0 :V;P:VABP AB0=V2 [52]. 

�V4><>, I> 4;O :;0A8G=8E 02B><0BV2 ?V428I5==O B5AB>?@840B=>ABV 

<>6;825 ;8H5 G5@57 @>7H8@5==O 2EV4=>3> 0;D02VBC X, 2=CB@VH=P>W <=>68=8 

AB0=V2 Z 01> 28EV4=>3> 0;D02VBC Y [51]. � >4=>3> 1>:C, F5 71V;PHCє :V;P:VABP 

5;5<5=BV2, O:V 28:>@8AB>2CNBPAO 4;O FV;P>2>W AE5<8. � V=H>3> 1>:C, F5 

?V428ICє B5AB>?@840B=VABP F8D@>2>3> ?@8AB@>N. �2545==O 0?0@0BC@=>W 

=04;8H:>2VABP C HDL- >?8A 02B><0BC G5@57 4>4020==O D@03<5=BV2 :>4C, O:V 

40NBP 7<>3C 2AB0=>28B8 FSM C 4>2V;P=89 AB0= 157 A8=E@>=V7CNG8E 

?>A;V4>2=>AB59, є =09?>H8@5=VH8< A?>A>1>< ?V428I5==O B5AB>?@840B=>ABV. 

�0728G09 2EV4=89 0;D02VB @>7H8@NєBPAO =>28< A8<2>;>< 4;O C2V<:=5==O 

@568<C 4V03=>AB8:8, O:89 40є 7<>3C >1E>48B8 2AV AB0=8 02B><0B0, @50;V7CNG8 

F8:; �0<V;PB>=0.  

� 0=0;V7C <5B>4V2 284=>, I> ?>1C4>20 ?>2=8E 4V03=>AB8G=8E 

5:A?5@8<5=BV2 7 02B><0B0<8 AB0є ?@>ABVH>N, :>;8 28:>@8AB>2CєBPAO 

<V=V<0;P=89, A8;P=>729O7=89 02B><0B V7 2V4<V==>N ?>A;V4>2=VABN 

<V=V<0;P=>W 4>268=8, 0 B0:>6 V7 A8=E@>=V7CNG8<8 V 2AB0=>2;NNG8<8 

?>A;V4>2=>ABO<8. 

/:I> ?0<'OBP 02B><0B0 @50;V7>20=0 =0 B@835@=8E 5;5<5=B0E, V ?@89=OB5 

>1<565==O =0 :;0A 28O2;5=8E =5A?@02=>AB59, O:5 =5 71V;PHCє G8A;> AB0=V2 

02B><0B0, B> 9<>2V@=VABP ?>O28 B0:8E =5A?@02=>AB59 =525;8:0, :>;8 G8A;> 

AB0=V2 B>G=> 4>@V2=Nє ABC?5=N 2, B>1B> n=2k, 45 k – G8A;> 28:>@8AB>2C20=8E 
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B@835@V2. �;5 O:I> n≠2k, B> B0:V =5A?@02=>ABV 4C65 9<>2V@=V. � >3;O4C =0 F5, 

1060=>, I>1 28EV4=89 02B><0B <02 CAV 2k = n AB0=V2. 

#>1C4>2V ;53:>B5AB>20=8E 02B><0B=8E <>45;59 ?@8A2OG5=0 [46]. ' FV9 

@>1>BV 70?@>?>=>20=> 9 <0B5<0B8G=> >1ґ@C=B>20=> @>7H8@5==O 2EV4=>3> 

0;D02VBC :5@CNG>3> 02B><0B0 G5@57 22545==O 4>40B:>2>3> AB>2?FO C B01;8FN 

?5@5E>4V2-28E>4V2, I> 40є 7<>3C 2AB0=>2;N20B8 02B><0B 2 4>2V;P=V9 AB0= 70 

(n-1) B0:BV2, 45 n – :V;P:VABP AB0=V2 02B><0B0. �>:@5<0, ?@>?>=CєBPAO 

<5B>4>;>3VO @>7AB0=>2:8 4>40B:>28E 4C3 =0 3@0DV ?5@5E>4V2, I> 70157?5GCє 

<V=V<0;P=V 4>40B:>2V 0?0@0BC@=V 28B@0B8 ?@8 ?>40;PH><C A8=B57V. 

�0?@>?>=>20=C <5B>4>;>3VN 1C;> 28:>@8AB0=> 4;O ?>1C4>28 2V4?>2V4=8E 

HDL-<>45;59 V7 ?>40;PH>N 25@8DV:0FVєN B0 0=0;V7>< 0?0@0B=8E 28B@0B. 

$50;V70FVO 1C4P-O:8E <5B>4V2 ?>1C4>28 ;53:>B5AB>20=8E G0A>28E 

02B><0BV2 <0є =0A0<?5@54 1@0B8 4> C2038 B5<?>@0;P=V 2;0AB82>ABV B0:>3> @>4C 

<>45;59. !5>1EV4=> 2@0E>2C20B8 70B@8<:C 2 AB0=V tto B0 70B@8<:C >1@>1:8 

7>2=VH=P>W ?>4VW tc. �87=0G8<> ;53:>B5AB>20=89 02B><0B O: B0:89, 4;O O:>3> 

<>6=0 ?>1C4C20B8 �� <V=V<0;P=>W 4>268=8 G5@57 70157?5G5==O 2AB0=>2;5==O 

�� C 4>2V;P=89 AB0= 70 (n-1), 45 n – G8A;> AB0=V2 02B><0B0. "?8H5<> 40=89 

V=20@V0=B O:: 

 ∃λ(zi, xo)=zi+1, T(zi, zi+1)<n-1,∀i=1,n̅̅ ̅̅ , (4.1) 

45 T – DC=:FVO >1G8A;5==O G0AC ?5@5E>4C <V6 42><0 AB0=0<8,  

 

 "G5284=>, I> 28:>=0==O FP>3> V=20@V0=BC ?>B@51Cє 4>40B:>28E 7<V= C 

AB@C:BC@V G0A>2>3> 02B><0B0, 4;O O:>3> є A?@0254;828< B0:5 B25@465==O: 

=5E09 2 02B><0BV A = (X, Y, Z, , , Tc, Tto, Td) 7V <=>68=>N AB0=V2 Z= { }, i=

, 28:>=CєBPAO ?@8=09<=V >4=0 C<>20: 

 

tto(ai) + ∅, ∀i = 1,n̅̅ ̅̅ , (4.2) 

tE(ai) + ∅, ∀i = 1,n̅̅ ̅̅ ̅, (4.3) 
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"B65, =5>1EV4=> C4>A:>=0;8B8 <>45;P @>7H8@5==O 2EV4=>3> 0;D02VBC 7 

C@0EC20==O 70B@8<>:, 0 A0<5 ;VG8;P=8:>2C DC=:FVN ?5@5E>4V2 (�(#). �0=0 

DC=:FVO 287=0G0єBPAO G5@57 2EV4=89 A8<2>; x0 0;D02VBC X, 4>40B>: O:>3> 

?>@>46Cє DC=:FVN ?5@5E>4V2: 

 

δ(zi, xo) = zi+1modn,∀i=1,n̅̅ ̅̅ , (4.4) 

 

 >48DV:Cє<>, <=>68=C 70B@8<>: 02B><0B0 A 7 C@0EC20==O<, I> E = 

{0,1}: 

 

tto(ai)= { ∅, x0=1
tto(ai), x0=0 ∀i=1,n̅̅ ̅̅ , (4.5) 

tE(ai) = { ∅, x0=1
tc(ai), x0=0 ∀i=1,n̅̅ ̅̅ , (4.6) 

 

"B65, (4.4) B0 (4.4) 4>72>;ONBP ?5@5B2>@8B8 G0A>289 02B><0B C 

:;0A8G=89 02B><0B  C@0 V G5@57 4>4020==O 4>40B:>2>3> AB>2?FO C &#� 

?5@5B2>@N20B8 9>3> 2 A8;P=>72ʼO7=89 02B><0B, 4;O O:>3> <>6;820 ?>1C4>20 

�� <V=V<0;P=>W ?>A;V4>2=>ABV. &0:0 <>48DV:0FVO 70157?5GCє 28:>=0==O 

V=20@V0=BC (4.1) 2 =570;56=>ABV 2V4 B8?C B5<?>@0;P=8E ?5@5E>4V2, I> ?@8ACB=V 

2 02B><0B=V9 <>45;V. 

 

4.2 #>1C4>20 ;53:>B5AB>20=8E G0A>28E 02B><0BV2 H;OE>< <>48DV:0FVW 

B5<?>@0;P=>3> 3@0DC ?5@5E>4V2 

�V4><>, I> 2EV4=>N B>G:>N ?@>є:BC20==O F8D@>2>3> ?@8AB@>N є 

A?5F8DV:0FVO, I> 7040єBPAO O: 0;3>@8B< DC=:FV>=C20==O B0 @50;V7CєBPAO 

<>20<8 >?8AC 0?0@0BC@8. �;O B0:>3> A?>A>1C ?>40==O *# AB@C:BC@=V <5B>48 

4V03=>ABC20==O, A?@O<>20=V =0 28O2;5==O :>=AB0=B=8E =5A?@02=>AB59, AB0NBP 

<5=H 5D5:B82=8<8. � V=H>3> 1>:C, 70AB>AC20==O DC=:FV>=0;P=8E <5B>4V2 

AB0є 4>A8BP A:;04=8< G5@57 25;8:V @>7<V@=>ABV ACG0A=8E ?@8AB@>W2.  
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"4=8< V7 ?>H8@5=8E A?>A>1V2 >?8AC <>45;59 @50;P=>3> G0AC є G0A>289 

02B><0B, A?>A>1>< 9>3> ?@54AB02;5==O є B5<?>@0;P=89 3@0D, O:89 B0:>6 є 

9>3> ?>2=>N <0B5<0B8G=>N <>45;;N. !0 28A>:>@V2=52><C @V2=V 

B5<?>@0;P=89 3@0D ?5@5E>4V2 28:>@8AB>2CєBPAO 4;O ?>1C4>28 >?8AC 

?@8AB@>N G5@57 02B><0B=89 H01;>=C =0 <>20E >?8AC 0?0@0BC@8 (VHDL, 

Verilog, SystemVerilog). �2B><0B=8< H01;>= =07820NBP A?5FV0;P=5 

AB@C:BC@C20==O HDL-<>45;V, C O:V9 DC=:FVW ?5@5E>4V2 V 28E>4V2 284V;5=V 2 

>:@5<V ?@>F5A8 (?@>F5A), 0 ?@87=0G5==O =>2>3> AB0=C 74V9A=NєBPAO 2 

A?5FV0;P=><C ?@>F5AV, ?>2'O70=><C V7 A8=E@>A83=0;>< B0 A83=0;>< A:840==O 

(reset). #V4 G0A ?@>є:BC20==O 2 >?8A :5@CNG8E 02B><0BV2 22>4OBP 0?0@0BC@=C 

=04;8H:>2VABP, I> 70157?5GCє ;53:>B5AB>20=VABP. &0:C =04;8H:>2VABP 

4>FV;P=> 2=>A8B8 I5 =0 ?>G0B:>2><C 5B0?V ?@>є:BC20==O, B>1B> ?@8 ?>1C4>2V 

HDL-<>45;59 ?@8AB@>W2, O:V ?@>є:BCNBPAO. � >3;O4C =0 28I5707=0G5=5, 

;53:>B5AB>20=8< 1C45<> =07820B8 :V=F5289 02B><0B, 4;O O:>3> <>6=0 

?>1C4C20B8 4V03=>AB8G=89 5:A?5@8<5=B <V=V<0;P=>W 4>268=8 G5@57 

70157?5G5==O 2AB0=>2;5==O 02B><0B0 2 1C4P-O:89 AB0= 70 <V=V<0;P=5 G8A;> 

B0:BV2.  

' [46] ?@>?>=CєBPAO <5B>4>;>3VO @>7AB0=>2:8 4>40B:>28E 4C3 =0 3@0DV 

?5@5E>4V2, I> 70157?5GCє <V=V<0;P=V 4>40B:>2V 0?0@0BC@=V 28B@0B8 ?@8 

?>40;PH><C A8=B57V. �0?@>?>=>20=C <5B>4>;>3VN 1C;> 28:>@8AB0=> 4;O 

?>1C4>28 2V4?>2V4=8E HDL <>45;59 V7 ?>40;PH>N 25@8DV:0FVєN B0 0=0;V7>< 

0?0@0B=8E 28B@0B. 

� 28I5707=0G5=>3> 28?;820NBP 7040GV @>7@>1;5==O ?@>F54C@ ?@>F5AC 

02B><0B870FVW ?@>є:BC20==O ;53:>B5AB>20=8E :V=F528E G0A>28E 02B><0BV2, 

?@54AB02;5=8E <>20<8 >?8AC 0?0@0BC@8, I> 2:;NG0є 2 A515 ?>@V2=O==O 

4>40B:>28E 0?0@0BC@=8E 28B@0B ?@8 28:>@8AB0==V AB@C:BC@=8E V 

DC=:FV>=0;P=8E <5B>4V2 4;O ?V428I5==O B5AB>?@840B=>ABV G5@57 ?>@V2=O==O 

@57C;PB0BV2 A8=B57C B5AB>?@840B=8E HDL-<>45;59 C  %�#$ #��%. 

%E5<0 22060єBPAO B5AB>?@840B=>N, O:I> ?@>F5A 35=5@0FVW B5AB>28E 

=01>@V2, WE=O 5D5:B82=VABP B0 @50;V70FVO B5AB>2>3> 4V03=>ABC20==O <>6CBP 
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1CB8 74V9A=5=V 2 <560E 2AB0=>2;5=8E DV=0=A>28E B0 G0A>28E >1<565=P, 7 

C@0EC20==O< ?>:07=8:V2, I> E0@0:B5@87CNBP 740B=VABP AE5<8 4> 28O2;5==O 

=5A?@02=>AB59, ?>HC:C <VAFO =5A?@02=>AB59 B0 @50;V70FVW B5AB>2>3> 

4V03=>ABC20==O. 

�:A?5@8<5=B>< =04 02B><0B>< =0725<> ?@>F5A 22545==O 2EV4=8E 

?>A;V4>2=>AB59, A?>AB5@565==O 2V4?>2V4=8E 28EV4=8E ?>A;V4>2=>AB59 B0 

@>1>BC 7 >B@8<0=8<8 40=8<8. �0;56=> 2V4 <5B8 5:A?5@8<5=BC @>7@V7=ONBPAO 

5:A?5@8<5=B8 7 V45=B8DV:0FVW AB0=V2 02B><0B0, 7=0E>465==O 2EV4=8E 

?>A;V4>2=>AB59 02B><0B0 B0 28O2;5==O 02B><0B0 7 n AB0=0<8, O:89 

2V4@V7=OєBPAO 2V4 CAVE V=H8E 02B><0BV2 7 B0:>N 6 :V;P:VABN AB0=V2. �;O 

28O2;5==O ?><8;>: C ?@>є:BC20==V <>45;59 :5@CNG8E 02B><0BV2, O:V 

?>40NBPAO C D>@<V 3@0D0 ?5@5E>4V2 01> 3@0D0 AB0=V2, 70AB>A>2CєBPAO 

4V03=>AB8G=89 5:A?5@8<5=B, ?>2'O70=89 V7 ?@>E>465==O< CAVE 25@H8= 3@0D0. 

�7 FP>3> ?>3;O4C 02B><0B 22060єBPAO ;53:>B5AB>20=8<, O:I> 2V= <>65 

?5@5E>48B8 2 1C4P-O:89 AB0= =5 1V;PH5, =V6 70 n B0:BV2, 45 n - :V;P:VABP AB0=V2 

02B><0B0 157 28:>@8AB0==O A8=E@>=V7CNG8E ?>A;V4>2=>AB59. 

�87=0G8<> 28<>38 4> HDL-<>45;59 G0A>28E 02B><0BV2: 

− <>45;P <0є <VAB8B8 A?5FV0;P=89 <5E0=V7< ?5@52>4C 02B><0B0 C 

@568< 4V03=>AB8:8 V, =02?0:8, =0 1C4P-O:><C B0:BV @>1>B8 02B><0B0; 

− 2 @568<V B5ABC20==O 02B><0B <>65 1CB8 2AB0=>2;5=89 2 1C4P-O:89 

AB0= 70 (n-1) B0:BV2, 45 n - G8A;> AB0=V2 02B><0B0, V <>65 1CB8 >@30=V7>20=89 

�0<V;PB>=V2 F8:; 4;O 1C4P-O:>3> 7V AB0=V2 02B><0B0; 

− ;53:>B5AB>20=89 02B><0B <0є 1C4C20B8AO 2 02B><0B87>20=><C @568<V 

70A>10<8 %�#$; 

 

4.2.1 �53:>B5AB>20=0 AB@C:BC@0 7 @>7H8@5==O< 2EV4=>3> 0;D02VBC 

#@8 DC=:FV>=0;P=><C ?V4E>4V 4> ?@>є:BC20==O (0=0;V7C) F8D@>28E 

?@8AB@>W2, 7040=8E <>45;;N :V=F52>3> 02B><0B0  ?V428I5==O 

B5AB>?@840B=>ABV 02B><0B0 <>6;82> BV;P:8 @>7H8@5==O< 2EV4=>3> 0;D02VBC 

X, 0;D02VBC AB0=V2 A 01> 28EV4=>3> 0;D02VBC Y [68]. � >4=>3> 1>:C, F5 
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?@872>48BP 4> 2=5A5==O 2 AE5<C ?@8AB@>N 0?0@0BC@=>W =04;8H:>2>ABVV, 7 

V=H>3> – 70157?5GCє 715@565==O 0;3>@8B<C DC=:FV>=C20==O 02B><0B0, 

7040=>3>, 70728G09, &#� 01> 9>3> 3@0D>< ?5@5E>4V2. 

!040;V 1C45<> @>73;O40B8 <>48DV:0FVN B5<?>@0;P=>3> 3@0DC ?5@5E>4V2 

4>40B:>28<8 4C30<8 O: >A=>2=89 A?>AV1 <>48DV:0FVW 02B><0B0 4;O 

?5@5B2>@5==O 9>3> 2 ;53:>B5AB>20=89.  

!0 ?V4AB02V B5>@5B8G=8E 70A04, 28:;045=8E C 4.1 @>73;O=5<> 02B><0B, 

O:89 @50;V7Cє <>4C;P C?@02;V==O A2VB;>D>@>< =0 ?VH>EV4=><C ?5@5E>4V, 

70?@>?>=>20=C 2 [32].  

�87=0G8<> <=>68=C AB0=V2: 

1) a1 – 2:;NG5==O 02B><0B0, 28EV4=V A83=0;8 2V4ACB=V, 70B@8<:0 4> 

>48=8FV; 

2) a2 – 6>2B89 C 28?04:C 7<V=8 (G–R) , 28E>48 {YGR, R1, R2}, 

70B@8<:0 to2; 

3) a3 - G5@2>=89 =0 4>@>7V, 75;5=89 =0 ?5@5E>4V, 28E>48 {R1, G2}, 

70B@8<:0 to3; 

4) a4 - 6>2B89 C 28?04:C 7<V=8 (R–G) , 28E>48 {YRG, R1, R2}, 70B@8<:0 

to2; 

5) a5 - 75;5=89 =0 4>@>7V, G5@2>=89 =0 ?5@5E>4V, 28E>48 {G1, R2}, 

70B@8<:0 to3; 

6) a6 - 75;5=89 =0 4>@>7V, G5@2>=89 =0 ?5@5E>4V, 28E>48 {G1, R2}, 

70B@8<:0 to3; 

7) a7 - 3>@8BP BV;P:8 6>2B89, 70B@8<:0 to1. 

!0 @8AC=:C 4.1 ?@54AB02;5=> B5<?>@0;P=89 3@0D ?5@5E>4V2 02B><0B0 

 C@0 ?@8AB@>N. 
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$8AC=>: 4.1 – &5<?>@0;P=89 3@0D ?5@5E>4V2 G0A>2>3> 02B><0B0  C@0 4;O 

C?@02;V==O A2VB;>D>@>< 

 

�;3>@8B< DC=:FV>=C20==O A2VB;>D>@0 >?8ACєBPAO B0:: :>;8 ?@8AB@V9 

:5@C20==O 22V<:=5=> (Onn=1), A?>G0B:C 70?CA:0єBPAO =VG=89 F8:; @>1>B8 

A2VB;>D>@0, ?V4 G0A O:>3> 6>2B5 A2VB;> =0 3>;>2=V9 4>@>7V <830є (01 – 07), 0 

A2VB;>D>@ =0 ?VH>EV4=><C ?5@5E>4V =5 0:B82=89. #VA;O ?>G0B:C 45==>3> 

F8:;C (St=1) A8AB5<0 ?5@5E>4V2 70?CA:0єBPAO (02 – 03 – 04 – 05 – 02). ' AB0=V a5, 

:>;8 =0 3>;>2=V9 4>@>7V 3>@8BP 75;5=5 A2VB;>, 2AB0=>2;NєBPAO 2V:=> ?@89><C 

tc 4;O 7>2=VH=P>W ?>4VW Btn (=0B8A:0==O :=>?:8 ?5@5E>4C). #@8 >1@>1FV FVєW 

?>4VW :5@CNG89 02B><0B ?5@5E>48BP C AB0= a6. !0 F59 <><5=B =0 3>;>2=V9 

4>@>7V 2<8:0єBPAO G5@2>=89 A2VB;>4V>4, =0 ?VH>EV4=><C ?5@5E>4V G5@2>=89 

A2VB;>4V>4 70B@8<CєBPAO, 0 75;5=89 A2VB;>4V>4 2<8:0єBPAO 7V 70B@8<:>N td (G0A 

=0 ?V43>B>2:C 4> ?5@5E>4C). '?@>4>26 ?5@V>4C tc <>65 1CB8 ?@89=OB89 ;8H5 

>48= A83=0; (7>2=VH=O ?>4VO) Btn. 

�;O @>7H8@5==O 2EV4=>3> =01>@C A83=0;C 4>40<> Bps (Bypass). �>;8 

F59 A83=0; 4>@V2=Nє 1, 02B><0B ?@0FNє 2 @568<V 4V03=>AB8:8, :>;8 2AV AB0=8 
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02B><0B0 ?>A;V4>2=> ?5@52V@ONBPAO. #@8 Bps = 0 02B><0B 28:>=Cє 7040=89 

0;3>@8B<. "=>2;5=89 3@0D ?5@5E>4V2 ?>:070=89 =0 @8AC=:CC=:C 4.2. 

 

 

$8AC=>: 4.2 – &5<?>@0;P=89 3@0D ?5@5E>4V2 G0A>2>3> 02B><0B0  C@0 4;O 

C?@02;V==O A2VB;>D>@>< 7 4V03=>AB8G=8< 2E>4>< Bps 

 

!5>1EV4=> 7@>18B8 2V4?>2V4=V 7<V=8 2 02B><0B=><C H01;>=V, 0 A0<5 2 

?@>F5AV, I> 2V4?>2V40є 70 287=0G5==O =0ABC?=>3> AB0=C. #5@52V@:0 A83=0;C 

bps <0є =0928I89 ?@V>@8B5B C >?5@0B>@V if-else. �V4?>2V4=89 D@03<5=B :>4C 

Verilog ?@54AB02;5=> =0 @8AC=:C 4.3. &CB A83=0; bps ?5@52V@OєBPAO ?5@54 

V=H8<8 A83=0;0<8 B0 2=CB@VH=V< ;VG8;P=8:><. �06;82> 707=0G8B8, I> 

A83=0; count1 ?>28=5= 1CB8 ?@87=0G5=89 2 >?5@0B>@V if, I>1 C=8:=CB8 

A8=B57C ;0BG-B@835@0 4;O FP>3> A83=0;C. 
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$8AC=>: 4.3 - #@V>@8B870FVO A83=0;C bps 2 >?8AV ?@>F5AC ?5@5E>4V2 

 

!0 @8AC=:C 4.4 ?>:070=> @57C;PB0B8 <>45;N20==O <>48DV:>20=>3> 

02B><0B0. /:I> A83=0; bps 4>@V2=Nє 0, B> 02B><0B ?@0FNє 2 AB0=40@B=><C 

@568<V (2V4 0 4> 330 ?A). /:I> bps 4>@V2=Nє 1 – CAV AB0=8 >1E>4OBPAO 

F8:;VG=> (F8:; �0<V;PB>=0).  

$57C;PB0B8 A8=B57C ?@8AB@>N =0 #��% FPGA XC3S500E-5fg320 B0 

CPLD XC9572XL-10-TQ100 ?>:07CNBP, I> 02B><0B <0є 7 AB0=V2. #VA;O 

<>48DV:0FVW HDL >?8AC B0 22545==O 4>40B:>2>3> 4V03=>AB8G=>3> 2E>4C bps 

@57C;PB0B8 =5 ?>:070;8 71V;PH5==O :V;P:>ABV 28:>@8AB0=8E B@835@V2 (flips-

flops), I> :>4CNBP AB0=8, V 2V4ACB=VABP 28:>@8AB0==O ;0BG-B@835@V2 (latches). 

#@>B5 22545=V <>48DV:0FVW ?@8725;8 4> 71V;PH5==O 28:>@8AB0==O >A=>2=8E 

5;5<5=BV2 ;>3V:8 (BELs) 4;O >1>E #��%. �;O FPGA 28:>@8AB0==O AC11;>:V2 

(Slices) V B01;8FP ?5@5B2>@5==O (LUTs) 7@>A;> 7 16/30 4> 18/35 2V4?>2V4=>. 

�;O CPLD :V;P:VABP 28:>@8AB0=8E <0:@>:><V@>: (macrocells) 7@>A;0 7 10 4> 

12. %5@54=V 4>40B:>2V 0?0@0B=V 28B@0B8 AB0=>2;OBP 20% (@8AC=>: 4.4).  

"A=>2=V 0?0@0B=V 28B@0B8 AB>ACNBPAO :><1V=0FV9=>W ;>3V:8, O:0 2V4?>2V40є 70 

2AB0=>2;5==O >:@5<8E 1VBV2 @53VAB@C AB0=C (4>40B:>2V :>=AB@C:FVW if). 
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&01;8FO 4.1 –$57C;PB0B8 ?>G0B:>2>3> A8=B57C 02B><0B0 4;O #��% FGPA B0 

CPLD 

#��% &@835@8 BELs Slices/LUTs  0:@>:><V@:8 

FPGA

 

10 30 16/30  

CPLD

 

6 120  10 

 

&01;8FO 4.2 – $57C;PB0B8 A8=B57C 02B><0B0 4;O #��% FGPA B0 CPLD 7 

22545==O< 4>40B:>2>3> 4V03=>AB8G=>3> 2E>4C bps 

#��% &@835@8 BELs Slices/LUTs  0:@>:><V@:8 

FPGA

 

10 36 18/35  

CPLD

 

6 143  12 

 

 

 

$8AC=>: 4.4 – #>@V2=O==O 0?0@0B=8E 28B@0B ?>G0B:>2>W <>45;V B0 <>45;V 7 

4>40B:>28< 2E>4>< 

 

->4> 0=0;V7C H284:>4VW, B> 4;O CPLD =5 28O2;5=> 7<V= C <V=V<0;P=><C 

B0:B>2><C ?5@V>4V B0 <0:A8<0;P=V9 G0AB>BV. �;O FPGA <V=V<0;P=89 B0:B>289 

?5@V>4 71V;PH82AO 7 3.900 =A 4> 4.112 =A, 0 <0:A8<0;P=0 G0AB>B0 7<5=H8;0AO 7 

256.430  �F 4> 243.188  �F. "B65, 7=865==O H284:>4VW AB0=>28BP <5=H5 

8% (@8AC=>: 4.5). 
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&01;8FO 4.3 - #>@V2=O;P=V @57C;PB0B8 H284:>4VW 02B><0B0 4;O FGPA B0 

CPLD 7 4>40B:>28< 4V03=>AB8G=8< 2E>4>< 

 FPGA FPGA 7 4>40B:>28< 

2E>4><

CPLD CPLD 7 

4>40B:>28< 

2E>4>< 

 V=V<0;P=89 

?5@V>4 B0:B>2>3> 

A83=0;0, =A 

3.900 4.112 6.300 6.300 

 0:A8<80;P=0 

G0AB>B0,  �F 

256.430 243.188 158.730 158.730 

 

 

 

$8AC=>: 4.5 – #>@V2=O==O H284:>4VW ?>G0B:>2>W <>45;V B0 <>45;V 7 

4>40B:>28< 2E>4>< 4;O FPGA 

 

4.3 �=0;V7 0?0@0BC@=8E 28B@0B ?@8 ?>1C4>2V ;53:>B5AB>20=8E 02B><0BV2 

4.3.1 �=0;V7 B5AB>?@840B=>ABV DC=:FV9 ?5@5E>4V2 

' ?V4@>74V;V 4.2 1C;> 70?@>?>=>20=> B0 >1ґ@C=B>20=> 22545==O 

0?0@0BC@=>W =04;8H:>2>ABV =0 5B0?V ?@>є:BC20==O :5@CNG>3> 02B><0B0 

22545==O< 4>40B:>28E 4C3 =0 B5<?>@0;P=><C 3@0DV ?5@5E>4C B0 @>7H8@5==O< 

2EV4=>3> 0;D02VBC 4>40B:>28< A83=0;>< Bps 7 2V4?>2V4=>N <>48DV:0FVєN 

HDL->?8AC 02B><0B0. &0:V ?5@5B2>@5==O 40NBP 7<>3C 2AB0=>28B8 02B><0B C 

4>2V;P=89 AB0= 70 45B5@<V=>20=C :V;P:VABP 02B><0B=8E B0:BV2. #@8 A8=B57V 

4>40B:>2V :>=AB@C:FVW if-else Verilog/VHDL >?8AC @50;V7CNBPAO 
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<C;PB8?;5:A>@8. �07=0G5=>, I> 4>40B:>2V 0?0@0BC@=V 28B@0B8 =5 

?5@528ICNBP 25-30%. 

":@5<8< 0A?5:B>< 70?@>?>=>20=>W <5B>4>;>3VW є <V=V<V70FVO 0?0@0B=8E 

28B@0B ?@8 <>48DV:0FVW B5<?>@0;P=>3> 3@0DC B0 >?B8<V70FVO ?@>F5AC >1E>4C 

2AVE AB0=V2. !86G5 1C45 @>73;O=CB> @V7=V 20@V0=B8 4>4020==O 4>40B:>2>W 4C38 

70;56=> 2V4 B8?C ?5@5E>4V2.  

#5@H89 20@V0=B ?>;O30є 2 4>4020==V 4>40B:>2>3> ?5@5E>4C 7V AB0=C V7 

70B@8<:>N (tto(ai) ≠ 0). !0 @8AC=:C 4.4 (7;V20) ?>7=0G5=> ?>G0B:>289 

B5<?>@0;P=89 3@0D 02B><0B – ?5@5EV4 7V AB0=C a0 2 a1 2V41C20єBPAO G5@57 t0 

F8:;V2 A8=E@>A83=0;0. �;O 1V;PH 4>:;04=>3> ?>OA=5==O 2 C<>20E ?5@5E>4V2 

=0 4C30E 3@0DC 28:>@8AB0=> V=20@V0=B G0AC – T ( 7=0G5==O ;VG8;P=8:0 1V;PH5 

70 tto(a0) - 1).  

 �0AB>A>2CNG8 D>@<C;C (4.5) >B@8<0є<> 3@0D, ?@54AB02;5=89 =0 

@8AC=:C 4.6 (?@02>@CG).  

 

 

 

$8AC=>: 4.6 – �2B><0B 7 G0A>28< ?5@5E>4>< 

 

&0:8< G8=>< >B@8<Cє<> 02B><0B 7 157C<>2=8<8 ?5@5E>4>< 7 DC=:FVєN 

?5@5E>4C 284C: a1=a0Bps ⋎a0TBps̅̅ ̅̅ ̅=a0(Bps⋎TBps̅̅ ̅̅ ̅) =  a0Bps ⋎a0T. 

�0AB>AC202H8 70:>= �;59:0-#>@5FP:>3> >B@8<0;8 a0Bps⋎a0T. *5 >7=0G0є I> 
4>40B:>2V 0?0@0B=V 28B@0B8 є 28B@0B8 =0 B5@< a0Bps - F5 2EV4 A83=0;0 bps 2 

B@835@8 ;VG8;P=8:0 B0 LUT, I> 287=0G0є AB0= 02B><0B, 0 B0:>6 2EV4=89 1CD5@, 

O:89 35=5@CєBPAO 4;O CAVE 2E>4V2. *5 B25@465==O ?V4B25@482 02B><0B87>20=89 

A8=B57 C %�#$ Vivado 7 28:>@8AB0==O G8?C AV<59AB20 Zynq 7000. 
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%8=B57>20=C AE5<C =02545=> =0 @8AC=:C 4.7.  >48DV:>20=89 ?@>F5A 

?5@5E>4V2 =0 <>2V Verilog =02545=> =0 @8AC=:C 4.8. 

 

 

 

$8AC=>: 4.7 – $57C;PB0B8 A8=B57C Verilog-<>45;V 02B><0B0 7 2E>4>< bps 

4;O >1E>4C AB0=C 7 G0A>28< ?5@5E>4>< 

 

 

 

$8AC=>: 4.8 – #@>F5A ?5@5E>4V2 02B><0B0 7 G0A>28< ?5@5E>4>< 

 

�@C389 20@V0=B ?>;O30є 2 >1E>4V AB0=C 7 C<>2=>-G0A>28< ?5@5E>4><. 

&0:>3> @>4C 02B><0B ?5@5E>48BP C AB0= a1 ?V4 G0A ?5@H>3> D@>=BC 

A8=E@>A83=0;0 ?VA;O ?5@51C20==O C AB0=V a0 2?@>4>26 O: <V=V<C< tto(a0) F8:;V2 

A8=E@>A83=0;0. #@8:;04 B0:>3> 02B><0B0 ?>:070=> =0 @8AC=:CC=:C 4.9. ' 

?@02V9 G0AB8=V @8AC=:0 ?@54AB02;5=> <>45;P ?VA;O 70AB>AC20==O D>@<C;8 

(4.5).  



 84

 

 

 

$8AC=>: 4.9 – #@8:;04 02B><0B0 7 C<>2=>-G0A>28< ?5@5E>4>< 

 

(C=:FVO ?5@5E>4V2 C FP><C @07V <0B8<5 283;O4 V7 70AB>AC20==O< 70:>=C 

�;59:0-#>@5FP:>3>: a1=a0Bps⋎a0XTBps̅̅ ̅̅ ̅=a0(Bps⋎XTBps̅̅ ̅̅ ̅) = a0Bps⋎a0XT. *5 

>7=0G0є, I> 4>40B:>2V 0?0@0BC@=V 28B@0B8 ?@8 @50;V70FVW <V=V<V7>20=>3> 

28@07C 4;O DC=:FVW ?5@5E>4C 2 AB0= aj – 25=B8;P, O:89 @50;V7Cє B5@< a0Bps. 

"A:V;P:8 A83=0; bps 28:>@8AB>2CєBPAO 4;O >1E>4C B09<5@0, B> O: V 2 

?>?5@54=P><C 28?04:C 4>40B:>2V 28B@0B8 – F5 2EV4 A83=0;0 bps 2 B@835@8 

;VG8;P=8:0 B0 LUT, I> 287=0G0є AB0= 02B><0B, 0 B0:>6 2EV4=89 1CD5@, O:89 

35=5@CєBPAO 4;O CAVE 2E>4V2. (@03<5=B A8=B57>20=>W AE5<8 =02545=> =0 

@8AC=:C 4.10, <>48DV:>20=89 ?@>F5A ?5@5E>4V2 – =0 @8AC=:C 4.11. 

 

 

$8AC=>: 4.10 – (@03<5=B A8=B57C Verilog-<>45;V 02B><0B0 7 2E>4>< bps 4;O 

>1E>4C AB0=C 7 C<>2=>-G0A>28< ?5@5E>4>< 
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$8AC=>: 4.11 – #@>F5A ?5@5E>4V2 02B><0B0 7 C<>2=>-G0A>28< ?5@5E>4>< 

 

�=H8< <>6;828< 20@V0=B>< B0:>3> B8?C 02B><0BV2 є 28?04>:, :>;8 

C<>2=> G0A>289 ?5@5EV4 <0є 1V;PH5 =V6 >4=C 28EV4=C 4C3C C AB0=8 2V4<V==V 

2V4 aj O: =0 @8AC=:C 4.12. 

 

 

 

$8AC=>: 4.12 – #@8:;04 02B><0B0 7 C<>2=>-G0A>28< ?5@5E>4>< C 45:V;P:0 

AB0=V2 
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(C=:FVO ?5@5E>4V2 C B0:><C 28?04:C <0B8<5 283;O4 V7 70AB>AC20==O< 

70:>=C �;59:0-#>@5FP:>3>: a1=a0Bps⋎a0XTBps̅̅ ̅̅ ̅=a0(Bps⋎XTBps̅̅ ̅̅ ̅) = a0Bps⋎a0XT. *59 28?04>: є V45=B8G=8< ?>?5@54=P><C, >A:V;P:8 ?5@5EV4 C 

AB0= a1 G8 a2 <>6;8289 ;8H5 ?@8 =0O2=>ABV 2EV4=>3> A83=0;C ?@8 28:>=0==V 

V=20@V0=BC G0AC, >A:V;P:8 A0<5 B0:>N є A5<0=B8:0 G0A>28E 02B><0BV2.  

#V4AC<Cє<> 28I5=02545=V 28:;04:8. #5@5B2>@5==O G0A>2>W <>45;V 

02B><0B0 2 ;53:>B5AB>20=89 =5A5 70 A>1>N 22545==O 4>40B:>28E 4C3 7V AB0=V2 7 

V=20@V0=B0<8 G0AC B0 ?>4V9. �>40B:>2V 4C38 =5>1EV4=V 4;O 28:>=0==O C<>28 

(4.1) V 40NBP 7<>3C ><8=0B8 7=0G5==O G0AC B0 >GV:C20==O 7>2=VH=VE ?>4V9 ?@8 

>@30=V70FVW 4V03=>AB8G=>3> 5:A?5@8<5=BC. &0:V <0=V?C;OFVW 4>72>;ONBP 

?5@5B2>@8B8 B5<?>@0;P=89 02B><0B 2 :;0A8G=89 02B><0B  C@0 01>  V;V 4;O 

>?B8<0;P=>W ?>1C4>28 F8:;0 �0<V;PB>=0.  

 

4.3.2 $>7@0EC=>: B5AB>?@840B=>ABV B5<?>@0;P=8E <>45;59 02B><0BV2 

/: 1C;> ?>:070=> 2 ?V4@>74V;V 4.3 (?. 4.3.1) 4>40B:>2V 0?0@0BC@=V 

28B@0B8, O:V 70157?5GCNBP B5AB>?@840B=VABP AE5<=>W @50;V70FVW G0A>2>3> 

02B><0B0 22545==O< 4>40B:>28E 4C3 =0 B5<?>@0;P=><C 3@0DV, O:V 40NBP 7<>3C 

2AB0=>28B8 02B><0B C 4>2V;P=89 AB0=, 70;568BP =0A0<?5@54 2V4 B8?C 

02B><0B=>3> ?5@5E>4C B0 A?>A>1C :>4C20==O AB0=V2 02B><0B0. �=0;V7 ?>:0702, 

I> є ?@O<>-?@>?>@FV9=0 70;56=VABP <V6 B8?>< B5<?>@0;P=>3> ?5@5E>4C B0 

=04;8H:>28<8 0?0@0BC@=8<8 28B@0B0<8 =0 @50;V70FVN 4>40B:>2>W 4C38 bps C 

B5<?>@0;P=><C 3@0DV ?5@5E>4V2 ��. � FP>3> 28?;820є, I> є A?>AV1 

>?B8<V70FVW (7<5=H5==O) 0?0@0BC@=8E 28B@0B8 =0 70157?5G5==O 

B5AB>?@840B=>ABV G5@57 287=0G5==O >?B8<0;P=>3> ?>@O4:C 2AB0=>2;5==O 

4>40B:>28E 4C3 bps 2 3@0DV ?5@5E>4V2 :5@CNG>3> 02B><0B0. 

�;O >FV=N20==O 0?0@0BC@=8E 28B@0B =0 @50;V70FVN DC=:FV9 71C465==O, 

I> 70157?5GCNBP ?5@5EV4 :5@CNG>3> 02B><0B0 2 4>2V;P=89 AB0= ai, 

28:>@8AB>2C20B8<5<> ?>:07=8: 4>AO6=>ABV. ' B5E=VG=8E A8AB5<0E 

C?@02;V==O ?V4 4>AO6=VABN @>7C<VєBPAO <>6;82VABP (7 C@0EC20==O< G0AC B0 

28:>=0=8E 4V9) 2AB0=>2;5==O A8AB5<8 2 ?52=89 B5E=VG=89 AB0=. 
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->4> :5@CNG8E 02B><0BV2 C A8AB5<0E 02B><0B=>3> C?@02;V==O, ?V4 

4>AO6=VABN <8 @>7C<Vє<> 203>289 :>5DVFVє=B, O:89 ?@87=0G5=89 :>6=V9 

25@H8=V 3@0D0 ?5@5E>4V2 :5@CNG>3> 02B><0B0. *59 :>5DVFVє=B 2V4>1@060є 2 

C<>2=8E >48=8FOE A:;04=VABP ?5@5E>4C 02B><0B0 C 2:070=89 AB0=, ?>G8=0NG8 

7 ?>G0B:>2>3> AB0=C. 

#>B@V1=> 2@0E>2C20B8, I> A:;04=VABP DC=:FV9 28E>4V2 <0є ?@O<89 

2?;82 =0 A?>AB5@56C20=VABP AB0=C 02B><0B0 9 =5?@O<89 2?;82 =0 A:;04=VABP 

?@>2545==O 4V03=>AB8G=>3> 5:A?5@8<5=BC. "4=0: 4;O 7040GV 2AB0=>2;5==O 

02B><0B0 2 4>2V;P=89 AB0= <>6=0 =5 2@0E>2C20B8 A:;04=VABP DC=:FV9 28E>4V2. 

�>4020==O 4>40B:>2>W 4C38 bps 2?;820є =0 A:;04=VABP 0?0@0BC@=>W @50;V70FVW 

DC=:FV9 71C465==O, 0 DC=:FVW 28E>4V2 70;8H0NBPAO =57<V==8<8. 

$>7@0EC=>: 4>AO6=>ABV :5@CNG>3> 02B><0B0 1C45<> @>18B8 G5@57 0=0;V7 

B5<?>@0;P=>3> 3@0D0 ?5@5E>4V2, 45 AB0=8 02B><0B0 C<>2=> :>4CNBPAO.  

#@8?CAB8<>, I> 2 3@0DV ?5@5E>4V2 02B><0B0 є 25@H8=0 4n V7 70B@8<:>N 

to(an) 01> 2V:=>< ?@89><C tc(an), O:0 <0є k ?>?5@54=8:V2 B0, 2V4?>2V4=>, j 

28EV4=8E 4C3 (4.13).  

 

 

 

$8AC=>: 4.13 –�>5DVFVє=B8 4>AO6=>ABV 2 B5<?>@0;P=><C 3@0DV ?5@5E>4V2 

 

�;O :>6=>W k-W 4C38 B5<?>@0;P=>3> 3@0D0 )( nkm aa →+  >1G8A;NєBPAO WW 

:>5DVFVє=B 4>AO6=>ABV kmW + , O:89 2@0E>2Cє AC<0@=C 203C C<>2 ?5@5E>4C, 
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A?V22V4=>H5==O 42V9:>28E :>4V2 AB0=V2 02B><0B0 kma + B0 na  B0 70B@8<:8 2 

AB0=V. 

Wk+m=qk+m ∑ pr+tr

R

i=1

, (4.7) 

45 R - :V;P:VABP C<>2 ?5@5E>4C =0 k-9 4C7V, pr - 2030 2V4?>2V4=>W C<>28 

?5@5E>4C, tr – :>5DVFVє=B V=20@V0=BC G0AC, O:89 <0є 704>2>;P=8B8 ?V4 G0A 

?5@5E>4C, qm+k - :>4>20 2V4AB0=P <V6 42V9:>28<8 :>40<8 AB0=V2 02B><0B0 am+k 

B0 an. �0@B> 70C2068B8, I> ?@8 C=VB0@=><C :>4C20==V qk+m=1, ∀ i= 1,R̅̅ ̅̅ . 

�>5DVFVє=B V=20@V0=BC G0AC >1@0E>2CєBPAO O: :V;P:VABP C<>2 ?5@5E>4C, I> 

70;560BP 2V4 B09<5@0 B0 9>3> 7=0G5==O. #@>?>=CєBPAO B0:89 A?>AV1 

287=0G5==O:  

 tr= ∑ 0.5*Cnn
i=1 , (4.8) 

45 n - :V;P:VABP 7=0G5=P B09<5@0 =0 4C7V, Cn - 1060=5 7=0G5==O B09<5@0 4;O 

74V9A=5==O ?5@5E>4C C B0:B0E A8=E@>A83=0;0.   

 

�07=0G8<>, I> 4;O �� 2 A8AB5<0E ;>3VG=>3> C?@02;V==O rp  70;568BP 

2V4 A:;04=>ABV ?@8AB@>N, I> ?5@5B2>@Nє 0=0;>3>2V A83=0;8 40BG8:V2 C 

;>3VG=V 7=0G5==O }1,0{=rx  70;56=> 2V4 <56 4>?CAB8<8E 7=0G5=P 2EV4=8E 

A83=0;V2. 

�>AO6=VABP 25@H8=8 3@0D0 an є <V=V<0;P=>N AC<>N 4>AO6=>AB59 

25@H8=-?>?5@54=8:V2 B0 :>5DVFVє=BV2 4>AO6=>ABV kmW + 4;O 4C3 

)( nkm aa →+ : 

 

Dn= min(Dk+m+ Wk+m)k=1
K , (4.9) 

 

�0C2068<>, I> 4;O ?>G0B:>2>W 25@H8=8 00 D0 = 1, ?5B;V ?@8 @>7@0EC=:C 
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4>AO6=>ABV =5 2@0E>2CNBPAO.  

#@>?>=CєBPAO B0:89 <5B>4 >1G8A;5==O 4>AO6=>AB59 C B5<?>@0;P=><C 

3@0DV ��. 

1. #><VG0є<> ?>G0B:>2C 25@H8=C 3@0DC a0 V ?@8A2>Nє<> ?>G0B:>2C 

4>AO6=VABP D0=1,. 

2. "1G8A;Nє<> :>5DVFVє=B8 4>AO6=>ABV 2AVE 28EV4=8E 4C3 Wj 4;O 

:>6=>W ?><VG5=>W 25@H8=8, 45 Jj ,1=  - :V;P:VABP 28EV4=8E 4C3, 70 D>@<C;>N 

(4.8) B0 FV 4C38 ?><VG0NBPAO. 

3. "1G8A;Nє<> :>5DVFVє=B 4>AO6=>ABV :>6=>W ?><VG5=>W 25@H8=8 Dn 70 

D>@<C;>N (4.8).  

4. #C=:B8 2 B0 3 ?>2B>@NNBPAO 4>B8, ?>:8 2AV 25@H8=8 3@0D0 =5 1C4CBP 

?><VG5=V. 

#@8 281>@V ?0@8 AB0=V2 02B><0B0, <V6 O:8<8 2AB0=>2;NєBPAO 

4>40B:>289 ?5@5EV4 (4C30 bps C B5<?>@0;P=><C 3@0DV), >18@0єBPAO B>9 

=0ABC?=89 AB0=, 4;O O:>3> 7030;P=5 >FV=N20==O 0?0@0BC@=8E 28B@0B 4;O 

DC=:FV9 71C465==O є <V=V<0;P=>N 7 C@0EC20==O< :>4C20==O AB0=V2 02B><0B0. 

#@8 FP><C 2V4ACB=VABP ?5@5E>4V2 <V6 AB0=0<8 @V2=>A8;P=0 ?5@5E>4C 7 >4=VєN 

C<>2>N. 

#@8 @>7<VI5==V 4>40B:>2>W 4C38 Bps C ?5@5E>4V an→aj?@8 =0O2=>ABV 

42>E B0 1V;PH5 28EV4=8E 4C3 7V AB0=C �Ā 70AB>A>2CєBPAO DC=:FVO ?5@52038:  

 

F = min|Dn- Dj|, j=1
J , (4.10) 

45 Dn - 4>AO6=VABP 25@H8=8, 7 O:>W 28E>48BP 4>40B:>20 4C30 bps, 45 Dj - 

4>AO6=VABP 25@H8=8-=0ABC?=8:0, j = 1, n - :V;P:VABP 28EV4=8E 4C3 V7 25@H8=8. 

"B65, 4>40B:>2C 4C3C =5>1EV4=> AB028B8 C AB0= V7 <V=V<0;P=>N 4>AO6=VABN. 

�8I5707=0G5=0 <5B>48:0 @>7AB0=>2:8 4>40B:>28E 4C3 є 52@5AB8G=>N 7 

42>E ?@8G8=: 1) >1G8A;5==O 4>AO6=>ABV 70;568BP 2V4 A?>A>1C :>4C20==O, O:5 

02B><0B87CєBPAO %�#$ ?@8 ?@>є:BC20==V, V, 2V4?>2V4=>, ?@>є:BC20;P=8: =5 

702648 <>65 2?;820B8 =0 F59 ?@>F5A; 2) 281V@ ;8H5 >4=VєW 4C38 =0 :>6=><C 
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:@>FV 0;3>@8B<C, O:0 287=0G0є 4>AO6=VABP =0ABC?=>W 25@H8=8, D0:B8G=> 

@>73;O40є BV;P:8 >48= V7 <>6;828E H;OEV2 C 3@0DV, 70 O:8< 02B><0B <>65 1CB8 

2AB0=>2;5=89 C 707=0G5=89 AB0= V =5 2@0E>2Cє <>6;82VABP =0O2=>ABV F8:;V2 C 

3@0DV ?5@5E>4V2 02B><0B0, I> 2 :V=F52><C ?V4AC<:C <>65 2?;8=CB8 =0 

>1G8A;5==O 4>AO6=>AB59. 

"4=8< V7 @57C;PB0BV2 28:>@8AB0==O :>5DVFVє=BV2 4>AO6=>ABV є 

>1G8A;5==O B5AB>?@840B=>ABV 7 70157?5G5==O 4V03=>AB8G=>3> 5:A?5@8<5=BC 7 

>1E>4C 3@0D0 ?5@5E>4V2 70 287=0G5=8< p-< H;OE><. #>:07=8: A:;04=>ABV p-3> 

H;OEC pS  >1G8A;NєBPAO 70 D>@<C;>N:  

 

Sp =∑Wm,n

H

i=1

, (4.11) 

45 Н - :V;P:VABP 4C3 4;O D-3> H;OEC. #5@52030 ?@8 >1@0==V H;OEC >1E>4C 3@0D0 

?5@5E>4V2 2V440єBPAO B><C, C O:>3> Sp <V=V<0;P=0. 

 

4.3  5B>48:0 @>7AB0=>2:8 4C3 

' ?>?5@54=VE 28:;04:0E 1C;> >1C<>2;5=>, I> =5@C9=V2=89 �� <>6;82> 

?>1C4C20B8 >1E>4>< 2AVE 25@H8= V7 ?>25@=5==O< C ?>G0B:>289 AB0=, B>1B> 

G5@57 30<V;PB>=V2 F8:;. 

!03040є<>, I> 70 287=0G5==O< 3@0D є 30<V;PB>=>28<, O:I> є 70<:=CB89 

<0@H@CB, O:89 2:;NG0є :>6=C 25@H8=C 28:;NG=> >48= @07. &0:89 F8:; =5 

>1>2ʼO7:>2> <0є <VAB8B8 2AV 4C38. "G5284=>, I> 4>2V;P=89 >@Vє=B>20=89 3@0D 

=5 є 30<V;PB>=>28<. �>4=>G0A 30<V;PB>=V2 3@0D <>65 <VAB8B8 >48= 01> 

45:V;P:0 30<V;PB>=>28E F8:;V2. �87=0G8<>, I> 4;O @50;V70FVW =5@C9=V2=>3> 

�� 3@0D �� <0є 1CB8 ?5@5B2>@5=89 C 30<V;PB>=V2 G5@57 22545==O 4>40B:>28E 

4C3 Bps.  

�V4><>, I> 4>AB0B=V<8 C<>20<8 VA=C20==O 30<V;PB>=>20 F8:;C є C<>28 

"@5 B0 �V@0:0.  
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�;O 3@0D0 7 n 25@H8=0<8, O:I> =09<5=H89 ABC?V=P 25@H8=8 =5 <5=H5 Ā2, B> B0:89 3@0D є 3@0D>< �V@0:0 V 2V= є 30<V;PB>=>28<. �@V< B>3>, 4;O 3@0D0 7 
1V;PH =V6 42><0 25@H8=0<8, O:I> AC<0 ABC?5=V2 CAVE =5AC<V6=8E 25@H8= =5 

<5=H5 �2, B> F59 3@0D B0:>6 є 30<V;PB>=>28<. *O C<>20 2V4><0 O: C<>20 "@5. 
&5>@5<0 �>=4V-)20B0;0 =040є C7030;P=5==O C<>2 �V@0:0 B0 "@5. �3V4=> 

V7 FVєN B5>@5<>N, 3@0D є 30<V;PB>=>28< ;8H5 B>4V, :>;8 9>3> 70<8:0==O 

B0:>6 є 30<V;PB>=>28< 3@0D><. �;O 3@0D0 G = <U, V> 7 n 25@H8=0<8 

70<8:0==O 1C4CєBPAO G5@57 4>4020==O @515@ (u,v) 4;O :>6=>W ?0@8 =5AC<V6=8E 

25@H8= u V v, AC<0 ABC?5=V2 O:8E =5 <5=H5 n. 

#@>0=0;V7Cє<> B5<?>@0;P=89 3@0D, I> >?8ACє @>1>BC A2VB;>D>@0, 

=02545=89 =0 @8AC=:C. 4.2. �=0;V7 ?>:07Cє, I> 4;O FP>3> 3@0DC =5 

28:>=CєBPAO C<>20 �V@0:0, >A:V;P:8 ABC?V=P 25@H8= a6 B0 a7 <5=H5 3 (| 72 |). 
�@V< B>3>, =5 28:>=CєBPAO C<>20 "@5 4;O 25@H8= a2/a7, a2/a6, a2/a6, a6/a7. 

�V7C0;P=89 0=0;V7 ?>:07Cє, I> 4C30 <V6 AB0=0<8 a6 a7 4>72>;8BP 28:>=0B8 

28<>3C "@5. "=>2;5=89 3@0D ?@54AB02;5=> =0 @8AC=:C. 4.14. 

 

 

 

$8AC=>: 4.14 – "=>2;5=89 3@0D ?5@5E>4V2 7 28:>=0==O< C<>2 "@5 B0 �V@0:0  
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�2545==O 4>40B:>28E 4C3 Bps <V6 25@H8=0<8, O:V =5 <0NBP ?@O<8E 

?5@5E>4V2 C ?>G0B:>2><C 3@0DV ?5@5E>4V2, A?@O<>20=5 =0 <V=V<V70FVN 

:V;P:>ABV 30<V;PB>=>28E F8:;V2 C 3@0DV. *5 74V9A=NєBPAO 70AB>AC20==O< C<>2 

B5>@5<8 �>=4V-)20B0;0. � ?>3;O4C <V=V<V70FVW 0?0@0BC@=8E 28B@0B ?5@52030 

2V440єBPAO B0:><C H;OEC >1E>4C 3@0D0 ��, 4;O O:>3> DC=:FVO ?5@52038 (2030 

@-3> H;OEC) 1C45 ÿ� =∑ �ÿ,Ā��=1 . �>4=>G0A 2@0E>2C20B8, I> 2030 4>40B:>28E 

4C3 C 3@0DV 4;O =5VA=CNG8E ?5@5E>4V2 4>@V2=Nє aiBps ?@8 ?5@5E>4V ai/aj. 

�;O 3@0D0 ?5@5E>4V2 �� =0 @8AC=:C.4.15 >1G8A;Nє<> :>5DVFVє=B8 

4>AO6=>ABV kmW +  B0 AD>@<Cє<> <0B@8FN AC<V6=>ABV 7 @>7@0EC=:>< 

4>AO6=>AB59 25@H8= C >AB0==P><C @O4:C <0B@8FV, O:0 =02545=0 =0 @8AC=:C. 

4.13. !030409<>, I> to1 = 4, to2 = 6, to6 = 8, to3 = [2, 4]; 

 

 

 

$8AC=>: 4.15 –  0B@8FO AC<V6=>ABV 4;O B5<?>@0;P=>3> 3@0D0 7 @>7@0EC=:>< 

4>AO6=>AB59 

 

%C<0 :>5DVFVє=BV2 4>AO6=>ABV C F8:;V 01–02–03–04–05–06–07–01 1C45 1S  = 

5+8+8+5+10+5+5+5=51, 0 4;O H;OEC 01–07–06–04–05–02–03–01 1C45 2S  = 

7+5+8+10+10+8+5 =. &>1B> ?5@H89 H;OE <0є <5=HC 203C B0 <>6=0 

?@8?CAB8B8, I> 4>40B:>2V 4C38 Bps 70 F8< G5@57 >1EV4 3@0D0 404CBP <5=HV 

=04;8H:>2V 0?0@0BC@=V 28B@0B8.  
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�0@B> 707=0G8B8, I> 7040G0 287=0G5==O >?B8<0;P=>3> F8:;C є 

0=0;>3VG=>N 7040GV :><V2>O65@0, 0 >B65 – NP-?>2=>N 7040G5N. Є <0A0 

0;3>@8B<V2 28@VH5==O FVєW 7040GV: ?>2=89 ?5@51V@, 48=0<VG=5 ?@>3@0<C20==O, 

<5B>4 3V;>: B0 <56 B>I>. ' @>74V;V 4.5 =02545=> V=D>@<0FVN ?@> ?@>3@0<=89 

<>4C;P 02B><0B870FVW ?@>5B:C20==O G0A>28E 02B><0BV2, O:89 2:;NG0є 2 A515 

@50;V70FVN ?>HC:C >?B8<0;P=>3> F8:;0 �0<V;PB>=0 =0 <>2V JavaScript 7 

C@0EC20==O <V=V<V70FVW 0?0@0B=8E 28B@0B. 

 

4.4 #@>3@0<=89 <>4C;P ?>1C4>28 B5AB>?@840B=8E B0 0A5@FV9=8E HDL-

<>45;59 

�;O 02B><0B870FVW 70?@>?>=>20=8E <5B>4V2 ?>1C4>28 ;53:>B5AB>20=8E 

B0 <>45;P, 7 28:>@8AB0==O< 0A5@FV9 1C;> ?>1C4>20=> ?@>3@0<=89 <>4C;P =0 

107V D@59<2>@:C Molybden. Molybden 28:>@8AB>2Cє 1@0C75@ V7 2V4:@8B8< 

:>4>< Chromium 4;O 2V4>1@065==O 3@0DVG=>3> V=B5@D59A0 70AB>AC=:V2, O:89 

1C4CєBPAO 7 4>?><>3>N web-B5E=>;>3V9 (JavaScript, HTML, CSS). 

$>1>B0 7 <>4C;5< ?>G8=0єBPAO 7 281>@C FV;P>2>W <>28 >?8AC 0?0@0BC@8, 

=0 O:V9 1C45 735=5@>20=> :V=F52C <>45;P. !0ABC?=8< :@>:>< =5>1EV4=> 7040B8 

?5@5E>48. #@>3@0<0 ?V4B@8<Cє 45:V;P:0 B8?V2 ?5@5E>4V2: ?@>ABV, G0A>2V B0 

C<>2=>-G0A>2V. !0 @8AC=:C 4.14 ?>:070=> ?@8:;04 22>4C 2EV4=8E 40=8E.  
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$8AC=>: 4.16 – #@8:;04 22>4C 2EV4=8E 40=8E <>45;V 

!0ABC?=8< :@>:>< <>4C;P 35=5@Cє B5<?>@0;P=89 3@0D ?5@5E>4V2 B0 

2V4?>2V4=89 Verilog >?8A. #@8:;04 FVєW DC=:FV>=0;P=>ABV =02545=> =0 

@8AC=:C 4.15.  

 

 

 

$8AC=>: 4.17 – #@8:;04 735=5@>20=>3> B5<?>@0;P=>3> 3@0DC B0 Verilog >?8AC 

 

&0:>6 <>4C;P 40є 7<>3C 35=5@C20B8 0A5@FV9=V B>G:8 4;O B5<?>@0;P=8E 

?5@5E>4V2 =0 >A=>2V 22545=8E 40=8E. �A5@FV9=V B>G:8 35=5@CNBPAO =0 >A=>2V 

H01;>=V2, ?@54AB02;5=8E C @>74V;V 3. !0@07V 0A5@FV9=V :>=AB@C:FVW 

35=5@CNBPAO BV;P:8 4;O Verilog <>45;59 7 28:>@8AB0==O< <>28 SVA (@8AC=>: 

4.15). 

 

 

 

$8AC=>: 4.18 – $57C;PB0B @>1>B8 ?@>3@0<8 7 35=5@0FVW 0A5@FV9 
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#@>3@0<0 <0є DC=:FV>=0;P=VABP 7=0E>465==O >?B8<0;P=>3> F8:;C 

�0<V;PB>=0. �;O FP>3> <>4C;P 28:>@8AB>2Cє 42V <0B@8FV – <0B@8FN 

AC<V6=>AB59 B0 <0B@8FN 4>AO6=>AB59, O:0 <VAB8BP 203C ?5@5E>4V2. �;3>@8B< 

?5@52V@Oє 28:>=0==O C<>2 "@5 B0 �V@0:0 B0, C @07V, O:I> FV C<>28 

28:>=CNBPAO, 7=0E>48BP >?B8<0;P=89 F8:; �0<V;PB>=0 <5B>4>< ?>2=>3> 

?5@51>@C. !0?@8:;04, 4;O 3@0DC 7 @8AC=:C 4.12 282V4 1C45 O: =0 @8AC=:C 4.16.  

 

 

 

$8AC=>: 4.19 – $57C;PB0B @>1>B8 ?@>3@0<8 7 ?>HC:C >?B8<0;P=>3> F8:;C 

�0<V;PB>=0 

 

4.5 �8A=>2:8 4> @>74V;C 4 

1. �0?@>?>=>20=> 9 <0B5<0B8G=> >1ґ@C=B>20=> @>7H8@5==O 2EV4=>3> 

0;D02VBC <>45;V :5@CNG>3> 02B><0B0 @50;P=>3> G0AC G5@57 22545==O 

4>40B:>28E 4C3 C B5<?>@0;P=89 3@0D ?5@5E>4V2, I> 4>72>;Oє 2AB0=>2;N20B8 

02B><0B C 4>2V;P=V9 AB0= 70 (n-1) B0:BV2, 45 n - :V;P:VABP AB0=V2 02B><0B0. 

2. $>7@>1;5=V B0 25@8DV:>20=V HDL-<>45;V ;53:>B5AB>20=8E 02B><0BV2 

 C@0 G5@57 22545==O C HDL-:>4 4>40B:>2>3> 7>2=VH=P>3> 2E>4C bps, I> 

2V4?>2V40є <>48DV:0FVW B5<?>@0;P=>3> 3@0DC ?5@5E>4V2.  >45;N20==O 

?@>2>48;>AO 7 28:>@8AB0==O< A8AB5<8 <>45;N20==O EDA Playground. �=0;V7 

0?0@0BC@=8E 28B@0B ?>:0702, I> >?B8<0;P=8< 70 0?0@0BC@=8<8 70B@0B0<8 є 



 96

22545==O 4>40B:>2>3> @568<C ?V428I5==O :5@>20=>ABV AB0=V2 02B><0BC. 

�?0@0BC@=V 70B@0B8 =5 ?5@528ICNBP 20-25% C 70;56=> 2V4 B8?C 02B><0BC. 

3. �C;8 ?@>0=0;V7>20=V 0?0@0BC@=V 28B@0B8, ?>2'O70=V 7 22545==O< 

4>40B:>2>3> 2E>4C bps C HDL-<>45;V :5@CNG8E 02B><0BV2 4;O @V7=8E 20@V0=BV2 

G0A>28E ?5@5E>4V2 <V6 AB0=0<8 02B><0B0. �8O2;5=>, I> 4>40B:>2V 0?0@0BC@=V 

28B@0B8 ?@O<> 70;560BP 2V4 A:;04=>ABV DC=:FV9 ?5@5E>4V2, 7 C@0EC20==O< 

A?>A>1C :>4C20==O AB0=V2 02B><0B0. "FV=N20==O 0?0@0BC@=8E 28B@0B 

?@>2>48;0AO G5@57 0=0;V7 @57C;PB0BV2 02B><0B87>20=>3> A8=B57C HDL-<>45;59 

C %�#$ VIVADO 4;O GV?C AV<59AB20 ZYNQ-7000. 

4. �0?@>?>=>20=> <0B5<0B8G=89 0?0@0B 4;O >?B8<V70FVW >1E>4C 25@H8= 

B5<?>@0;P=>3> 3@0DC 7 C@0EC20==O< A:;04=>ABV ?5@5E>4V2 <V6 25@H8=0 3@0DC, 

O:89 <>65 28:>@8AB>2C20B8AO 2 ?@>F5AV ?>1C4>28 >?B8<0;P=>3> F8:;C >1E>4C 

B5<?>@0;P=>3> 3@0DC ?@8 ?>1C4>2V =5@C9=V2=>3> ��. 
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��%!"���  

' FP><C 4>A;V465==V 1C;> @>73;O=CB> ?8B0==O ?@>є:BC20==O B0 

25@8DV:0FVW F8D@>28E ?@8AB@>W2 ;>3VG=>3> :5@C20==O 7 28:>@8AB0==O< HDL -

H01;>=V2 G0A>28E 02B><0BV2. �C;> 28@VH5=> =87:C ?@0:B8G=>-=0C:>28E 7040G, 

A5@54 :>B@8E – 7<5=H5==O G0AC ?@>є:BC20==O F8D@>28E ?@8AB@>W2 @50;P=>3> 

G0AC G5@57 28:>@8AB0==O 3>B>28E HDL-H01;>=V2, 0 B0:>6 28:>@8AB0==O 

0A5@FV9=8E ?V4E>4V2, I> 7<5=HCє G0A 25@8DV:0FVW, 0, >B65, 9 G0A 28E>4C 

?@8AB@>N =0 @8=>:.  

#V4 G0A 4>A;V465==O 1C;> 4>AO3=CB> B0:8E @57C;PB0BV2: 

1. $>7@>1;5=> HDL-H01;>=8 48A:@5B=8E 02B><0BV2 4;O ?@>є:BC20==O 

?@8AB@>W2 7 >1@>1:>N 7>2=VH=VE ?>4V9. *5 40;> 7<>3C <>45;N20B8 F8D@>2V 

?@8AB@>W, DC=:FV>=0;P=VABP O:8E 70;568BP 2V4 B@820;>ABV 7>2=VH=P>W ?>4VW B0 

2=CB@VH=P>3> 2V:=0 ?@89><C, B0 A8AB5<8 7 >1@>1:8 ?>4V9 7 ?52=>N 

B@820;VABN. �0?@>?>=>20=V HDL-H01;>=8 1C;> ?5@52V@5=> =0 B5AB>28E 

?@>є:B0E V7 ?>40;PH8< A8=B57>< C %�#$ 4;O GV?V2 CPLD B0 FPGA. 'A?VH=89 

A8=B57 ?V4B25@482 ?@0F5740B=VABP 70?@>?>=>20=8E H01;>=V2.  

2. $>7@>1;5=> <>45;V 25@8DV:0FVW B5<?>@0;P=8E ?0@0<5B@V2 G0A>28E 

02B><0BV2 G5@57 28:>@8AB0==O 0A5@FV9. $>7@>1;5=> H01;>=8 0A5@FV9=8E 

:>=AB@C:FV9, O:V ?>:@820NBP <>6;82V AF5=0@VW ?>254V=:8 G0A>28E 02B><0BV2, 0 

A0<5: G0A>2V B0 C<>2=>-G0A>2V ?5@5E>48, >1@>1:0 7>2=VH=VE ?>4V9 ?@8 

=0O2=>ABV 2V:=0 ?@89><C B0 >1@>1:0 ?>4V9 V7 <V=V<0;P=>N B@820;VABN. �C;> 

?>:070=> 5D5:B82=VABP B0:>3> ?V4E>4C, I> 40є 7<>3C 7<5=H8B8 G0A 

25@8DV:0FVW B0 ACBBє2> A?@>ICє ?>HC: ?><8;:8 C HDL-:>4V. #5@52V@:C 

<>45;59 1C;> 7@>1;5=> 70 4>?><>3>N ?>254V=:>2>3> <>45;N20==O 2 A8AB5<V 

Aldec Reviera Pro 7 45B0;P=8< 0=0;V7>< G0A>28E 4V3@0<.  

3. '4>A:>=0;5=> <>45;P B5AB>?@840B=8E G0A>28E 02B><0BV2 7 

28:>@8AB0==O< @>7H8@5=>3> 2EV4=>3> 0;D02VBC. !0O2=C <>45;P 1C;> 

C4>A:>=0;5=> 4;O <>45;59 G0A>28E 02B><0BV2. �>40B:>2V ?5@5E>48 4>72>;ONBP 

2AB0=>2;N20B8 :5@CNG89 02B><0B C 1C4P-O:89 AB0= C?@>4>26 (n - 1) B0:BV2, 45 
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n - :V;P:VABP AB0=V2 :5@CNG>3> 02B><0B0. *5 7=0G=> 7<5=HCє G0A, B@820;VABP 

�� V ?V428ICє B>G=VABP <5B>4V2 :>=B@>;N B0 4V03=>AB8:8 0?0@0BC@=>W 

A:;04>2>W 02B><0B8G=8E A8AB5< ;>3VG=>3> C?@02;V==O. #@>0=0;V7>20=> 

4>40B:>2V 0?0@0B=V 28B@0B8 4;O @V7=8E B8?V2 B5<?>@0;P=8E ?5@5E>4V2 ?@8 

22545=V 4>40B:>28E 4C3 =0 B5<?>@0;P=><C 3@0DV. 

4. '4>A:>=0;5=> <>45;P ?>1C4>28 =5@C9=V2=>3> �� 70 4>?><>3>N 

>1E>4C 2AVE 25@H8= B5<?>@0;P=>3> 3@0DC ?5@5E>4V2 (F8:; �0<V;PB>=0). 

�0?@>?>=>20=> <0B5<0B8G=89 0?0@0B >FV=N20==O B5AB>?@840B=>ABV 

B5<?>@0;P=8E <>45;59 02B><0BV2 =0 >A=>2V 4>AO6=>ABV AB0=V2.  

5. $>7@>1;5=> ?@>3@0<=89 <>4C;P 7 V=B5@D59A>< 4;O AB2>@5==O 

B5<?>@0;P=>3> 3@0DC ?5@5E>4V2 02B><0B0 7 ?>40;PH>N 35=5@0FVєN HDL-

<>45;V C D>@<V 02B><0B=>3> H01;>=C 2 A8=B57>20=V9 ?V4<=>68=V <>2 

VHDL/Verilog. &0:>6 <>4C;P =040є <>6;82VABP 02B><0B8G=>W 35=5@0FVW 

0A5@FV9=8E :>=AB@C:FV9 SVA 4;O 7040=>W <>45;V, 0 B0:>6 ?>HC:C 

>?B8<0;P=>3> F8:;C �0<V;PB>=0 4;O ?>1C4>28 =5@C9=V2=>3> ��. #@>3@0<=89 

<>4C;P @>7@>1;5=89 V7 28:>@8AB0==O< D@59<2>@:C Electron, 0 >B65 є :@>AA-

?;0BD>@<5=8< @VH5==O<.  

$8=:>20 ?@8201;82VABP 4>A;V465==O ?>;O30є C 7<5=H5=V G0AC 

?@>є:BC20==O G5@57 28:>@8AB0==O 70?@>?>=>20=8E H01;>=V2 G0A>28E 

02B><0BV2 B0 G0AC 25@8DV:0FVW 28:>@8AB0==O< 0A5@FV9=8E :>=AB@C:FV9. 
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