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 "$%')"*+),. /)%1246,828 “:+1%16+;" <'*%82>)%;"”, @. :+1%1, A;4"B)"

 "$&()*$+*-+.&0)*1) 3571+89:&<&*="5"$1&5"::>*5"+89:&<&*?+.@,*

&53A:$&1+:&<&*:+*.":.&5:3*.).$" )*

 "$%"&')*,' -/-0*1/ 2",03")5 06 8%36:)',,; :*-< =6- -0650< -2)6&,'>/1/, ,*:%/,," $?')<>8@0<-; 2')<2'-0<

%3/-03"A: D,0*3,*08 3*=*F ' ?*$&3"0":/G -*,-"3':. I-' :",/ %"03*?850< -0:"3*,,; 06 :&"-2",6)*,,; %3"-0/G 06

*J*20/:,/G %3/-03"A:, ;2' :/2",850< ",)6F, "?=/-)5:6)<,' "%*36K'A %"?)/$8 -*,-"3': 8 3*6)<,"18 =6-'.

I 3"?"0' %3"6,6)'$":6," :/2"3/-06,,; =/-)"-'1%8)<-,/G J8,2K'",6)<,/G %*3*0:"35:6=': $' $1',,"5 3"$3;&-

,'-05 ' 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1 &); :/2",6,,; "?=/-)5:6)<,/G "%*36K'F ,6& &6,/1/ : 3*6)<,"18 =6-',

L" ,6&G"&;0< '$ =80)/:/G *)*1*,0': -*,-"3':. M%/-6," ,":/F %'&G'& &" "?’@&,6,,; -G*1 $ &"&60,/1/ 06

:'&’@1,/1/ $:"3"0,/1/ $:’;$261/ &); %"236L*,,; 1*03")"O'=,/G G63620*3/-0/2 :/1'35:6)<,/G %*3*0:"35:6=':.

M-"?)/:/1/ %*3*:6O61/ 062/G %3/-03"A: @ AG %3"-0"06 ' ,6&'F,'-0<, 6 :'&%":'&," F *,*3O"*J*20/:,'-0<. P:*&*,,;

$:"3"0,/G $:’;$2': &6@ $1"O8 2"1%)*2-," %"236L8:60/ G63620*3/-0/2/ %*3*0:"35:6=':. P'&"1' ?6$":' -0382083,'

*)*1*,0/ '$ &"&60,/1 06 :'&’@1,/1 $:"3"0,/1/ $:’;$261/, '$ %*:,/1/ :'&1',,"-0;1/ 1'R -"?"5. I K'F 3"?"0' 3"$-

O);,80" %3"?)*1/, L" :/,/2650< %'& =6- 8:*&*,,; '1%8)<-,/G $:"3"0,/G $:’;$2':, ' -%"-"?/ AG :/3'>*,,;. S6%3"-

%",":6,' 1*0"&/ 06 $6-"?/ "?=/-)*,,; 63/J1*0/=,/G "%*36K'F 06 *)*1*,063,/G 160*160/=,/G J8,2K'F 1"R80<

?80/ :/2"3/-06,' ;2 ?6$":' "?=/-)5:6)<,' 2"1%",*,0/ &); J8,2K'",6)<,"O" %*3*0:"3*,,; -/O,6)': 8 :/O);&' '1-

%8)<-,/G %"0"2':. T/-)"-'1%8)<-,' 2"&/ 1"R80< ,6&G"&/0/ :'& %*3:/,,/G :/1'35:6)<,/G -*,-"3': 6?" -%*K'6)<-

,/G 1"&*)5:6)<,/G %3/-03"A: '$ =6-0"0,/1 =/ =/-)"-'1%8)<-,/1 :/G"&"1.

 !"#$&' )!$&+: -%*K'6)'$":6,' %*3*0:"35:6=', =/-)"-'1%8)<-,' 2"&/, ',0*O360"3/, $:"3"0,' $:’;$2/, 160*160/-

=,6 1"&*)<.

1BDEG*/*Introduction*

E;8/"*+)%68+ <4'G*2@,. U8=6-,/F *06% 3"$:/028

"?=/-)5:6)<,/G -/-0*1 G63620*3/$8@0<-; %'&:/L*,/1/

:/1"O61/ &" 3"$3"?)*,,; ,":/G -0382083, L" %":’;$6,"

$' $3"-06,,;1 -2)6&,"-0' $6:&6,<, &); ;2/G 036&/K'F,'

%'&G"&/ &" "3O6,'$6K'A "?=/-)*,< ,* :'&%":'&650< :/1"-

O61 $6 %3"&820/:,'-05, *,*3O"*J*20/:,'-05, ,6&'F,'--

05. W* -0"-8@0<-; ' 062/G -J*3, ;2 -*,-"3/, D,0*3,*0 3*-

=*F, %3"1/-)":/F ',0*3,*0, 3"?"0"0*G,'26, ?'"*)*203"-

,'26 06 ?6O60" ',>/G, &* :6R)/:' $?/36,,; F "?3"?)*,,;

',J"316K'A :'& :*)/2"A 2')<2"-0' 3'$,"3'&,/G &R*3*) 06

"03/16,,; 3*$8)<060': ' J"318:6,,; :'&%":'&,/G -/O-

,6)': 2*38:6,,; 8 3*6)<,"18 =6-'.

S' $?')<>*,,;1 2')<2"-0' %3/-03"A: D,0*3,*08 3*=*F

(IoT), ',0*O3":6,/G 8 %":-;2&*,,* R/00;, :/,/2)6 ,*-

"?G'&,'-0< "%0/1'$6K'A *,*3O"*J*20/:,"-0' 062/G %3/-

-03"A: &); $?')<>*,,; 0*31',8 -)8R?/ ?6063*A. M&,/1

'$ ,6F*,*3O"$60360,'>/G 2"1%",*,0': :/1'35:6)<,/G

%*3*0:"35:6=': @ "?=/-)5:6)<,' ?)"2/, 0"18 AG "%0/1'-

$6K'; – :6R)/:6 ,682":"-0*G,'=,6 %3"?)*16.

P'&%":'&,/1 ,6%3;1"1, %":’;$6,/1 $' -0:"3*,,;1

,":/G ?6$":/G *)*1*,0': &); %"?8&":/ "?=/-)5:6)<,/G

-/-0*1, @ 3"$3"?)*,,; %3/-03"A:, L" :/2",850< J8,2-

K'",6)<,' %*3*0:"3*,,; =/-)"-'1%8)<-,/G 2"&':, ;2'

1"R80< ?80/ :/G'&,/1/ -/O,6)61/ =6-0"0,/G -*,-"3':

=/ ',>/G -%*K'6)<,/G 1"&8);0"3': 6?" %*3*0:"35:6=':.

X">/3*,'-0< 062/G 1*0"&': %*3*0:"3*,,; %";-,5@0<-;

0/1, L" =/-)"-'1%8)<-,6 =/ =6-0"0,6 J"316 %"&6,,;

-/O,6)': 1650< %*:,' %*3*:6O/. Z -61* -/O,6)/, L"

-2)6&650<-; $ '1%8)<-': '$ "&/,/=,/1 $,6=*,,;1 61%-

)'08&/, ',J"3160/:,' %6361*03/ ;2/G %":’;$6,' $ =6-"1

=/ =6-0"0"5, -0'F2' &" >818, %"1/)"2 $1'L*,,; 06 $6-

:6&. W* &6@ $1"O8 %3"-0'>* 3*6)'$":8:60/ "%*36K'A "?-

3"?)*,,; 06 %*3*0:"3*,,; %"3':,;," $ ',>/1/ :/&61/

2"&8:6,,;. \*O2'-0< %*3*G"&8 :'& =6-0"0,/G -/O,6)': &"

K/J3":/G &6@ $1"O8 *J*20/:," $6-0"-":8:60/ AG ;2 8

-*,-"3,/G ',0*3J*F-6G, 062 ' %'& =6- J"318:6,,; 2*38-

5=/G -/O,6)':. ]62"R 3*$8)<060 %*3*0:"3*,,; J"318-

@0<-; 8 3*6)<,"18 =6-' 3"?"0/ %3/-03"A:, 0"?0" %'& =6-

2"R,"O" :G'&,"O" '1%8)<-8.
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X*3*0:"3*,,; =/-)"-'1%8)<-,"O" 2"&8 1"R* :/2"-

,8:60/-< 3'$,/1/ 1*0"&61/, -*3*& ;2/G "-,":,': 06?)/-

=,' 06 06?)/=,"-6)O"3/01'=,'; "-,":6,' ,6 K/J3":/G ',-

0*O360"36G (WD) 06 ',>/G 6%6360,/G 3'>*,,;G; 6 062"R

%3"O361,', '$ :/2"3/-06,,;1 1'23"%3"K*-"3': ' 1'23"-

2",03")*3':. T/-)"-'1%8)<-,' J8,2K'",6)<,' %*3*0:"-

35:6=' (TD_X) $6$:/=6F ,6)*R60< &" &38O"A O38%/. P/-

O'&,"5 %*3*:6O"5 TD_X %"3':,;," $ 06?)/=,/1/ ' 06?-

)/=,"-6)O"3/01'=,/1/ %3/-03";1/ @ -%3"L*,' -0382-

083/, L" %"03*?850< '-0"0," 1*,>* *)*1*,063,/G 03/-

O*3,"-)"O'=,/G ?)"2': &); &"-;O,*,,; $6&6,"A 0"=,"-0'

06 &'6%6$",8 %*3*0:"3*,,; =/-)"-'1%8)<-,"O" 2"&8.

M-,":,"5 %*3*:6O"5 TD_X ,6& %3"O361,/1/ 1*0"&61/

@ $,6=," :/L6 >:/&2"&';.

`*:'&’@1,"5 =6-0/,"5 3"$3"?)*,,; ,":/G ?6$":/G

*)*1*,0':, ,*"?G'&,/G &); -0:"3*,,; $O6&6,/G -/-0*1, @

%3"@208:6,,; -%*K'6)'$":6,/G 6%6360,/G J8,2K'",6)<-

,/G %*3*0:"35:6=': '$ %"236L*,/1/ 1*03")"O'=,/1/ 06

0*G,")"O'=,/1/ G63620*3/-0/261/. ]"18 3"$3"?)*,,;

,":/G 1*0"&': 3"$:’;$6,,; 0/%":/G $6:&6,<, 8&"-2",6-

)*,,; 06 -0:"3*,,; ,":/G ?6$":/G *)*1*,0': &); %"?8-

&":/ :/1'35:6)<,/G, "?=/-)5:6)<,/G -/-0*1 @ 62086-

)<,/1 $6:&6,,;1.

HG’J;8 K'6*%KL2))M – %3"K*- %3"@208:6,,; -%*K'6-

)'$":6,/G 6%6360,/G J8,2K'",6)<,/G %*3*0:"35:6=':

&); "?=/-)*,,; *)*1*,063,/G 160*160/=,/G J8,2K'F 8

3*6)<,"18 =6-' '$ 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1.

N42K@28 K'6*%KL2))M – 1"&*)' -%*K'6)'$":6,/G

6%6360,/G J8,2K'",6)<,/G %*3*0:"35:6=': $' $1',,"5

3"$3;&,'-05 ' 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1, ;2'

:/2"3/-0":850< &6,' 8 J"31' =/-)"-'1%8)<-,/G 2"&':

('1%8)<-,/G %"0"2':).

P28" 4'G'8, – 3"$3"?)*,,; 06 :&"-2",6)*,,; 16-

0*160/=,/G, 63G'0*2083,/G 1"&*)*F %3"@208:6,,; -%*-

K'6)'$":6,/G 6%6360,/G J8,2K'",6)<,/G %*3*0:"35:6-

=': $' $1',,"5 3"$3;&,'-05 ' $ 2"1?',":6,/1 $:"3"0,/1

$:’;$2"1, ;2' :/2"3/-0":850< &6,' 8 J"31' =/-)"-

'1%8)<-,/G 2"&': &); "?=/-)*,,; *)*1*,063,/G 160*-

160/=,/G J8,2K'F, L" &6-0< $1"O8 %'&:/L/0/ 0"=,'-0<

"?=/-)*,,; J8,2K'F 06 *J*20/:,'-0< %3"@208:6,,;, 3"-

$>/3/0/ J8,2K'",6)<,' 1"R)/:"-0'.

b); &"-;O,*,,; $6$,6=*,"A 1*0/ :/$,6=*," 062' "--

,":,' R"1K"))M K'6*%KL2))M:

 8&"-2",6)/0/ 160*160/=,8 1"&*)< TD_X $'

$1',,"5 3"$3;&,'-05 ' 2"1?',":6,/1 $:"3"0-

,/1 $:’;$2"1 ,6 "-,":' 6,6)'$8 :'&"1/G 1"&*-

)*F TD_X $' $1',,"5 3"$3;&,'-05 $ &"&60,/1

06 $ :'&’@1,/1 $:"3"0,/1/ $:’;$261/ &); $1*-

,>*,,; %"G/?2/ "?=/-)*,,;;
 -0:"3/0/ 8$6O6)<,*,8 63G'0*2083,8 1"&*)<

-%*K'6)'$":6,"O" 6%6360,"O" J8,2K'",6)<,"O"

%*3*0:"35:6=6;
 ,6 "-,":' 3"$3"?)*,"A 160*160/=,"A 1"&*)'

%3/-03"5 :/2",60/ *2-%*3/1*,06)<,' &"-)'-

&R*,,; TD_X $' $1',,"5 3"$3;&,'-05 ' 2"1?'-

,":6,/1 $:"3"0,/1 $:’;$2"1 F "03/160/ AG 1*-

03")"O'=,' G63620*3/-0/2/.

-+/13'+!5 ' 71/$85 8$)!'891:;. I 3"?"0' :/2"3/-

-06," 1*0"& J8,2K'",6)<,"O" "?3"?)*,,; ',J"316K'A $6

&"%"1"O"5 =/-)"-'1%8)<-,/G J8,2K'",6)<,/G %*3*0-

:"35:6=': $' $1',,"5 3"$3;&,'-05, ;2' %36K550< $6 1*-

0"&"1 "&/,/=,/G %3/3"-0': '$ "&,"=6-,/1 J"318:6,-

,;1 3*$8)<085="O" %636)*)<,"O" 2"&8. ]62' %*3*0:"-

35:6=' c38,0850<-; ,6 :/2"3/-06,,' 6%6360,/G -0382-

083,/G *)*1*,0': – K/J3":/G ',0*O360"3': '$ %636)*)<-

,/1 %*3*,*-*,,;1 F '1%8)<-,/1/ $:"3"0,/1/ $:’;$-

261/, ;2' 3*6)'$850< ,6?)/R*,' =/-)":' 1*0"&/ "?=/--

)*,,; "$,6=*,"O" ',0*O36)6 $6 &"%"1"O"5 -2',=*,,"A

2')<2"-0' ',0*O360"3': 06 -8160"3':. M-"?)/:'-05 %"?8-

&":/ %3/-03"A: $6 %3/,K/%"1 $' $1',,"5 3"$3;&,'-05 @

1"R)/:'-0< %3"-0"O" ,63"L8:6,,; 3"$3;&,"-0' -0382-

083,/G *)*1*,0':, 6 "0R*, 3"$>/3*,,; &/,61'=,"O" &'6-

%6$",8 $6 :G'&,/1 TDd :'&?8:6@0<-; : 0*"3*0/=," ?8&<-

;2/G $6&6,/G 1*R6G.

<:+!'> $)/+::'? 8$)!'891:; /+ ACE!'F+G'H. X/06,-

,; ,":/G %'&G"&': &" "3O6,'$6K'A "?=/-)*,<, %":’;$6,/G '$

:/1'35:6)<,/1/ %*3*0:"3*,,;1/ 06 :/2"3/-06,,;1 1*-

0"&': "?3"?)*,,; &6,/G 8 =/-)"-'1%8)<-,"18 =/ ?'0":"-

18 %"0"K', %"-0'F," 8 K*,03' 8:6O/ &"-)'&,/2':. b"-)'-

&R*,,; : K'F -J*3' %":’;$6,' $ 3"$:/02"1 %3/,K/%': %"-

?8&":/ 2"1%’50*3,/G -/-0*1 [1], [2], $ 3"$3"?)*,,;1

%'&G"&': &" AG 3*6)'$6K'A $6 &"%"1"O"5 -%*K'6)'$":6,"A

*)*1*,0,"A ?6$/ [3], 6 062"R $' -0:"3*,,;1 "3/O',6)<,/G

*)*1*,0': ' J8,2K'",6)<,/G 1"&8)': [4], [5], [6].

X8?)'26K'; 06 %60*,0,6 $6%/-26 [7], [8] 062"R :/-:'-

0)550< -8=6-,/F %'&G'& ' 62086)<,'-0< 3"$3"?)*,,;

%3"-0/G 6%6360,/G $6-"?': &); J8,2K'",6)<,"O" %*3*0-

:"3*,,;, ;2' :/2"3/-0":850< &); -/,0*$60"3': =6-0"0/.

S"23*16 061 62K*,0":6," ,6 0"18, L" ,/,' =*3*$ $?')<-

>*,,; 2')<2"-0' %3/-03"A: D,0*3,*08 3*=*F (IoT) :/,/2-

)6 %"03*?6 : AG "%0/16)<,'F *,*3O"*J*20/:,"-0'. M&-

,/1 '$ 2"1%",*,0': 36&'"=6-0"0,"O" 036,-/:*36, ;2'

-%"R/:650< ,6F?')<>* *,*3O'A, @ ?)"2 -/,0*$8 =6-0"0/.

I K'F 3"?"0' %"&6," -/-0*18 J6$":"O" 6:0"%'&,6)6>0"-

:8:6=6 =6-0"0/ (_ZXT, Fractional-N PLL) ,6 "-,":'

&:'F2":"O" %"1,"R8:6=6, 6?" ',0*O360"36 '$ %"-)'&":-

,/1 %*3*,*-*,,;1 (binary rate multiplier, BRM), ;26

:-06,":)5@ ,":/F %'&G'& &" -/,0*$60"3': =6-0"0/ '$

,6&,/$<2/1 *,*3O"-%"R/:6,,;1 (ULP) &); $6-"?': IoT.

M0R*, 8,/265=/ ?8&<-;2"O" :/2"3/-06,,; ef-1"&8);-

0"36, $?*3'O65=/ ,6)*R,8 %3"&820/:,'-0<, *,*3O"*J*2-

0/:,'-0< ' :/-"28 %3"%8-2,8 $&60,'-0<, 3"$3"?/)/ ' :/-

O"0":/)/ %3"0"0/% K<"O" IoT $6-"?8. `*"?G'&," $6$,6-

=/0/, L" $O6&6,' :/L* %3/-03"A @ %3;1/1/ 6,6)"O61/

$6%3"%",":6,/G : K'F 3"?"0' :&"-2",6)*,/G ',0*O360"-

3': '$ %636)*)<,/1 %*3*,*-*,,;1, ;2' :/O'&," :'&3'$,;-

50<-; :'& &:'F2":/G %"1,"R8:6=': $6 0"=,'-05 8 :-<"-

18 &/,61'=,"18 &'6%6$",' F 8-%'>," :/2"3/-0":8:6)/-

-; &); -0:"3*,,; &:"3':,*:/G -/,0*$60"3': =6-0"0/ [9]

06 O*,*360"3': %-*:&":/%6&2":/G =/-*) [10].

I 3"?"06G [11], [12] &*06)<," %3"6,6)'$":6," -%"-"-

?/ :/2"3/-06,,; F "%/-6," "-"?)/:"-0' %3"K*-':, L"

:'&?8:650<-; : %3/-03";G ?'0":"O" %"0"28, $ 1*0"5 3"-

$3"?)*,,; ,":/G 6%6360,/G 06 6)O"3/01'=,/G -0382083.

Z)* %"03'?," $6$,6=/0/, L" K' %3/-03"A 3*6)'$850< 1*-

0"&/ %"?8&":/ 63G'0*2083,/G 1"&*)*F 6%6360,/G ?'0-

%"0"2":/G "?=/-)5:6=': '$ :/2"3/-06,,;1 062 $:6,/G

2",:*@3,/G -0382083. ]62/1 -038208361 %3/0616,,'

%*:,' "?1*R*,,;, $"23*16 :",/ %"03*?850< ,6 2"R*,

3"$3;& 3'$,/G *)*1*,0': $603/12/. b); :-06,":)*,,;

%"=602":/G 81": %*3*& 3"?"0"5 :",/ %":/,,' ?80/

“','K'6)'$":6,'” %*:,/1/ $,6=*,,;1/, 6 -61* %*3>/1/

=)*,61/ 63/J1*0/=,"O" 3;&8 n-O" %"3;&28 06 63/J1*-

0/=,/1/ 3;&61/ 3'$,/K< %*3>"O", &38O"O" 06 n-O" %"-

3;&2': :'&%":'&,", L" %"03*?8@ &":")' -2)6&,/G *)*1*-
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,0': %61’;0'. P'&%":'&," ,63"L8:6,,; 3"$3;&,"-0' &);

:/L"A 0"=,"-0' 062/G -0382083 ?8&* %3"?)*160/=,/1.
]62"R :'&"1' 3"?"0/, : ;2/G :63'6,0/ 3*6)'$6K'A "?-

=/-)*,< 8 ?'0":"18 %"0"K' ?8)/ "3'@,0":6,' ,6 -%*K/-
J'=,' 6%6360,' $6-"?/, 6 -61* &:'F2":' %"1,"R8:6='
(BRM) :/2"3/-0":8:6)/-; &); 3*6)'$6K'A 1,"R*,,; =6-
-0"0/ '1%8)<-': ,6 :6O":' 2"*J'K'@,0/ 8 '1%8)<-,/G
,*F3",,/G 1*3*R6G [13].

P'&"1' F ',>' -G"R' %3/-03"A, L" ;2 "-,":,' "%*36-
K'F,' ?)"2/, 6 -61* ',0*O360"3/ '1%8)<-':, :/2"3/-0"-
:850< )'=/)<,/2/ [14]. S %"O);&8 -0382083,"A "3O6,'$6-
K'A ?'0":"-%"0"2":' 6)O"3/01/ :'&1":"-0'F2"O" %*3*0-
:"3*,,; 3*6)'$850< “-61"3"$:/:,'” %3"K*-/ $ ,*O60/:-
,/1 $:"3"0,/1 $:’;$2"1, ;2' %36O,80< &" -06?')<,"O"
-06,8, G63620*3,"O" &); 2',K*:"O" 3*$8)<0608 [15], [16].
I K<"18 :/%6&28 :'&-80,' %"*06%,' "?=/-)*,,;, ' 3'$,'
160*160/=,' %*3*0:"3*,,; &"-;O650<-; : @&/,"18 %3"-
K*-' J"318:6,,; 3'>*,,;. Z)* 2',K*:/F 3*$8)<060 "?-
=/-)*,,; $’;:);@0<-; ,* "&36$8, 6 %'-); $6:*3>*,,;
“%*3*G'&,/G %3"K*-':”, L" @ '-0"0,/1 ,*&")'2"1 : 81"-
:6G 3*6)<,"O" =6-8. ]62"R ,*&")'261/ @ "?1*R*,/F 3'-
:*,< >:/&2"&'A 06 0"=,'-0< "?=/-)*,<.

I 3"?"0' [17] :/2"3/-06," ?6O60"3"$3;&,' %3/3"-0/
63O81*,0': &); %'&:/L*,,; >:/&2"&'A. Z)* 062' %3/-
-03"A ,* 1"R80< %36K5:60/ '$ =/-)"-'1%8)<-,/1 2"&"1
: 3*6)<,"18 =6-' F 062"R %"03*?850< -2)6&,/G %3/-
-03"A: 2*38:6,,;. W* 6%3"2-/18:6)<,' %3/-03"A &); 3*-
6)'$6K'A 03/O","1*03/=,/G J8,2K'F.

M0R*, ;2 %"26$8@ 6,6)'$ %8?)'26K'F, %/06,,; &"-)'-
&R*,,; J8,2K'",6)<,/G "-"?)/:"-0*F TD_X $' $1',,"5
3"$3;&,'-05 ' 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1 06 F"-
O" %"3':,;,,; $ 036&/K'F,"5 3*6)'$6K'@5, ;2 ,6 J8,2K'-
",6)<,"18, 062 ' ,6 0"%")"O'=,"18 3':,' $6)/>6@0<-;
62086)<,/1 ' %"03*?8@ %"&6)<>/G &"-)'&R*,<.

5HJEKLDMDO*PQBKSPUHVL*DM*WZ*Q\]Q^Q_HVVa/*
Research*results*and*their*discussion*

I %"%*3*&,'G &"-)'&R*,,;G [18] &":*&*," %*3*:6O/
:/2"3/-06,,; TD_X $' $1',,"5 3"$3;&,'-05 ,6& 06?)/-
=,/1/ 1*0"&61/ 06 8,':*3-6)<,/1/ %3"K*-"361/, %3"0*
'-,850< ,*&")'2/, %":’;$6,' $ 0"=,'-05 "?=/-)*,< ,6
%"=6028 &/,61'=,"O" &'6%6$",8 06 $:"3"0,/1/ $:’;$26-
1/. D,>6 %3"?)*16 %");O6@ 8 2",J)'20' 1'R 0"=,'-05 06
>:/&2"&'@5 %'& =6- :/2"3/-06,,; &"&60,"O" 06 :'&’@1-
,"O" $:"3"0,/G $:’;$2':.

b); :/3'>*,,; $6$,6=*,/G %3"?)*1 $6%3"%",":6-
," ,":/F %'&G'& – "?’@&,6,,; -0382083 $ &"&60,/1 06
:'&’@1,/1 $:"3"0,/1/ $:’;$261/ : "&,8 -G*18, $ "&-
,"=6-,/1 :/2"3/-06,,;1 %3/,K/%8 $1',,"A 3"$3;&-
,"-0'. W* &6@ $1"O8 "%0/1'$8:60/ G63620*3/-0/2/ %*-
3*0:"35:6=':, 6 -61* %"236L/0/ 1*03")"O'=,' G6362-
0*3/-0/2/ -/-0*1/ '$ ,*$,6=,/1/ 6%6360,/1/ $6036-
061/, ' $6)/>/0/ ,*$1',,/1/ &/,61'=,/F &'6%6$",
%*3*0:"3*,,; 06 >:/&2"&'5. g2 %3/2)6& 3"$O);,80"
"%*36K'5 &')*,,;, L" =6-0" :/2"3/-0":8@0<-; %'& =6-
3"$3"?)*,,; :/1'35:6)<,/G J8,2K'",6)<,/G %*3*0-
:"35:6=':.

 "#%& %')+,.0 )2’345#556 ."'07"0' 8: 4)4#"5&;
"# <84’3;5&; :<)')"5&;& :<’6:7#;& : ;,")= ."<)-
',556 <84%)<845)> ;#",;#"&A5)> ;)4,B8:

1. E)"*%R >"4";824,68,; ';42@,> 6>2@. X"$/0/:,/F
$:"3"0,/F $:’;$"2: $?')<>8@ 2')<2'-0< '1%8)<-': 8
:/G'&,"18 -/O,6)' ?6$":"O" -0382083,"O" *)*1*,-
06 ' $1*,>8@ >:/&2"&'5 %*3*0:"3*,,;. `*O60/:-
,/F $:"3"0,/F $:’;$"2: $1*,>8@ 2')<2'-0< '1%8)<-
-': 8 :/G'&,"18 -/O,6)' ?6$":"O" -0382083,"O"

*)*1*,06 ' $:8R8@ &/,61'=,/F &'6%6$", %*3*0:"-
3*,,;. i36J'2/ %"G/?"2 %*3*0:"3*,,; &); &"&60-
,"O" ' :'&’@1,"O" $:"3"0,/G $:’;$2': 1650< &$*3-
26)<,* :'&"?36R*,,; :'&,"-," "-' 6?-K/- [18],
[22], [23] (&/:. 3/-. 4).

2. E)"*%R S/);$%. ;'L)'B 6>2@,. P/$,6=6@1" 2"1-
%",*,0/ 2"R,"A -G*1/, L" :'&%":'&650< $6 $:"-
3"0,/F $:’;$"2, ' AG :%)/: ,6 J8,2K'",8:6,,;
-G*1/.

3. TK2)8,S%;"$%M 6<%*+),> ;'@<')2)8%1: ]62/1/
2"1%",*,061/ @ 2*385=/F %*3*0:"35:6= 2"&':,
)'=/)<,/2 3*$8)<0608.

4. N4'J;8/1"))M 'G’JK)")'B 6>2@,: :/2"3/-0":8@1"
18)<0/%)*2-"3 (MUX) &); :/?"38 1'R %"$/0/:-
,/1 ' ,*O60/:,/1 $:"3"0,/1/ $:’;$261/.

5. T)82V4/J@' ;'@<')2)8,: :/2"3/-0":8@1" )'=/-
)<,/2 3*$8)<0608 "?=/-)*,,;, L"? "?’@&,60/
"?/&:6 0/%/ $:"3"0,/G $:’;$2':.

6. N2421%4;" 68"G%*+)'68% . ;'42;8)'68% 4'G'8,.
P/2"3/-0":8@1" %3"O361,* $6?*$%*=*,,; &);
-G*1"0*G,'=,"O" 1"&*)5:6,,; (,6%3/2)6&,
UZX XILINX, MATLAB 6?" ',>/F K/J3":/F
-/18);0"3), L"? %*3*:'3/0/ 2"3*20,'-0< ' -06?'-
)<,'-0< 3"?"0/ "?’@&,6,"A -G*1/.

7. W268/1"))M )" 42"*+)'@/ "<"4"8)'@/ R"G2R<2-
Y2))%: %'-); 1"&*)5:6,,; ,*"?G'&," :/2",60/
0*-08:6,,; ,6 J'$/=,"18 %3"0"0/%', L"? %*3*2"-
,60/-; 8 %36:/)<,"-0' 3"?"0/ 06 :'&-80,"-0' ,*-
?6R6,/G *J*20':.

8. H<8,@%R"$%M % )"*"Z8/1"))M: %*3*:'3;@1" ' 2"-
3/O8@1" %6361*03/ -G*1, 062' ;2 %"3"O/ 2"1806-
K'A 06 03/:6)'-0< $603/1"2; &"&6@1" 2*385=' *)*-
1*,0/.

I$6O6)<,*,8 -0382083,8 -G*18 ?6$":"O" "?=/-)5:6-
)<,"O" :8$)6 '$ 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1 ,6:*-
&*," ,6 3/-. 1, &* Ub – -G*16 &"&6:6,,; '1%8)<-': %*-
3*%":,*,,;, UP– -G*16 :'&,'16,,; '1%8)<-': %*3*%":-
,*,,;, n – :G'&,/F =/-)"-'1%8)<-,/F 2"&, N (n, z) – 3*-
$8)<060 %*3*0:"3*,,;.

]62"R %'& =6- "?’@&,6,,; ,*"?G'&," :36G":8:60/ =6-
-":' "?1*R*,,;. d3/0*3'@1 &); $6?*$%*=*,,; "%0/16)<-
,"A >:/&2"&'A TD_X $' $1',,"5 3"$3;&,'-05 ' 2"1?',"-
:6,/1 $:"3"0,/1 $:’;$2"1, :'&%":'&," &" >:/&2"-0'
"%36K5:6,,; ',J"316K'A ?6$":/1/ *)*1*,061/, ?8&* $6-
O6)<,/F =6-, ;2/F ,* %":/,*, %*3*:/L8:60/ =6-8 J"318-
:6,,; '1%8)<-': $:"3"0,"O" $:’;$28 ' =6-8, ,*"?G'&,"O"
&); %*3*1/26,,; %'&&'6%6$",':. `6 :-'G %3"6,6)'$":6,/G
*06%6G %'& =6- :/$,6=*,,; >:/&2"&'A %3/-03"A: TD_X $'
$1',,"5 3"$3;&,'-05 %"03'?," :36G":8:60/ )/>* -0382-
083,' "-"?)/:"-0' ::*&*,,; '1%8)<-,/G $:"3"0,/G $:’;$-
2':, "-2')<2/ "-060"=,* :/$,6=*,,; >:/&2"&'A 1"R)/:*
)/>* %'-); -/,0*$8 8-'G :8$)': %*3*0:"35:6=6 ' %"?8&":/
F"O" %3/,K/%":"A -G*1/ [21]. ]62"R &); -G*1/ '$ &"&60-
,/1 $:"3"0,/1 $:’;$2"1 &); '1%8)<-': %*3*%":,*,,;, L"
,6&G"&;0< ,6 -G*18 &"&6:6,,;, &"&602":" $6%3"%",":6-
," -G*18 "?1*R*,,; 03/:6)"-0' '1%8)<-':, L"? $1*,>/-
0/ :0360/ 8 >:/&2"&'A (&/:. 3/-. 2).

P/2",6:>/ 6,6)'$ "%/-8 %"G/?"2 [18], "K',2/ =6-"-
:/G G63620*3/-0/2 [18], [21], 0*G,")"O'=,"A &"K')<,"-0'
[20] 3'$,/G -G*1 &); &"&60,"O" 06 :'&’@1,"O" $:"3"0,/G
$:’;$2':, 1/ 3"$3"?/)/ -0382083,8 -G*18 ' :/36$ "G6'-
*[8)'B <'>,G;, K*M @"82@"8,Y)'B @'K2*% ,":"O" ?6$"-
:"O" *)*1*,06 (3/-. 2).

Z?-")50,6 %"G/?26 %*3*0:"3*,,; ,6O3"16&R8:6)<-
,"O" -8160"36 '$ &"&60,/1 $:"3"0,/1 $:’;$2"1 ' $ '1%8-
)<-,/1 :/G"&"1 :/$,6=6@0<-; J"318)"5 [18]:
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C&.. 1. I$6O6)<,*,6 -0382083,6 -G*16 ?6$":"O"

"?=/-)5:6)<,"O" :8$)6 '$ 2"1?',":6,/1 $:"3"0,/1

$:’;$2"1 / Generalized structural diagram of a basic computing

unit with combined feedback

C&.. 2. U0382083,6 -G*16 ?6$":"O" *)*1*,06 $ 2"1?',":6,/1

$:"3"0,/1 $:’;$2"1 / Block diagram of a basic element with

combined feedback

bSS m m
(n,y,R)=F( n,y,R) N n/(N y)D - - , (1)

&* n – 2')<2'-0< :G'&,/G '1%8)<-':; x – 2')<2'-0< :/G'&-

,/G '1%8)<-':; y – 2*385=/F 2"&; R – %"=602":* =/-)" :

 O; F – &"-)'&R8:6,6 J8,2K';; 2m

m
N = – 16->06?8:6-

)<,/F 2"*J'K'@,0 (m – 2')<2'-0< &:'F2":/G 3"$3;&': ,6-

2"%/=8:6)<,"O" -8160"36).

Z?-")50,6 %"G/?26 %*3*0:"3*,,; ,6O3"16&R8:6)<-

,"O" -8160"36 '$ :'&’@1,/1 $:"3"0,/1 $:’;$2"1 ' $ '1-

%8)<-,/1 :/G"&"1 :/$,6=6@0<-; J"318)"5:

PSS m m
(n,y,R)=F( n,y,R ) N n/(N +y)D - . (2)

j60*160/=,6 1"&*)< 18)<0/%)*2-"36 (MUX):

( )1Y S B S A= × + - × (3)

\'R4'G*2))M 42R/*+8/[Y'B "G6'*[8)'B <'>,G;, K*M

@"82@"8,Y)'B @'K2*% G"R'1'V' 2*2@2)8" R ;'@G%)'1"-

),@ R1'4'8),@ R1’MR;'@

Z?-")50,6 %"G/?26 "?’@&,6,"A -G*1/ l $6)*R60/1*

:'& 2*385="O" -/O,6)8 S 18)<0/%)*2-"36.

g2L" S=1, 620/:,6 -G*16 '$ &"&60,/1 $:"3"0,/1

$:’;$2"1, ' %"G/?26 -06,":/0/1* l1.

g2L" S=0, 620/:,6 -G*16 '$ :'&’@1,/1 $:"3"0,/1

$:’;$2"1, ' %"G/?26 &"3':,5:60/1* l2.

]"18 3*$8)<085=6 6?-")50,6 %"G/?26 l &); "?’@&-

,6,"A -G*1/, :36G":85=/ &'5 18)<0/%)*2-"36, -06,":/-

0/1*:

( ) ( ) ( ) ( )bSS PSS
n,y,R =S n,y,R 1-S n,y,RD *D + D . (4)

X'&-06:/1" :/36$/ &); l1KRR ' l21RR ' -%3"-0/1" AG,

"03/16@1" 3*$8)<085=8 6?-")50,8 %"G/?28 "?’@&,6,"A

-G*1/:

( ) ( ) ( )m m

m m

N N
n,y,R =F n,y,R 1

N N

n n
S S

y y

æ ö
D - + -ç ÷

- +è ø
. (5)

W; J"318)6 %"26$8@, ;2 %"G/?26 $6)*R/0< :'& 2*38-

5="O" -/O,6)8 S, 2")/ :/?/3650< 1'R -G*1"5 $ &"&60-

,/1 6?" :'&’@1,/1 $:"3"0,/1 $:’;$2"1.

P'&%":'&," &" "03/16,"O" :/36$8 (5) 3"$3"?)*,"

?)"2--G*18 6)O"3/018 &"-)'&R*,,; 160*160/=,"A 1"-

&*)' TD_X '$ 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1 (3/-. 3)

F "03/16," 3*$8)<060/ 1"&*)5:6,,; (3/-. 4).

`*"?G'&," $6$,6=/0/, L" &"-)'&R8:6,/F %*3*0:"-

35:6= $6 36G8,"2 :/2"3/-06,,; %3/,K/%8 $1',,"A 3"$-

3;&,"-0' [18] $6?*$%*=8@ 3*6)'$6K'5 $6&6,"A J8,2K'A 8

&'6%6$",':

12 2 1s sn- £ £ - , (6)

&* 1, 2, 3, 4,s = … ; ( )
W4

nD – 036,-J"31":6,6 =*3*$

TD_X %"G/?26 2:6,08:6,,; [18], 162-/16)<,' $,6=*,,;

;2"A &); J8,2K'F, L" 1","0",," $3"-0650<, :/$,6=6-

50<-; 3':,;,,;1/:
max

( ) ( ) ( 1)W4 n F n F nD = - - ,
min

( )W4 n FD =

) ( ) ( 1)F n F n= - + :'&%":'&,".

IEK$&$31::L 31>C!;/+/'& 8$)!'891::L. S&'F-,*,*

&"-)'&R*,,; :/3'>8@ 62086)<,8 ,682":8 06 %3620/=,8

%3"?)*18 3"$3"?)*,,; 1*0"&': ' 1"&*)*F %3"@208:6,,;

:/1'35:6)<,/G 6%6360,/G $6-"?': 160*160/=,/G J8,2-

K'F '$ =/-)"-'1%8)<-,/1/ &6,/1/, ;2' :/2",850< "?=/-

-)*,,; 8 3*R/1' 3*6)<,"O" =6-8.

b); :/3'>*,,; :26$6,"O" $6:&6,,; $6%3"%",":6,"

:&"-2",6)*,/F 1*0"&, ;2/F c38,08@0<-; ,6 ,":"18 %'&-

G"&' &" "?’@&,6,,; -G*1 :/1'35:6)<,/G %*3*0:"35:6-

=': '$ &"&60,/1/ 06 :'&’@1,/1/ $:"3"0,/1/ $:’;$261/

&); %"236L*,,; AG 1*03")"O'=,/G G63620*3/-0/2 ' 3"$-

3"?)*," :'&%":'&,8 :&"-2",6)*,8 160*160/=,8 1"&*)<

$ 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1, L" &6)" $1"O8 %'&-

:/L/0/ 0"=,'-0< "?=/-)*,< %3/?)/$," 8&:'=', %3" L"

-:'&=60< 3*$8)<060/ 1"&*)5:6,,;. `6 3/-. 4 %3"')5-0-

3":6," 3*$8)<060 1"&*)5:6,,; -G*1/ $ 2"1?',":6,/1



 !"$&()+!,- ./"($1 2(45"7$82-(,9 ;<9(515>2-, 2024, ;. 6, ? 2 (10) 87

$:"3"0,/1 $:’;$2"1 ,6 %3/2)6&' f2"1? ' %"3':,;," $ 36-

,'>* "03/16,/1/ 3*$8)<06061/ 1"&*)5:6,,; &); %"-

G/?"2 f1RR ' fKRR '$ 036&/K'F,"5 3*6)'$6K'@5 [22], [23].

 "/;'1" )'1,R)" '84,@"),> 42R/*+8"8%1 K'6*%-

KL2))M – 8&"-2",6)*," 160*160/=,8 1"&*)< TD_X $'

$1',,"5 3"$3;&,'-05 ' 2"1?',":6,/1 $:"3"0,/1 $:’;$-

2"1 06 $&'F-,*," %"3':,;,,; AA '$ 036&/K'F,"5 3*6)'$6-

K'@5 8 :/O);&' TD_X $' $1',,"5 3"$3;&,'-05 $ &"&60-

,/1 6?" :'&’@1,/1 $:"3"0,/1 $:’;$2"1.

N4";8,Y)" R)"Y/^%68+ 42R/*+8"8%1 K'6*%KL2))M –

:/2"3/-06,,; 3"$3"?)*,/G 160*160/=,/G, 63G'0*2083-

,/G 1"&*)*F %3"@208:6,,; :/1'35:6)<,/G %*3*0:"35-

:6=': &); *)*1*,063,/G 160*160/=,/G J8,2K'F $6?*$-

%*=8@ %'&:/L*,,; 0"=,"-0' "?=/-)*,< ?*$ $1', 8 >:/&-

2"&'A 06 &'6%6$",' %*3*0:"3*,,;, L" 8 %'&-8128 %'&:/-

L8@ *J*20/:,'-0< %3"@208:6,,;.

C&.. 3. m)"2--G*16 6)O"3/018 &"-)'&R*,,; 160*160/=,"A 1"&*)' TD_X '$ 2"1?',":6,/1 $:"3"0,/1 $:’;$2"1 /

Block diagram of the algorithm for researching the mathematical model of NPFT with combined feedback
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C&.. 4.  *$8)<060/ 1"&*)5:6,,;: $6)*R,'-0< 6?-")50,"A %"G/?2/ ( )
_'@G

nD :'& &'6%6$",8 %*3*0:"3*,,; S /

Simulation results: dependence of the absolute error on the S range

P/2"3/-06,,; %3/,K/%8 $' $1',,"5 3"$3;&,'-05 &);

%"?8&":/ 062/G %3/-03"A: 81"R)/:)5@ %3"-0* ,63"L8-

:6,,; 3"$3;&,"-0' -0382083,/G *)*1*,0':, 6 "0R*, 3"$-

>/3*,,; &/,61'=,"O" &'6%6$",8 $6 :G'&,/1 2"&"1 :'&-

?8:6@0<-; 0*"3*0/=," : ?8&<-;2/G $6&6,/G 1*R6G, L" @

"-"?)/:'-05 06 %*3*:6O"5 ,6& ',>/1/ :'&"1/1/ 6%636-

0,/1/ $6-"?61/.

1OBVQ^bO*/*Conclusions*

I&"-2",6)*," ' &"-)'&R*," 160*160/=,8 1"&*)< =/-

-)"-'1%8)<-,"O" J8,2K'",6)<,"O" %*3*0:"35:6=6 $'

$1',,"5 3"$3;&,'-05 ' 2"1?',":6,/1 $:"3"0,/1 $:’;$-

2"1, L" &6)" $1"O8 "%0/1'$8:60/ G63620*3/-0/2/ %*3*-

0:"35:6=':, 6 -61* %'&:/L/0/ %3/?)/$," 8&:'=' 0"=-

,'-0< "?=/-)*,,; '$ ,*$,6=,/1/ 6%6360,/1/ $6036061/,

' $6)/>/0/ ,*$1',,/1/ &/,61'=,/F &'6%6$", %*3*0:"-

3*,,; 06 >:/&2"&'5. g2 %3/2)6& 3"$O);,80" "%*36K'5

&')*,,;.

X*3-%*20/:/ %"&6)<>/G &"-)'&R*,< %*3*&?6=650<

$6-0"-8:6,,; 3"$3"?)*,/G 1"&*)*F &); %3"@208:6,,; '

3*6)'$6K'A ',>/G J8,2K'F :/1'35:6)<,/G %*3*0:"35:6-

=':, L" 1"R80< :/2"3/-0":8:60/-; %"?)/$8 =80)/:/G

*)*1*,0': -*,-"3':. d3'1 0"O", $O6&6,' %'&G"&/ '&*6)<,"

%'&G"&;0< &); %"?8&":/ 06 :&"-2",6)*,,; O*,*360"3': '

-/,0*$60"3': =6-0"0.
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METHODS*AND*MEANS*OF*REAL-TIME*MEASUREMENT*CONVERSION*TARGETED**

AT*SENSOR*SYSTEMS*

At present, distributed control and management systems are becoming increasingly complex, with the number of Inter-

net of Things devices and wireless sensors steadily growing. All of them require the development and improvement of

simple and efficient devices for performing computational operations near sensors in real time.

This paper analyzes the use of number-pulse functional converters with variable bit width for computational operations

near the sensitive elements of smart sensors in distributed real-time control systems. The key advantages of such devices

are their simplicity, reliability, and energy efficiency. The introduction of feedback allows for a comprehensive improve-

ment of the converters’ characteristics. Basic structural elements with positive and negative feedback are known, and they

exhibit certain differences among themselves.

Numerous studies and analyses of the obtained results for various functions (inverse proportional, logarithmic with dif-

ferent bases, square root, division devices, and others) offer new approaches to creating more advanced structures. This

proposed work continues earlier research in the field of number-pulse information processing devices. However, unlike

previous publications, it focuses on improving the mathematical principles underlying the computational process and the

structural organization of such devices. The study covers aspects of the creation and investigation of combined feedback.

To address the identified problem, the method based on a new approach to combining measurement converter circuits

with positive and negative feedback has been improved to enhance metrological characteristics. Additionally, a refined

mathematical model with combined feedback has been developed, which has enabled a twofold improvement in calcula-

tion accuracy at the beginning of the conversion range.

The proposed methods and tools for performing arithmetic operations and elementary mathematical functions can

serve as fundamental computational components for various cases of functional signal conversion in the form of number-

pulse codes. These signals can be received from primary measurement sensors or special modeling devices with frequency

or number-pulse outputs in real time.

The principle of variable bit width for building such devices enables easy scaling of the bit width of structural elements

to extend the dynamic range of the input code within any specified limits.

Keywords: specialized converters, number-pulse codes, integrators, feedback, mathematical model.
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