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The most important thing in communication
is hearing what isn’t said. (P. F. Drucker)
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4R FIFHS
Fo=0
F,=1
Foiz = F + Fpypq
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Leonardo Fibonacci
0,1,1,2,3, 5: 8, 13,§1, 34, %5, 89, 144... (B 1170-12504E )
= 4R FTYFHEEIEIND

YA SHED (LT Ol
lim —2- = 1.618033988749895 = ¢

IREREEER ¢ : =& L (Golden ratio)
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Analog

YVVY

Comparator
Input ["Sample &ﬁ Digital
mmems —Hold o > output
/ SAR
XHORE / o8lc
5 \DAC
MCLK —> Clock

—ﬂﬁﬂ']k —JEEJ,‘E*IL
(1,2,4,8,16,32,64..)
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5bit5step SAR ADC
> “HEH
p(k) = 16, 8, 4, 2, 1
> AH7.3LSB Y

1.3=17

Step 1st | 2nd | 3rd | 4th | 5th outout
Weight p(k) 16 | 8 | 4 | 2 | 1 P
3t 31
30 | ot 30
29 | . 29
28 1 - 1 - 28
27 27
pA N R R D e 26
25 N e I 25
24 | L d 24
23 I R 23
22 22
21 I e 21
20 20
19 19
18 18
17 17
16 16
Level 15 15
14 14
13 13
12 12
11 11
10

10

O =[N | |~ (O | |00 o
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5bit 5step SAR ADC
> “HEH
p(k) = 16, 8, 4, 2, 1
> AN 7.3LSB Y

ZHEBETERO 1 (TR
D,,; =(00111);

A

7=16—8-4+2+1+0.5-0.5

Step

Weight p() | 16 | 8 | 4 | 2 | 1 | -*°%
CX I I O O 31
30 | T 30
T N A O 29
T I A N D 28
27 | T 1T 27
Y- I A O A 26
25 U SO A 25
04 | T 24
23 T 23
29 22
21 I A 21
20 20
19 19
18 18
17 17
16 16

Level 15 15
14 14
13 13
12 12
11 11
10 10
9
8
7
6
5
4
3
2
1
0
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5bit5step SAR ADC
> “HEH
p(k) = 16, 8, 4, 2, 1
> AN 7.3LSB Y

R EBAN XIS
D,.. =(00111).
<=
—EDHIFERYMH
EEHOEEWNEES
D,.. —(01000).=8

EHEEDSEIE

Step 1st | 2nd | 3rd | 4th | 5th outout
Weight p(k) 16 | 8 | 4 | 2 [ 1 P

3 v 31
30 .. 1. 1 30
29 29
28 1 - d 1 28
27 27
yA R D T N R 26
25 1 ol N A 25
24 90 1 {1 24
23 1 I N L 23
22 ] 22
21 I e e 21
20 20
19 19
2101000

Level 16 [RSNRRRNN Sseeeees Ressesesany 16
15 15
14 14
13 13
12 12
11 11
10 10
9 9
8 ., £ 8
7 e T ————— 7
6 6
5 5
4
3 slr oy, =
R - - HTEREZ !
1
0 | [ I | 0
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Sbit6step SAR ADC
> IREH

p(k) = 16, 10, 6, 3, 2, 1

> A7 6.3LSB HH

AT YT DM

7010001:6
16-10+6- =1+0.5-0.5

=6

Step 1st | 2nd | 3rd | 4th | 5th | 6th outout
Weight p() | 16 | 10 | 6 | 3 | 2 | 1 b
3 e 31
30 V. 0o 30
29 e 29
28 | 1. . 28
27 |\ e 27
26 | d 26
25 |\ e 25
249 | 24
23 . R 23
22 22
21 e 21
20 20
19 19
18 18
17 17
16 16
Level 15 15
14 14
13 13
12 12
11 11
10 10
9 9
8 8
1 1
6 - 6
5 5
4 4
3 3
0 1 01640
1 1
Q (0]




SAR ADCOD TR IZEZRENE(2) 1

Step 1st | 2nd | 3rd | 4th 5th 6th output
S5bit6step SAR ADC Weight "(;‘i ‘6 ______ ‘° ________ 6 __________ 3 _____ 2 ‘ _____ =
> MUREH T S ) S N, 20
p(k) =16, 10, 6, 3, 2, 1 T 2
> A7A 6.3 [LSB] T S N S A 28
T e s
HERTvT DM 2 ——t— 21
6=>010001=>6 e — T
@ Level ié ) ié
FATENA—FRBA N E s
6=001111=6 12 HlE R
10 % 10
% %
T4 RERIE % . aa ’g—
=IEHEENDER % . ?
0 0
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BEELLEBRBEDMEXE

A7

1st step fRi 1
q(1)=3

Step

CHES —

Weight p(k) 16 |10 | 6 | 3 | 2 [ 1 [V
3 1. 1 1. T 31
30 | T 30
09 | T 29
T-IE 28
o7 | 27
26 - 26
25 —
24 Hjlei18$'C-Etf%>£
22 |- 2
o1 | TTTTITTTTTIONS 21
20 ﬁt - 20
19 19
18 “E g
17 17
e E
14 A 14

13

12

|

—Z

HIEREZ
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Ej]jéttﬁkj_éf:&)g)\ ‘
" X?Fﬁﬁjiiih‘ué\g

IERENq(k)ZEE
i ﬂ%ﬁcf%iﬁﬁ&“’éﬁE’G‘éé
ANBEELEREE DGR E

fAIERIRETHHEH
Vin — Vref (k)| < q(k)

.
q(K) B KREN=MHIEHFL

Step

] output
Weight p(k) 16 10 6 3 2 =
3 1 1. 1.t 3
sg e — o
A N T I P . . 2
e 28
A N T T P 21
e 2
A N R e T I e 22
24 T — 4
X I R e T . e 23
22 I T T e 22
2 PN 20
2 ] ) L 19
s K——Aqmww 18
18 NN 2
T 16
Level 16 | e s 15
- ~ 14
VN fHIE RTREZS Hs
13|V IE E/d 13
12 | 12
i ANEH 1t
10 5
; 8
3 7
L 6
: 5
; 4
; 3
: 2
Z T B N 1
| I D e e e e .
0
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*ﬁIE ya| jétt%z'?_éf:&) 1)) Wei::\:pp(k) 11s6t 21n0d 3;d 4;h 5;h 6’1ch output
ar 3 A DR T 5 e ©
k stepE THIERYAHSTE N N T s i :
ZETHIENTRELZ A DEHEZEq(K) gs | 25

M ]

qk) = —p(k+1) + 1 + Z (D) g% B I S R I A g%
i=k+2 20 wy:ﬁq@tu — 20
i (e ;
p(K):k step B D LLBF A 1] Kijm_ww 1]
M:#8XTv T Level 12 I R N }2
e 2
BENSLEBEHPK)I=EOTRES . —— 1o
8 A R 8
SRl
EDEOIGHBREAXFIATHN? 4 T g
2 T 2
? R I I — :




HBEEEHpK)DRE (REEFER)

N bit M step® k stepE DLLEREHp(k)ERTE

PEEFE
OE#radixhDRETSE = pk)=r"* (1<r<2)

> WY EMDREHIHLL
o HIEN(EBEM)ETBMATYTH(FER)IXL—FAD

> p(K)FLT /NG A (B EILICKSHERREH)
miELL R L THIA = FENEL
MIERALTEHZED = qk)DIESDE

@BRbLEHEp(KEEEISRET D

> BEUILHBREFOLL

> REHNEHLCERET R Z B0
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Sbit 6step SAR ADC
nR&REFFEO
radix=1.80

LLEE I E Ap(K)
p(1) =2>"1=16
p(2) =1.8* =10
p(3)=1.83=6
p(4) =1.82=3
p(5)=1.81 =2
p(6) =1.8°=1

fEXT I IE TS7ELO A A

l“‘li
N

TLRERETIR DD

-
& LN7Ep(K)ERFIEME

=3

Step 1st | 2nd | 3rd | 4th | 5th | 6th outout

Weight p(k) 16 |10 | 6 | 3 | 2 | 1 P
31 | | v 1T 31

L D R R e 30

29 | 1 L1 1 29

28 | 1 1 1. 28

27 27

26 | 'T‘Af“z) ________________________ 26

25 | | I 2 25

24 T 24

23 | | N [ | 23

22 N 22

21 21

20 | | N ﬁst ttttttt 20

19 ] | B | 19

18 18

17 ﬁqu) 17

evel 16 [y 16
15 15

14 ‘ 14

13 13

12 A 12

11 \; 11
\ 10 10
9 9

8 8

7 7

6 A 6

5 N 5

4 4

3 3

2 2

1 1 [ 1

0 i 0
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4R FIFHS
Fo=0
F,=1
Foiz = F + Fpypq

ANODEEE

Leonardo Fibonacci
0,1,1,2,3, 5: 8, 13,§1, 34, %5, 89, 144... (B 1170-12504E )
= 4R FTYFHEEIEIND

FHBYASEOLEL U T OEeI<IRE
lim —2 = 1.618033988749895 = ¢

n—-oo Fp_1

IREREEER ¢ : =& L (Golden ratio)
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LLERE

I -

s Hp(K)DRTE (1REF %)

N bit £M step®t k stepB D LLEFEHp(k)ERE

REFIE

‘ 4R FEEP(KELTHEATS = pk) = Fy_riq

Binary Weight

“HER

Radix1.8 Weight

1.8

Fibonacci Weight
$91.62 41

X2 X 2 X 2
v\

YN\ "N
64 32 16 8 4 2

AX1-8AX1-8AX1-8
340 189 105 58 32 138

X162 Xx1.62 Xx1.62

13 8 9 3 2 1

HYUESIEDLENEE HITUER
S BHDHTH1.62E M (radix = 1.62)%EKIFTES !
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0%,

1LV F=SAR ADC

478y F#HISAR ADC

2RDEEZHER !
DOHFBEqK) FDT IR FTyFH

Q@ ErETE 54

AVACR

%9 D

Step

Weight p(k)

33

32

31

30

29 |

28

27

26

25

24

23

22

21 |.

20

19 || |.

18

17 |

16

IET

14 |

L o= N leo s fen oo [wifoo [0 212 12 22
N [— o= N
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HEQNEZ=

2418 FHHSAR ADC weightpWl 16 [ 8 [ 5 T3 l2 1]+
2ROMEEHHER ! e e e
Q@HFBTEHHANLTET S 2 —
4 RFIFREH(r = 1.618)&Y... S —

EMrHREN > qEERS | AT
BB PS> qK)IFELDS e

@

BELbelX
TREQREFEHTHY
nX FI-|_1:E f'l'tf&é

11 o | [
o= [ v ooNee SRR e
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HEEQDEE

Step 1st | 2nd | 3rd | 4th | 5th | 6th | 7th

4RV FHIISAR ADC Woightp00 16 [ 8 [ 5 [ 3 [ 21 [

32

2RNDMEBEZHHER ! §Tw

QHBETEHHEALLTIETS 28

4 g% ::
I HERT 2 M-
ITARTOANFEHEEZENLL 5

16

HIN—F B EI2HS ems T

\ 4
ﬁétbcp’éﬁ’)_&f

MELIT ATV
*ﬁIE’C%&L\JUJsaE F
NEWNVERENED LUVERETH A EE

L o= N leo s fen oo [wifoo [0 212 12 22
N [— o= N




3£ F % & O LLE (5bit ADC) 28

EEFE e EEF &
1.70:E%% 1.62:4% 1.558 3

Step 1st | 2nd | 3rd | 4th | 5th | 6th | 7th Step i1st [ 2nd | 3rd | 4th | 5th | 6th | 7th Step 1st | 2nd | 3rd | 4th | 5th | 6th | 7th

Weight p(k)| 16 | 14 8 5 3 2 1 Weight p(k)| 16 8 5 3 2 1 1 Weight p(k)| 16 9 6 4 2 2 1
31 i | ' i ! 31 * 31 : ! ! i !
30 1 I 30 __? A 30
29 29 \ 2 29
28 28 | A 28
27 27 I L A 27
26 26 A AN 26
25 25 \ 2 25
24 24 | W4 24 i
23 23 - A 20 B 23 |
22 22 22 :
21 21 | AV A e 21
20 20 20
19 I I O O O A O . /2 . 19
18 18 18
17 I S 2 7 e 17
16 16 16

Level 15 Level ST I Y A 2 ) A Level 15
14 14 14
13 13 A 13
12 12 12
11 3 /25 O . 2 P . /2 11
10 10 10
9 9 |l koAb 9
8 8 8
7 A R U IS IO T . % AR N 7
6 6 6
5 5 |l IV Vi 5
4 4 4
3 3 | ey 3
2 2 2
1 T Y ANy e 1
0 0 0

. nRE%
T4 FyF3 &@JJ—L%_:; %i@é?%?égg




DACH 1) Z 7F Fffe] 29

RCETILTCDACHIDEEEZEZS

Vref (k)

Output of DAC [LSB]

Vref (k o 1)

t

/"VDAC (t) — Vref (k) + {Vref (k o 1) o Vref (k)}e_E

-{ | 1/2L.SB
o\
| | \_ELogm s Es
; ; R
- , ; B CRET R
1 Skttling time; PR
! | (binary)
iSettIing tiin i T = RC
(redundancy) |

BEEH © Time [si



24 FTIFFEDEERFRBDME

i

30

¥J?T'7§~T$E0)%E b e
settle(k) = Tln(Z‘P +1)
= 1.4441 forallk

Output of DAC [LSB]
A

Next voltage : 4\ oq(4)
wad(3)
&q(z)
Veom(3)
Veom(2)
A CEERREZRT!
(k=1,2,3,4...)
(Fibonacci)
Vcom(l) : T"n:
1.4441 elsl



£45SAR ADZE ML ESFS >

FAOANBERE W) DAC FRLEFICHA

5bit SAR ADC
Binary search (complete settling)
Stepl Step2 Step3 Step4 Step5

time
Redundant search (incomplete settling)

Stepl | Step2 | Step3 | Stepd | Step5 | Step6 | Step?

Error correction time

Fibonacci search (incomplete settling)

Stepl | Step2 | Step3 | Stepd | Step5 | Step6 | Step7 ﬁ ADf}Eﬂ%Fﬁﬁ

- — DEI] !
Error correction time




ADZ R fGRDEED 52
RO 126 T HELLRFR D LB (5 fEEEAI)

E - F
3
o :
E 10 r M Binary
o r B Radix 1.55
o 8
- M Fibonacci |
: _-
0 20 40 60 80 100 120 140
Total settling time [1]
IRV ITIE....
EDHEETEI1RFYFFESAR ADCHRLEL
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Resistance Circuit of Irrational Number Approximation
Based on Continued Fractions

THEH, REE R, K E X BEXD

Manato Hirai , Anna Kuwana , Haruo Kobayashi (Gunma University)

Abstract

This paper describes the method to generate irrational number ratio signals by using a resistor
ladder and the relation between resistor ladders and irrational numbers. Irrational numbers are
expressed as simple continued fractions configured by integers. The combined resistance of resistor
ladders 1s expressed as continued fractions, too. We have designed resistor ladder networks whose
overall equivalent resistance values are irrational number approximation ratios to a certain
resistance value. Our Circuit simulation has verified this method.

1. [FL&HIC

BTN DRI S BICHEBELR -T2 D TH Y | KDL\ VD ES B O JT DU %5855 5k
ELThLbLTZENTE D, FXNMTEFENNEZRL, &HEILE ZDONOEBBEWRN BRI LW
DILTND, BIFNERLIEFOMNEL. BVWINEZ SBIZEEIT 2 55T, ARIEZBMEST 225, £ Ok
FiX. 4 B TIESERR & T 5 (1],

AREIX, ZOESEIRB A VT, BRI T, BRI ORUEZ FF o Pt b mEECTPE O %
oSBT 2 B0 T HiE2RE LRIKS I 2 L—a VIR LR R A RE T2 D TH 5.

2. ERHERZAVEERS A —DERK
BIREEFOFRFO—D>ThHAEIUL, HAEEZHINM LT & XIC BIEDORE B L7 ER
BN D ., EWHIMWEEEFS, ZOROER 1 (BALIT A, 7’/«\7’)&¢“F VALV, AL Mok %
BLIHRGEANIT Q. A—2) W, R=V/I Thb,
WE, ZHEOBEFRErNH D LT D, ZOTHEEOEIEZK 1k 1(b)D X O IZENEIESIHE
j'_:L: S 4| ?ﬁ‘f‘/uj‘ék \_ﬂ50i%\;mﬁﬁ}‘jﬁl
R¢=R+r (D
1 1 1 R-r
(2

_:_+—(—)RP:
R, R R+r

EWOIPLIZ D, ©F V., OB EEYNCE R LTS ORI [ noiiof) 1

700 AN LT3 E O8I oMY [FnEnEHosof) 225,

X 1 #KProsEe
ZOTRIEOEBR Er T, K2R T L e WL 4", oF 0 EBOIT L ZEER LT



B IRfEIE S MY vy —F L No.3,20194E 5 A 1 H%4T ISSSN 2432-8472

ERIEEE X, T E R X —LMESZ LIZT 5, 77X =D —BEOLAEOAMKEIZ X, EREOEY]
BHEDO B A D ARIEHN D, Z, = R+1Th b, T X —N B ORADOAHIEHZ, 1L, Z, = R + &)

r+(R+1)

2Rr L7 ¥ —
»5,
TOVEEEBRDIRT L kB LT A O G IRIZ, &k + 1B L7258 O A BHEHIZ, . D BEf%
5. WD XD e bn7=>
rZy  (r+R)Zy+7TR

Zeny =R AT = ®)
k kTT
ORI DS DO LSRR Er B R HRBEOEEIT X — DA ST, UToRXTEEINS,
_ay*-p
Z, = T
1
=—(R ++/R? +4rR)
2 4
g = E(R —JRZ+ 4rR)
_R+r-p
TR+r—a

@RIZBNWT, 1<y ThHDHTD, BT BEBEEHECLEDREL 2D L, ZOEPUEITR K DEZ, 12
WRT 2,

-k

Jim =—"= = %(R +JRZ+ 4rR) (5)

F72, K@»Hk+1BED Rr 7 X —OEREEHUT, KRAD X I ITH G TIRRTHZENTED, mi
BHTH D,

a4
=—|m+
m

Lo = I}im Zr & = lim

R
mr mZ mr 1
n \ m+—R 1 /
mr T

WIZR 3 D Lk 5T, HEOIRFOEN R DT ¥ — % B2 5, BT 4 —0OkE:H OEHIEL, H5
HEHLIERIZE LT, peREGRE LTy pe & qele & > CEBSH bR TS &5,

""" ~—
PR p1R
qrR Q'1R|:|

o
3 BB DIEHDOMEN R DT ¥ —

-2.



B IRfEIE S MY vy —F L No.3,20194E 5 A 1 H%4T ISSSN 2432-8472

ZORFDORBIRTLT X —DEMEHIE, WA THOLDb I, pr&qpaHVaEnEE LTbHbbT 2

LRTE B,
|
|
I

1 |
N Pr t+ 1 N 1 | @)
qrkR Zr—1 Ak Zr-1 \ qk 1 l

Zkzka—l_ =R pk+— =R

Port— T /

Ar—1 T
ZOMHEN S ALEDOHIT OV T, ZOMYFFIRIHE> ThBE A OEIAD Epy & qu B IRGE L, 17
5 — %Mt B T LT, RICK LT EORO A H A ED = L3 TE 5.

3. ERSH—ZERVEEY Gall) E50HN
HAOEE L THODbINLEHEOH L LT, BB LIFINLIBFH 5, HE@BEIT RN
x2—nx—1=0DEDRETHY ., EOEHEnOEIK LTIEIC, EnE&ELEEKEMFEIN5[2]. kIR
X2 —nx — 1 = 0D EDME, & Z DESBFRZUWRO L5 12b bbT 2 LN TE 5,
n+VnZ+4 1
"= 2 mnt 1
n+ 1 (8)
n+

n+—

LIZUIE, n= 1056525888 e. n =206 % B, n = 30552 FHIEE LSS, ¢, 1. &%
NZENOEAEIL,

145

¢ = 5 1.618

7=1+V2~ 2414 (C))
3++/13

§=——~3303

TH D,

BE&BRENQ)RDO LI ICHESHREHATE L NG, O)RITBNTmER/(mn)E EOEEnL+5 2
LT, T —DOEIRPIARIZH L TEESRBE OIS Z LR THEIN,

Bl LT, RR 74— OGBS OKT HIEZg glT. RAD K 5 IZRIZH L TSP DIIZTe 5,

1++5
ZR,R = 2 R (10)

%72, 2R-0.5R 7 ¥ —DEFAFLONR T 52,5 o5r1E KD L D IZRICK L THES Tt =1+V20D 1
2725,

ZZR,O.SR = (1 + \/E)R =R- | 2+ 1 | (11)

LT

V2I5E 5% L TR I I Ichb bbb LN TE 5,




B IRfEIE S MY vy —F L No.3,20194E 5 A 1 H%4T ISSSN 2432-8472

1
V2=1+

1
24— (12)
24—

ZHUE. AL 1 EBUTE DN 2THAZ LTI A D Th S,

ZDOZEEHNWT, 2R-0.5R 7 X —D IO A 2R O RICEZ 2B %2E25. ZOILT ¥ —
DEBIEIIOICRT 2 EIIRATH Db EINS.

Z\E:R‘}‘

T ‘R =+2R

24— (13)

2 +—
FA T Held. BAMEORNEDOIETHY . MEHETH D, 11 ET7 el E LTk L HicHh
bbbtz ENTX B3],

14— 14
2 + 11 14

1+
(1) TITEME L=y, Z o5 B CTocim» o+ %ﬁ*«f 1 & LA 0BEy 20 TR
RTDHE. LLFO X 5 A Z R3],
e= 2.71828--- =[2,1,211,41,16,1,1,81,1,10,-] (15)

ZOESHREAWT, K 3 IR LIEFEBROBPUEN R 27 4 —Il2B W\ T, (DXDp, 2 #05K
JEBRFEHET Sy DOa & H . qk%{%"y’ﬁ%H@Ei}&k?‘é & T, BT ¥ —OEIBHIORICKT 2 Hldal
IR A BT $ell 72 5,

AR, HOMEEEEROLTHY , BEKTHD, MHERrEEOBERT L & ZOBEEERy
IIRAIEZ R 72 220 (8], MAESREnZ RO X 5 I/ AL E CTIERT 5 &, #otis LTRAD LD
hobanslsl,

1~ 3.14159 = [3,7,15,1,25,1, 7, 4] (16)
INEHNT, R’ ETHOLGE LRI 2 86 L CTIRPLT 2 — DA BIRHLORIZ) T 5 thid, il
AN E R 5,
4 Be DX A ETHUM T Z— L MERITE T F— Ok %z, X 4(@) &K 4OIZEnFhoRTd,

R 2R 1R 1R 3R 15R 25R 7R
o—
1R 1R —R 1R =R R =R
4 7 R 4
® o ¢ - ¢ e L

(a) A &7 Feilrtl 7 # —(4E%) (b) M A Rmilr{l 7 #—
4 XAETEIH—LMERT X —

UEDOEIICLTIEIIZ ¥ —%2 Mk L, ZOEHRIIARE L@y OEEZ RS Z ENEHK T I 2
— & LTspice #2232 b—2 g b bR TE -,
HMEE . AEERIAVNEWEREXE LHEHRRICAECEEH L ET,
SEEN

(1] /ISR, et —, e W, AL, T ESLo¥ey: ) STHIR (2008)

(2] EA—, ILEfE, SRS, 848 - AR - F8 : K lthbm kL] (2008)

https://catalog.lib.kyushu-u.ac.jp/opac_download md/15758/KJ00005471244.pdf

[38] FFRIE=, Ham A, skt 7 L— 3y 7 2 (2008)

.4.


https://catalog.lib.kyushu-u.ac.jp/opac_download_md/15758/KJ00005471244.pdf

‘LF';EJ Eox YAk

https://eetimes.jp/ee/articles/1412/10/news069.html
https://news.mynavi.jp/article/20150114-analog_guru_2nd/



https://eetimes.jp/ee/articles/1412/10/news069.html
https://news.mynavi.jp/article/20150114-analog_guru_2nd/

