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Background

Automotive electronics are in spotlight

¥

High-speed, Reliable
“SAR ADC” in microcontroller is needed.

In my laboratory
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We have discovered various properties of
SAR ADC using Fibonaccl sequence.

~

J
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New Discovery

SAR ADC based on
golden section search
using unimodal function

‘equivalent

Find out

Egge weighted SAR ADC
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SAR ADC Configuration

Analog  object

Comparator

Input
p Sample

__Hold |

Based on

principle of balance

we scale Digital
:I: > Output
/ >
SAR >
, >
/ Logic >
. DAC
Weight \
CLK —>{ Clock
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Generally use binary weight
(1,2,4,8,16,32,64..)




Binary Search SAR ADC Operation
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5bit-5step SAR ADC

» Analog Input:7.3 [V]
» Binary weight :
16, 8,4, 2,1

il Right?

Left?Q g

Step

Weight p() | 16 | 8 | 4 | 2 | 1 |oPv
st |l 31
30 | 30
7T I I I O 29
7T IO I A I 28
27 | T 27
06 | |y 26
7T I S 25
7Y R I R I O 24
F I I O N 23
22 22
21 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
7 (N I N N _ N N N N _§ | L N N | 7
6 6
5 5
4 4
3 I 3
2 B . | 2
1 I 1
0 0
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Binary Search SAR ADC Operation

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

5bit-5step SAR ADC Weigrto® | 16 | o [ 4 [ 2] output

> Analog Input: 7.3 [V] T S e
> Binary weight : X A N o N A

84,21 7 i e

Iﬂm A A §§ B I -
"{ . 20 —— —
A RIQ ht ig |
16 _

Level

= e [ e e e = NS N [N PN [N N [N N NS [N feo e
st il il e S i i b e = Y DS Y TN L T N S = Y O X TN Y N A = =

- — b | | | — | —
o—NwlrueNeeS RN e Rl




Binary Search SAR ADC Operation
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5bit-5step SAR ADC

» Analog Input:7.3 [V]
» Binary weight :

P
iy

iy

L eft

2,1

Step

Weight p(k)

output

31

31

30 V.l 30
29 |l 29
28 | | 28
27 Vo 27
26 |\ .1 d 26
25 I I | 25
24 | L 24
23 I I | 23
22 e 29
21 . 21
20 20
19 I 19
18 | L 1 18
17 T 17
16 16
Level T e B i 15
14 1 Y | 14
13 1 N 1 13
12 ! 12
11 11
10 ] D) 10
; | UP! ;
8 | 8
7 ot e | S - - 7
6 | 1 I\ 6
5 1\, 5
4 4
3 il | 3
2 1OHOfLj—— 2
0 0




Binary Search SAR ADC Operation
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5bit-5step SAR ADC

» Analog Input:7.3 [V]
» Binary weight :

7.3=00111=>7
AR

16mm S mm4u 214 05—05 =/

Balance

Step

Weight p(k)

output

31

30

29

28

27

26

25

24

23

22

21

20

19

18

17

Level

16

15
14
13

12

11

o—nnw-hmc»\lcocoa
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SAR ADC Redundancy Design

| 2nd | 4th_| 5th

Redundancy YT CEETE

31

= Surplus, Extra 30| T

29
28

217 PR 1 o ) W R I
. 1 :
25

24 |
Using time redundancy 22

» Extracomparison steps 50

> Change reference to T

Non-binary voltages 17

Cevel 16

15
14

A :
Enable digital

10
_ g(k) : k-th step
error correction! correctable difference
3

2
1
0
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Redundancy Design Operation(No Error)

4bit-5step SAR ADC o Lot 2od | drd L 4th Lt Oth Jo 0,1
» Analog input:6.3 20 ' Iallnf

> Redundant weight : 27
16, 10, 6, 3,2, 1
Correctable expression ?15
6.3=010001=6 o
NN~ 18
16=10F6=3=2=1405—0.5 | oo [ 18
=6 I

11

O = [N [eo [ [ o [N oo [0 [S




Redundancy Design Operation(One Error)
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16=10= 6434241+ 0.5 - 0.5
=6

Error correction
£ High-Reliability

4bit-5step SAR ADC e e Tooa o i o Lon ], .0
. 31 _ _ _ | 31
> Analog |nput:6_.3 g‘g’ oli1tonodo1 g‘é
» Redundant weight : 22— — 28
16, 10, 6, 3,2, 1 gg S o S o A gg
Correctable expression e e
6.3=010001=6 T T
18 18
N S s
. [Misjudgment} 3
Another expression . 12
6.3=001111=6 1
Z
5
4
3
2
1
0

o—sl\aw.hmm\l%_
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Golden Ratio

» Ratio satisfying a:b = b: (a + b)

.« = g — V5 _ 1 618033988749895 -

« The most beautiful ratio

(V' 5+1) /2
.;}‘3';\\
L
|
SN
5 N Ny :
o~ S0 A

! | (W 5-1)/2
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Fibonaccl Sequence

Definition (n=0,1,2,3...)

Fibonacci number
0,11,2,3,5,8,13,21,34,55 ..
e e +

Property
The closest terms ratio converges to “Golden Ratio” !

= 1.6180339887 ... = ¢

lim
n—orn_1
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Golden Section Search

Finding of effectively extreme value of unimodal function

Division ratio = Golden ratio

Unimaodal
Function
STEP1
Judge: Left
STEP1
Judge: Right Separation
5TEP3 ......................................... point
Judge: Left [ ¢ : Golden
Ratio
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Fibonaccl Search

¢ L 1

A4

Golden Section Search 1 ¢ —1
(¢p:Golden ratio)

A4
N
A4

Left separation point Right separation point

ADC treats only integers » Difficult to realize

Performing golden division with only integers

Fibonacci search
(F,.Fibonacci number) ’

Left separation point Right separation point
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Fibonacci Sequence Weighted SAR ADC

Step

Fibonacci sequence SAR ADC Weghtplop to 8 5 3 -2 1
P immms

31 | ] N ]
S EmEm

Weight is Fibonacci sequence 28
26
25
24
23
22
21 |
20 IMNAN.
19 |

18 |
17 |
16
15 |
14 |
13 |

Level

-y
N

—
—

=N (oo [N o |5

|
N [=—
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SAR ADC Based on Fibonacci Search

Analog Comparator
Input Sample A~ Digital

- Hold (./ \ R Output

Input: 2. 1 SAR ——
20E)ut 2.7 ] A —
a0 Logic ——

>
16.0 P
——
14.0 DAC |
12.0 DR

10.0
50 CLK — Clock
6.0
4.0
2.0

0
0 5.0 10.0 15.0 20.0
Output of DAC

| (Input)— (Output of DAC) |

Absolute value of
difference of Q

Finding this point with SAR ADC

Unimodal function with local minimum » Use Fibonacci search
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Block Diagram of SAR ADC Based on Fibonacci Search

Analog Comparator

Input Sample \
Hold [ [ : Digital
- / Output
SAR

- Logic
| DAC1 j\
/ DAC2 [/

CLK —— Clock

A
%

L
\/

|

Use Fibonacci number
0,1,1,2,3,5, 8,13...)
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Operation of SAR ADC Based on Fibonacci Search

__step 11st12nd ! 3rd]4th | 9th | output
20 20
19{1 19
Analog Comparator 8 18
Input Sample _/\10'7 11 - 11
10.7 = - 1611 16
Hold I 1 Digital 15 15
7| 9.3 Output 14 14
U 13 13
12 12
. 11 11
0.0 T SAR —— | R
DAC1 : Logic Level 9 g
) 8 8
‘ 1 1
. 6 6
20.0 DAC2 | S 11k - 5
< 4 L. [ 4
3 3
1]l 1
0 0
-1 -1
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Operation of SAR ADC Based on Fibonacci Search

step 11st 4th | oth | output
20 20
19 1 19
Analog Comparator 18 18
Input Sample N 0.7 11 3 11
10.7 S . 12 ' T
Hold I Digital 15 19
— ™ 2.3 Output 14 A 14
A\ 13 3 13
12 ' 12
0o . SAR 11 ol ST
: ) ' 0" T AR T ATET] 10
DAC1 Logic Level 9 ld? 1 g
) 8 vEvV Iv] 8
- 7 7
) i 6
8.0 pAaca | 5 5
« 4 4
1{1]JOROJ11]0 1
0 0
-1 -1
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Operation of SAR ADC Based on Golden Section Search

step 11st!2nd|3rd|4th | 5th | output

20 20

| 19 19

Analog Comparator 18 18

Input Sample =<> 0.7/ }; };

10.7 >

0 Hold I 0 Digital 15 15

g% 13 13

12 12

. 11 11

10.0 . SAR — T 11— 10

DAC1 : Logic 10 Level 9 9

) 8 8

‘ 1 1

) 6 6

120 paca ; ;

Digital Output AN 4 4

Output of comparator Clock 3 d

CLK —— 2 2

0— 111100 [1 |0 1

(Digital input of DAC1) 0 0

1_) _1 _1
(Digital input of ADAC1)+1
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Revised SAR ADC Based on Fibonacci Search

Comparison method before change
Vin — DAC].(Z or S)DACZ — Vin

\

2V, (= or <)DAC1 + DAC?2

\

1
Vin (= or <) > (DAC1 + DAC?)

Equivalent comparison method
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Block Diagram of Revised SAR ADC Based on Fibonacci Search

Analog Comparator

Input | Sample
Hold _

Use Fibonacci Sequence

Digital

. Output

SAR >

>

Logic >

>
‘_
‘_
‘_
‘_

CLK —>{ Clock
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Operation & DAC Revised SAR ADC Based on Fibonacci Search

Opera“on rz_na;te_p ______________________ _i
___________________________ Half the total current + 81(28I) ;
 Lst step LSS Sre 2 ON

! . Half the total current(ZOI)
1 2nd step !
. Half the total current - 8I(121) :

Zvout o
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Revised SAR ADC Based on Fibonacci Search

IRevised SAR ADC Based on Golden Section Search

Input  10.7

Output 10

1st 2nd 3rd 4th Ath

Level

——: Comparison point

: Solution existence range

—_ml—_—_ ] —_ ] —_= =] ===
e hall Ll Bl ol Rl 2 Bl Ead End Pyl G FREY PITY P P = B PN R =)

1
—_

Figure of DAC
at this time
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Final Step of Revised SAR ADC Based on Fibonacci Search

DAC of final step

8~ 8l SId‘; 51 36‘; 3%%2 NN B I I I
Srel Sre| SLs\ SkS SLaA\ Sra\JL Sry [S19 SrA Sii] Sri
B R N | L

1 1

2V0utc

R Q |2 Not used

Further revised
v

cc ©

st%l; s%) 51- S 31@ 31@6;? 2%21@
Spe|  Sr§ Sis\_ SroN S\ Sr4XL Sr
| i [ |

|
2V0utc |
R Q [210ut
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Proof Contents

SAR ADC based on
golden section search
using unimodal function

‘equivalent

Find out

Fibonacci sequence weighted SAR ADC

Prove above
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Proof by Mathematical Expression

Comparison voltage when n=6
)

Fibonacci sequence 24 L/
36 /
Fo =0 =
F,=1 . /1{) 7
;g / //
Fonyo =y + Fppq : /I yn
2118
22 L

2a; |21

—¢ Fibonacci sequence

18

Comparison voltage !

15
14
13
12

2a, = (Fy+ Fpq + -+ F)) + 1%
(iFn T Fn—l Tt Fl)

(=Rl =R el Eog Sl (= o)==l =]

Difference of comparison voltages is Matches Fibonacci sequence
Fibonacci sequence weighted SAR ADC
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Simulation

Simulation condition
v, =0,® Vv, = 317810, @V;,, = 196231.78,
@V, = 57096.156, ®V;, = 275302.91, ®V;, = 134576.64

Convergence prediction
D 0, @ 635620, @ 392462, @ 114192, B 550604, ® 269152

700000

600000 0
5
500000
00000 [ ) All converged to
™N 300000 @ Intended value
200000 )
100000 @
0 )

0 5 10 15 20 25 .>'< n = 26
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Conclusion

New Theorem

Equivalency i

 SAR ADC using golden section search

* Fibonacci sequence weighted SAR ADC



Thank you for listening

e




42/41



appendix
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DAC Settling Time at Every Step

Shorten Conversion time

Redundant Binary

search search /— Error range to get correct output

1
f ——— Compared Voltage
I
: I 1oise
- |
q(k)

\_

el

2
>

Correctable difference

q
—
9
=

Output of DAC [LSB]

[~

M
- A
--y-

Settling Time

Settling time [s]
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Reduction of Settling Time

5bit SAR ADC
Binary search
SR Step2 Step3 Stepd Step5
>
Conventional Redundant search time

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

Error correction time

Fibonacci search
The shortest

Stepl Step2 | Step3 | Step4d | Step5 | Step6 | Step? <:IAD conversion

time !!

Error correction time
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Comparison of Incomplete Settling Time

Settling time at every resolution

—
=
O
— #
— 12
@) — |
*_—:—, 10 h W Binary
B || g Conventional (-
g 2 * Redundancy
nd | Fibonacci |
6 F'
|
0 50 100 150 200

Total time [s]

At fixed clock,
Fibonacci ™ the shortest AD conversion time !!
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Conventional and Proposal DAC

Conventional
I I (-5 I&B : :
R-2R resistor ladder s s\ S
1 3 R * R

S, \

S5
. R R
= (Generate binary voltage Vour
R 2R§" 2R§ 2 R

‘ Change all resistors to R R-2R resistor ladder
Proposal (T) :
. [ 1 |
R-R resistor ladder A\ '% % % %
=Generate Fibonacci voltage S _ SN _ Ssh o Sev o Ss v

Realize Fibonacci DAC &g =
by USing Simple circuit ! R-R resistor ladder
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Principle of Fibonacci Voltage

New property

Divides current into Fibonacci ratio in each node
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Proposal of R//R Fibonacci DAC

R-R resistor ladder

Generate
Fibonacci voltage
of odd term

' Change terminal resistors to
parallel resistors

Proposal
R-R resistor ladder I I I I
with terminations of R//R
S1 R S; R S3 R S

Generate AW M A
Fibonacci voltage L
of even term @ R R @




50/41

Fibonaccli DAC simulation

Vout
I I I 1(Y 1(V _L
SWo  NSW7 SWs N SW3 N SW GG
R R

l I &5 IC-B I [Element values]
» R=550Q
S SW. > C:]_pF

> 1=2uA

=
v
=72
L
g
o
)
=
}—c/_l
V)
S
|
| /c/j
RS
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Simulation Result

40m\V/ . V(vour)
36mV- - - 34
_ N E‘azmv—- All Fibonacci terms
Operatlo.n simulation £ 28mv- are found
Each switch corresponds » D 2amv-- . 21
to a Fibonacci term § 20mV-
9 12mv- _ - !
-] i 8
O 8mv-+ - 5
vl 4 g2 3
Dmv - :i - Ha - -t -4 - el » el -
W [vout) (0] 2 4 5] 8 10 12 14 16 18 20
15mv— S‘J SB S'? sﬁ 55 54 SE SZ Sl
Sl HJ Time[us]
é 12m\V—
= 11mi—
> 10m\y/- ) ; )
% 4ol I M S A-D conversion simulation
S mv- Combination of current sources
S smv- realizes DAC function
g 3miv—
< I
Omy

—r— Fibonacci DAC is realized @

6 8 10
Digital input



