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Outline

Objective

SAR ADC

SAR ADC Redundancy Design

Proposed SAR Algorithm Using Fibonacci Sequence
» Fibonacci Sequence and Golden Ratio

» Fibonacci Weighted SAR ADC

»DAC Settling Time

Realization of Fibonacci DAC

Conclusion
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Outline

* Objective
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Presentation Objective

We show here
redundancy design example for reliability.

!

We hope that this stimulates
automotive reliability & test engineers

P




Research Objective

Objective

 Development of
Reliable & High-speed SAR ADC

Our Approach

 Redundancy search algorithm design
with Number Theory

Golden ratio

Silver ratio

4= Today'’s talk

SAR ADC : Successive Approximation Register ADC
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Outline

« SARADC
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Research Background

Automotive Electronics are in spotlight

-

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

-

Redundancy design for error correction

Design issues @




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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Sbit-5step SAR ADC

» Analog Input : 7.3V
» Binary weight :
16, 8,4, 2,1
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Binary Search SAR ADC Operation
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Sbit-5step SAR ADC

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

P
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- output
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Binary Search SAR ADC Operation
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Sbit-5step SAR ADC

» Analog Input : 7.3V
» Binary weight :

2,1
P
T
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output
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Binary Search SAR ADC Operation
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Sbit-5step SAR ADC

» Analog Input : 7.3V
» Binary weight :

7.3=00111=>7
AR

16mm S mmsu 214 05—05 =/

Balance

Step

Weight p(k)

output
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Outline

« SAR ADC Redundancy Design
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SAR ADC Redundancy Design

2nd 4th | 5th

Redundancy T
31

= Surplus, Extra 30| T

29
28

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

24 | | 11

Using time redundancy 22
> Increase Extra comparison steps 25

> Change reference to T

Non-binary voltages 17

Cevel 16

15
14

\ 4 E
. . 10
Enable digital
error correction! correctable range

g(k) : k-th step

o — N W
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Redundancy Design Operation(No Error)

5bit-6step SAR ADC —— —Lst2nd_ drd _4th Oth O fo 15 ¢
» Analog input : 6.3 20 ' Iallnf

> Redundant weight : 27
16, 10,6, 3,2, 1
Correctable expression ?15
6.3=010001=6 T
NN~ 18
16=10#6=3m=2=140.5—0.5 | Lover [ 18
=6 T

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

Sbit-6step SAR ADC PO T T T s
. 31 _ _ _ | 31
» Analog input : _6.3 gg ofn1nonodorn1 g‘é
» Redundant weight : 21 |l 1 — 21
16, 10,6, 3,2, 1 X N W S S S 25
R S AN B S 2
One expression e e
6.3=010001=6 T T
18 18
G ““““ :Z 1: ié
. Misjudgment i3
Another expression [ : g\ ig
6.3=001111=6 B
8
;
5
3
2
0

o—sl\aw.hmm\l%_




Issues of Conventional Method
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Step

1st

2nd

6th

Reference Voltage Selection Weight p00_ | 16 [ 10 | 6 | 8 [ 2 | 1 [
31 31
. . 30 30
1. Difficult to select 29 29
proper reference voltages 21 21
2. q(k) must be fraction 25 2
23 23
22 22
21 21
3 : 3
Uncorrectable Range 18 Efq‘m‘mw E
Level 12 ! e 12
Not effective redundancy design \ v A 14
S < K 5
) ; 10 10
Good radix selection method g 2
IS heeded ! 1 1
6 6
5 5
4 4
3 3
2 2
1 1
0 | | T | [ o
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Outline

* Proposed SAR Algorithm Using Fibonacci Sequence
» Fibonacci Sequence and Golden Ratio

» Fibonacci Weighted SAR ADC

»DAC Settling Time
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Outline

» Proposed SAR Algorithm Using Fibonacci Sequence
» Fibonacci Sequence and Golden Ratio

» Fibonacci Weighted SAR ADC

»DAC Settling Time
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Fibonaccl Sequence

Fibonacci Definition
FO — O
Fl — 1
F,.,=F,+F,., (n=0,1,2...)

Example of Fibonacci number

O 1 1 2 3 5 8 13 21 34 55 . Leoo Fibonacci
J + J + .ﬁ (Italy:1170-1250)

Property

The closest terms ratio : . Golden Ratio”
(about 1.62)

= 1.618033988749895

lim
Nn—>00 n—l
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Fibonacci Numbers

0,1,1,2,3,5,8,13, 21, 34,55, 89, 144...

We can see Fibonacci numbers in nature, especially in plants.

WEVIIS 17177400

8
5K

3%k

2%k

1%
1%
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Golden Ratio

Golden Ratio : lim =2 = 1.618033988749895 = 0]

The most beautiful ratio
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Outline

* Proposed SAR Algorithm Using Fibonacci Sequence
» Fibonacci Sequence and Golden Ratio

» Fibonacci Weighted SAR ADC

»DAC Settling Time
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Use of Fibonaccl Sequence

Use of Binary

NS
04 32 16 8 4 2 1

Binary Weighted (Radix:Z)Q Radix : Decision weighted number

‘ Change weighted

x1.62 x1.62 x1.62 =Golden Ratio
Y\ Y\ \

13 8 5 3 2 1 153G

Use of FiIbonacci

Fibonacci Weighted (Radix=1.62)

Realize 1.62 weighted by using only integer
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Correction of Fibonaccl Redundancy Design

Fibonacci sequence SAR ADC

Found out properties

of two points !
1. Correctable range q(k) is
always Fibonacci number Fp_j_1.
2. (k) is exactly in contact q(k+1)
without overlap.

Step

Weight

(k)
33

32

31

30

29

28

27

26

25

24

23

22

21

20

19

18

Level
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11

10

w

CS|=(N|Wks OO~ |

|\|J—L
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Correction of Fibonaccl Redundancy Design

Step 1st | 2nd | 3rd | 4th 5th 6th 7th
Weight p(k)

Fibonacci sequence SAR ADC 33

32

Found out properties 3

29

of two points ! 28

1. Correctable range q(k) is gé

always Fibonacci number Fy_j_4. 24

2. 22
21 |
20 AN
19 |

18 |
17 |
16
15 |
14 |
13 |

Level

-y
N

—
—

=N (oo [N o |5

|
N [=—
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Correction of Fibonaccl Redundancy Design

Fibonacci sequence SAR ADC

Found out properties

of two points !
1.

2. (k) is exactly in contact q(k+1)
without overlap.

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

Weight p(k)| 16 8 5 3 2 1 1
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10 | ... ! T __________ i ____________________
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y I R I I R e /2 el
O I I %AGM.) ..........
5 | N T T
4 |1 AN
3 1"1(3) v
T T N —
T RO ISR O 2 I v
0 N
ol B R R 28 . R
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Correction of Fibonaccl Redundancy Design

.Step 1st | 2nd | 3rd | 4th | 5th | 6th | 7th
Fibonacci sequence SAR ADC Welghtpop 16, 8 . 5 1 3 2 1
32 N
Found out properties O —
of two points ! T — g R S
1. Correctable range q(k) is LN T — L S ——
always Fibonacci number Fy_j_1. T oy
2. q(k) is exactly in contact q(k+1) 20 M S S B
without overlap. I E - T
T} "T'q"('i')“ T
G 17 1 b v | N
Level| T[]
Golden ratio covers wide input range S s
« . . | I N O T T O P £ L
by minimum extra comparison steps. 1 A —
10 | ... . N A L
L I Tﬂf_?)::::f'.‘_ ______ T
2 o IOURON AU S K Wl [ .
.. . 6 | %AGM.).... __________
The most efficient d@Slgn | VS I, N PP S g
O [ Py 720 S —
TN I I 2 2 —
0 N
ol B R R 28 . R
-2 A
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Comparison with Other Radix Methods

5bit SAR ADC
Conventional method Proposed method Conventional method

Radix=1.7 1.62 1.55

Radix is bigger than 1.62 Standard I Radixis smaller than 1.62
m) separated ' m) overlapped

Step 1st | 2nd [ 3rd | 4th | 5th | 6th 7th Step 1st | 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 ; : ! H : 31 | \ i : ] H !
30 30 A N
29 29 \ 2
28 28 N A
27 27 I . 20 N L
26 26 A AN
25 25 A4
24 24 A
23 23 | oY e
22 22
21 21 | v AN
20 20
19 LI I O O I e K 7 e
18 18
17 | O R . R A /2
16 16
Level 15 Level T N O Y A 20 A A Level
14 14
13 12 ) O IO I e £ 7 s
12 12
11 I /2 T . /2 e & 2 s
10 10
9 9 | lbbday e e
8 8
7 7 Vb A
6 6
5 5 | I o dv e
4 4
3 3 |y Vo
2 2
1 ) I ! O . A e . 20 e
0 0
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Outline

» Proposed SAR Algorithm Using Fibonacci Sequence
» Fibonacci Sequence and Golden Ratio

» Fibonacci Weighted SAR ADC

»DAC Settling Time
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Internal DAC Output Settling Time

Settling Time Step 1st | 2nd | 3rd
Transition time Weight p(k)| 16 | 8 5

from k-th step voltage 3(1) f
to next step voltage 29

28

Left? or Right? T
("s 25
iﬁi Level gg
22
21

UP?

i

20

19
Comparator 18

Thinking!! 7 Down?_
16
15
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Internal DAC Incomplete Settling

Shorten AD Conversion time

Output of DAC [LSB]

Redundant Binary

search search /—
I
]

Error range to get correct output

—- Compared Voltage

Tﬂ
l“ 1/2LSB

Q@

Shorten!
I
A

M

-L---

\_

[~

Settling Time Requirement

q(k)

Correctable difference

Settling time [S]
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Reduction of AD Conversion Time

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

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 SAR AD Conversion Time

Settling time at every resolution

—
=
O
Ll
— 12 #
@) — |
4_2) 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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Outline

 Realization of Fibonacci DAC
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Binary SAR ADC Configuration

Analog  oObject Comparator
Input Sample Balance Scale Digital
— Output

__Hold >
:I:/ >
SAR >
, >
/ Logic >
: DAC
Weight \
CLK —> Clock

Generally use binary weight ”’(@SL
(1,2,4,8,16,32,64..)

J
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Fibonaccli SAR ADC Configuration

Analog  object Comparator
Input_[Sample \' Seale Digital
Hold :I: Output
/ >
SAR >
_ >
/ Logic >

. DAC
Weight \
CLK —>{ Clock

Change to Fibonacci weight - '@%L
“I 1

(1,1,2,3,5,8,13..)
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Fibonaccli SAR ADC Configuration

Analog  Object Comparator
Input ["Sample Balance Scale Digital
—
Hold :I:\ Output
/ .
SAR <
: >
/ Logic 5
—| Problem I Weight \DAC
Changing to
Fibonacci weight... CLK —>{ Clock

» More complex
» More large-scale

Change to Fibonacci weight m(@%L
than conventional. 1,1,2,3,5,8,13..) iﬁﬁ!
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Binary and Fibonacci DACs
Binary (‘5 6
I I * I + I |
R-2R resistor ladder ﬁ % é%

S, N\ S \ S S
. R R R R
= (Generate binary voltage Vour

RE 2R§' 2R§ 2RE RS

‘ Change all resistors to R R-2R resistor ladder
Proposal 6 I
. 1 1 1
R-R resistor ladder LQ '% % % %
=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 Generation

Divides current into Fibonacci ratio in each node

1

. . In
Principle M

A?Vv % AVARI\V | ‘
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Proposal of R//R Fibonacci DAC

R-R resistor ladder : Gl") % (% 65 165
W

Generate
Fibonacci voltage S1 N
of odd term

¢
RE R
' Change terminal resistors to
parallel resistors

Proposal
R-R resistor ladder ‘ I '
with terminations of R//R
R 52 R 53 R S4

Generate AW M A
Fibonacci voltage —
of even term @ R R @
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Fibonaccli DAC Architecture

Odd

Vout
I I I 1(Y 1(Y) terms _L
C,==C,
NSWy N Sw; SWs N SWs N SW; sw Lsw |sw,
R R R R ? \
W r—W——WwW—W—
Vout1 e TT —
R R R R
I Rf R§ R W —
1% ® ® O
SWy | SWe  SSsw,  PSW,
¢ & 5& ¢ ﬁﬁ, v ﬁﬁ' P Even
terms
R R§ Rf
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Outline

« Conclusion
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Conclusion

» Propose redundant SAR ADC design methods

» Get iImportant properties by using Fibonacci sequence

® Reliable
Correctable difference covers wide input range

® Shortest SAR AD Conversion
Conversion time is the shortest in a fixed clock

® Radix-Standard
Golden ratio ¢ establish radix standard

» Propose beautiful DAC structures
which generate Fibonacci voltages.

Hope that these will contribute to automotive applications !
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Configuration of Redundancy SAR ADC

Store reference
/‘voltage weight p(k)
P

7 L?\
Memory(RAM) ieii/
X5 //5
v l A\ 4 i
C-array and Comparator + + - + c
’/ _______________ \ adder subtractor
—:—> S/H Circuit : 1> 13 Add-Register
| | L omux  © |
: - I c X5
—  DAC | r
\ I
N o e e e e e LY -
25 Thermalcode | _s 5 | Output 5
decoder ! Register

SAR ADC circuits consist of
mostly digital circuit.



47/55

Chip of Redundancy SAR ADC

(0.18um CMOS 2.5mm x 2.5mm)

T T I I ""'m‘b‘

o) - ——

Additional circuits

are very small !

B
.
-
>
-
b J
-
»
5
-
e
.‘
‘
‘
'
~

\

|:|Comparator

Timing Generator

M\\S\O a“a NS

nnnﬂ y”l'_:‘ﬂm-
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Temporal vs Spatial Redundancy

@® Temporal redundancy

@® Spatial redundancy ==,
SAR ADC ar

with 3 comparators [1] sl L 58] | S

® | have a feeling | C g
temporal redundancy is more effective.

[1] M. Hotta, M. Kawakami, H. Kobayashi, et. al.,
"SAR ADC Architecture with Digital Error Correction”,
IEEJ Trans. Electrical and Electronic Eng. (Nov. 2010).
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Redundancy vs Testing

@® Robust design makes its testing difficult.

@® Redundancy hides defects in DUT.

!

Testing of redundant systems Is a challenge.



Silver Ratio

Golden ratio
1:0.618

T e R A R

A0 s ol o A Y3 A """"J"

1

LT..L.L ERCIE R LSO SR, 33 o]
=N

i

i3

v |

A

-

HR

Silver Ratio

Silver ratio
1:1.414

T—

¥ P
w5 IE il OWE

1:-41¢

|414

1.414
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634m

-392m

Golden Mean

Copyright (C) 2012 %R
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LSI Scaling vs. Silver Ratio

LS| Scaling Rule

- .S

250nm 180nm 130nm 90nm 65nm 45nm

\ U 2 4 W 4 W o ¢

1/ 2 1/ 2 1/2 1/V2 1/V2
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Silver Ratio Weight

N bit M step SAR ADC

Weights p(k) . ,
(M) -1 For 2 steps, 2 tllrlnes (r =2)
D(M-1) = .

O(M-2) = %; D2 For 1 step, V2 times (r = V2)

0(M-3) = D2

o X )xZ \

0(M-4) =
H(M-5) 402 )2 Peudo radix vZ weight
0(M-6) gt

(M-7) _g)XZ JxZ “Silver ratio”
0) - —

0(M-8) =8

0(M-9) =16

0(M-10) =16



Silver Ratio Weight SAR ADC

5bit 8step SAR ADC
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Step
Weight p(k) output

31 31
30 30
29 29
28 28
27 27
26 26
25 25
24 24
23 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 7
6 6
5 5
4 4
3 3
2 2
1 1
0 0




SAR ADC Speed Comparison
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Speed Comparison of SAR ADC with 3 Kinds of Clocks _
4
.............................. B Binary
FE Radix
i 6 0 Random
R B Fibonacci
& Root2
R
8 P o
10 ARy gty SRl e RpMay pEimy EptpNl pRpEamy pONRER EREil paNty pitpmy Jeptey
0 10 20 30 40
AD Conversion Time [1]

50

For 3 kinds of clocks, the silver ratio SAR ADC is the fastest !
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Number theory for Engineering

“Number theory i1s

the queen of mathematics”
Carolus Fridericus Gauss

Past Number theory

Beautiful and Mysterious
was NEVER practical

carolus Fridericus Gauss Current Number theo ry
(1777-1855)

used information communication processing
» good match to digital technology

Number theory application for ADC/DAC is a frontier.
There are great chances for new discovering !
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Redundant SAR ADC Algorithms for Reliability
Based on Number Theory

Yutaro Kobayashi, Takuya Arafune, Shohei Shibuya, Haruo Kobayashi, Hirotaka Arai
Division of Electronics and Informatics, Gunma University, Kiryu, Gunma 376-8515 Japan

Abstract— This paper describes SAR ADC algorithms to
ensure reliability with possible targets for automotive
applications. The SAR ADC has beneficial characteristics of
low power and small chip area, and hence it is widely used,
especially in automotive applications together with micro-
controllers. There, digital error correction method using
redundant comparison is an effective method to improve its
reliability and conversion speed because it realizes correction
of misjudgment at a comparator and incomplete settling of an
internal DAC. Then this paper describes two effective
redundancy design algorithms based on number theory: (i) The
first one uses Fibonacci sequence and its property called Golden
ratio Especially, several interesting properties are clarified that
contribute to solve SAR ADC design problems, such as radix
standard and shortening required settling time. (ii) The second
one uses pseudo silver ratio (square root of 2) for the SAR ADC,
which leads to simple SAR logic design and fast conversion
speed in case of multiple clock period usage.

Keywords—SAR ADC, Reliability, Redundancy, Error
Correction, Fibonacci Sequence, Golden Ratio, Silver Ratio

. INTRODUCTION

UCCESSIVE approximation resistor A-D converters (SAR

ADCs) are gathering attention thanks to their useful
characteristics for automotive applications. Its performance
improvement of conversion reliability and speed is demanded
to match with high technology, and we study here about
redundancy design of SAR ADCs for their realization.

Redundancy design enables digital error correction to
improve SAR ADC performance [1-7]. One redundancy design
method is to use a non-binary search algorithm instead of a
binary search algorithm. There, extra comparison steps and a
non-binary weighted DAC are needed for a redundant SAR
ADC and we have to determine its non-binary weighted values.
Generally, their values are determined using a non-binary radix
method or selected flexibly by the SAR ADC designer.
However the efficient and systematic redundant SAR ADC
algorithm design method has not been studied well yet.

In this paper, we discuss two methods to design redundant
SAR algorithms based on number theory, i.e., (i) Fibonacci
sequence (or golden ratio) and (ii) Pseudo silver ratio methods.
Then we obtain well-balanced non-binary weight values.

This paper is organized as follows: Section Il overviews SAR
ADCs, and Section Il outlines their redundancy design.
Section IV presents our first method of redundancy design
using Fibonacci sequence and Section V shows the incomplete
settling problem of an internal DAC inside the SAR ADC.
Section VI shows our second method of redundancy design
using pseudo-silver-ratio for the SAR ADC using multiple

Weight plk) ] 6 3 2 1

LEVEL

e ‘
Misjudgement 0
C’—y—|—J_ -1

Fig. 3 Operation of a 4-bit 5-step SAR ADC in case of correct and incorrect

judgments.

clock periods. Section VII provides conclusion.

Il. OVERVIEW OF SAR ADC

The SAR ADC consists of a sample-and-hold circuit, a
comparator, a DAC, an SAR logic and a timing generator as
shown in Fig. 1. Conversion of the SAR ADC is based on
principle of balance and generally it uses the binary search
algorithm. Firstly, the sample-and-hold circuit samples analog

sample Comparator
Analog |-Hold ] ) Digital
Input Output
SAR
DAC Logic
Clock—>
Fig. 1 Block diagram of an SAR ADC.
Ste 1 2 3 T
We \g}'tpp(k) 8 ry > T utoud
15 5
L p(@)] 14
13 p 13
12 B3] 12
11 N 1
10 p(2) 10
9 9
8 8
LEVEL] 7 s
5 | p(1) S
5 5
4 4
3 3
2 2
1 1
0 0

Fig. 2 Binary search algorithm of a 4-bit 4-step SAR ADC.

input voltage regularly. Secondly, the comparator compares the
sampled voltage and the reference voltage which is generated
by the DAC and decides 1-bit digital output. Thirdly, SAR logic
provides digital code for the DAC input based on the
comparator output. The sampled input voltage and the updated
DAC output voltage are compared by the comparator. These
operations are repeated and finally SAR ADC obtains the whole
digital output.

Fig. 2 shows the binary search algorithm of a 4-bit SAR ADC.
The bold line in Fig. 2 indicates the reference voltage value to
compare with the sampled input voltage at each step. Their
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values are calculated by either sum or difference between the
last step reference voltage and the weighted voltage p(k) of each
step as shown in Fig. 2. The comparator outputs 1 if the input
voltage is larger than the reference voltage; otherwise it outputs
0. Then we obtain the digital output at each step.

Usually, p(k) which is defined as a reference voltage weight
of the DAC is a binary weighted value because the binary
search algorithm is efficient. However, in reality, there is
possibility of comparator misjudgment due to DAC incomplete
settling and sample-and-hold circuit incomplete settling as well
as noise. In the binary weighted SAR ADC, one misjudgment
of the comparator leads to incorrect output and low reliability.
Hence this paper investigates redundancy design of the SAR
ADC to enable digital error correction for misjudgment of the
comparator.

I11. REDUNDANCY DESIGN OF SAR ADC

Redundancy design is a technique to improve circuit and
system performance. In the SAR ADC, redundancy design
method adding extra comparison is often utilized [1-7]. This
method changes binary weights to non-binary weights for the
DAC that makes reference voltage and realizes digital error
correction with redundancy property.

Fig. 3 shows an example of two redundant search operations
of a 4-bit 5-step SAR ADC. There, the input voltage is 8.6-
LSBs and the reference voltage weights p(k) are 1, 2, 3, 6 and
8. The one operation (solid arrows) assumes that the
comparison is correct, whereas the other (dotted arrows)
assumes that it is incorrect. However both obtain the correct
digital output of 8 by digital error correction. In the 4-bit 5-step
SAR ADC as shown in Fig. 3, there are 2° comparison patterns
against 24 output patterns. In other words, a given output level
can be expressed by multiple comparison patterns. Therefore
even if comparator decision is wrong at some steps, the correct
ADC output may be obtained. This is the basic principle of the
digital error correction. In addition, even if the number of the
comparison steps is increased, the digital error correction
enables high-speed AD conversion as a whole, because the
digital error correction can take care of the DAC incomplete
settling [1-7]; thus redundancy design has potential for reliable
and high-speed SAR AD conversion.

A. Generalization of redundant SAR ADC design

We generalize SAR ADC redundancy design from using
some equations [3]. If we realize an N-bit resolution SAR ADC
by M-step comparison (M > N), the reference voltage V(k) at
k-th step and ADC output Doy are defined by (1) and (2),
respectively. Here k=1, 2, 3, 4, ..., M and p(K) is the reference
voltage weight value for addition to (or subtraction from) the
DAC input in the previous step. Moreover, each d(k) is decided
by the comparator output. If the comparator digital output at k-
th step is 1, then d(k) = 1, and if the comparator digital output
at k-th step is 0, then d(k) = -1. Furthermore d(0) = 1.

Vi (k) = > d(i-2)- p(i). )
We can also define “the redundancy at k-th step q(k)” as (2).
qk)=—pk+1)+1+> " p(i). )
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Here q(k) indicates correctable difference between the input
voltage and the reference voltage at k-th step[3]. Even if the
comparator result is wrong in the k-th step, we can obtain the
correct output as long as (3) is satisfied.

q(k) > Vin—Vref (k)|. 3)

Fig. 4 shows q(k) as an example of Fig. 3. In Fig. 4, one-way
arrows indicate q(k), while two-way arrows show correctable
input ranges which means that these input ranges have multiple
expressions. As shown in Fig. 4, since the input voltage 8.6-
LSBs satisfies (3), the SAR ADC can obtain the correct output
in Fig. 3. Therefore g(k) expresses the digital error correction
capability. Moreover q(k) is defined by only the reference
voltage weight p(k) in (2), and thus p(k) is an important
parameter in the redundant SAR ADC algorithm design.

B. Conventional method to decide reference voltage weight

Only reference voltage weight p(k) decides correction
capability of the redundant SAR ADC,; if the design of the
reference voltage weight p(K) is not appropriate, the SAR ADC
cannot have the maximum compensation ability. The ratio of
the reference voltage weights p(k+1)/p(k) must be between 1
(unary) and 2 (binary). In conventional methods, we can obtain
the k-th step reference voltage weight p(k) based on the radix r
in (4). Here, N is the ADC resolution, and M is the number of
the whole steps.

p(k) =r"". (4)

Here 1 <r <2 and p(1) = 2", We set p(1) to 2N! which is half
of the full scale range, to make the SAR algorithm efficient.
Additionally, the total number of steps M has to satisfy (5) to
enable all output level expression.

N-1 M-2 .
2V 1< T p(M —i). (5)
We can systematically decide conditions for redundancy design
Step 1 2] alals
Weightpd | 8 [ 6 | 3 [ 2 [ 1
16 16
:5 2} — .%
. _IL — i
12 : H 12
T I —
TRET i s
LEVEL i H E
5 I T 5
5 HE. H 5
: I
R e B e B
[ 0 | I 0
1 1

Fig. 4 4-bit 5-step SAR ADC algorithm and definition of correctable
difference q(k).
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Weight p(k) | 8 5 3 2 1 1
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13 ae) 13
12 I S 12
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Tq 1) a(4 9

LEVEL]|

= -1
Fig. 5 Non-binary search algorithm using Fibonacci sequence of a 4-bit
6-step SAR ADC.
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based on the above equations.

C. Problems of Conventional methods

Conventional methods may have some issues. First, the
reference voltage weight p(k) in (5) is not an integer which is
not suitable for the circuit design. Since the reference voltage
weights p(k) must be integers for conversion accuracy, its
rounding to an integer is needed to determine p(k). However
rounding causes change of the radix and variability of the
correction capability q(k), which may disturb performance
improvement.

In addition, there is difficulty of an appropriate radix choice.
Fig. 3 shows an example in case of radix 1.80 and rounding.
However in Fig. 4, two-way arrows indicate that correctable
input range cannot cover all input range, which means that there
are some ranges that cannot be corrected. In Fig. 4, if the ADC
input is not within the range of 1~3, 7~9, 13~15 LSBs,
redundancy design becomes meaningless because these input
ranges cannot be expressed in multiple. Thus the inappropriate
selection of a radix loses redundancy design effectiveness. On
the other hand, the selection of a small radix for larger values
of q(k) induces an increase in the number of SAR ADC
comparison steps and hence conversion time. In this way, there
is a trade-off between correction capability and conversion
speed, and the SAR ADC designer is forced to search a radix
that is the most suitable for SAR ADC; these are causes of
design difficulty.

D. Time redundancy and circuit redundancy

In this paper, we consider the time redundancy or step
redundancy for the SAR ADC. Also circuit redundancy may be
possible. For example, we previously investigated to use three
comparators in the SAR ADC and there digital error correction
was incorporated for high reliability and fast conversion [8].
However, we consider from our experiences that the time
redundancy would be more effective, especially for low power.

IV. REDUNDANCY DESIGN USING FIBONACCI SEQUENCE

Here, we propose a redundancy design method using
Fibonacci sequence.

A. Fibonacci sequence

Fibonacci sequence is defined with a recurrence formula as
shown in (6), where n in (6) is an integer greater than or equal
to 0. It was presented in 1202 by Leonardo Fibonacci [9].

Fn+2 = Fn + Fn+1' (6)
Here, Fo=0and F; = 1. Fibonacci numbers are expressed as the
following by calculating (6) :

0,1,1,2,3,5,8,13, 21, 34, 55, 89, 144, 233, 377, 610, ... .
In short, the sum of neighboring two terms is next term. In
addition, the closest terms ratio of Fibonacci sequence
converges to about 1.62 as shown in (7).

lim F, / F,_, = 1.6180339887 ... = . @)
n—-oo

This ratio is called “Golden ratio”, and widely recognized as the
most beautiful ratio. We can find Fibonacci sequence and
Golden ratio in various places such as nature and human
societies, and they have many interesting properties [9].
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B. Fibonacci sequence application to SAR ADC design

Equation (6) indicates that Fibonacci sequence numbers are
integers, and (7) indicates that the closest term ratio of
Fibonacci number converges to about 1.62 called Golden ratio.
In other words, Fibonacci sequence can generate a number
string at radix 1.62 with only integer terms. In general,
multiplication result of an integer and a decimal fraction is a
decimal fraction, nevertheless multiplication result of an integer
and a decimal fraction (1.62..) is an integer in Fibonacci
sequence. Therefore we can apply Fibonacci sequence to the
redundancy algorithm design of the SAR ADC using effective
properties of the fixed rate and integer terms.

We select the reference voltage weight p(k) by using
Fibonacci sequence as shown in (8).

P(K) = Fy_a- (8)
Here, p(1) = 2V In short, we set p(k) to Fibonacci number in
ascending order. Since p(k) follows the property of Fibonacci
sequence, the proposed method can realize radix 1.62 by using
only integers. Here the total number of steps M satisfies (5).
Fig. 5 shows correctable difference in a redundant search of a
4-bit 6-step SAR ADC using Fibonacci sequence as shown in
(8). One-way arrows indicate g(k) and two-way arrows show
correctable input range just like in Fig. 4.

C. Discovered Properties and Effectiveness

We have discovered two interesting properties in Fig. 5 as
follows:
Property 1: Correctable difference q(k) of k-th step is
always Fibonacci number Fy_j_;.

Q(k) = FM—k—l' (9)

Property 2: q(k) of k-th step is exactly in contact with
q(k+1) of (k+1)-th step without overlap. In other words, the tips
of two-way arrows of k-th step and (k+1)-th step points are
exactly the same level.

The property 2 is important for design of redundant SAR
ADC algorithm due to the following two reasons:

First, the property can be a standard for all redundancy
designs in the viewpoints of the radix of Fibonacci sequence
which is golden ratio 1.62..., and the boundary condition of
q(k). Hence, we can confirm that q(k) becomes overlapped,
separated or contact by using golden ratio. If the radix value is
larger than the golden ratio, the redundancy is small and q(k)
boundaries are separated as shown in Fig. 4. On the other hand,
if the value of the radix is smaller than the golden ratio, the
redundancy is large and q(k) boundaries are overlapped, which
means that all input range have multiple expressions. Thus we
can easily select the radix by considering the golden ratio as the
standard.

Second, the redundancy design using Fibonacci sequence can
be considered as the most efficient design. The property 2
indicates that q(k) covers all input range by minimum extra
comparison steps. Therefore, we can realize the redundancy
design without waste by only integer terms. Moreover even if
we change the first step reference voltage, the property 2 holds
because of (2), which means that the redundancy design using
Fibonacci sequence is flexible.
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V. DAC INCOMPLETE SETTLING

A. Summary and Generalization of DAC incomplete settling

An SAR ADC contains a DAC that outputs a reference
voltage by the comparison result at previous step. Since the
DAC output must change from the previous reference voltage
to next one, the DAC output takes some time to settle. In the
binary search algorithm which does not have redundancy, the
DAC must take time to settle between the output voltage of the
DAC and next reference voltage within 0.5-LSB for accurate
conversion. This DAC settling time often dominates the SAR
ADC conversion time. Besides, this settling time is much longer
for a high resolution SAR ADC due to requirement for very
small settling error. On the other hand, in the non-binary search
algorithm which has finite correctable difference q(k), the DAC
can decrease required settling time, thanks to redundancy and
digital error correction at the following steps as shown in Fig.
6.

Difference between the DAC output voltage and the next
reference voltage can be smaller than q(k) to accurate
conversion when conversion step has correctable difference
q(k). We generalize SAR ADC incomplete settling by using a
first-order system model as shown Fig. 6. Firstly, we can obtain
the output voltage of the DAC as (10) from Fig. 6.

Voac(t) =Vigr (K) +{V s (K =1) =V (k) Jexp(-t/ 7).
Here, 1 is a time constant of the DAC output.

To satisfy correctable condition at the redundant SAR ADC,
difference between the input voltage of the comparator and the
reference voltage has to be smaller than q(k). Thus we can use
comparison voltage Veom(k), that has distance q(k) from the
original reference voltage, to compare the input voltage.
Consequently settling time Tsewe(K) which is the time to make
the k-th step comparison voltage to change from the previous
comparison voltage Vcom(k—1) to next comparison voltage
Veom(K). As we should consider the longest settling time to
decide each step settling time, we obtain k-th step settling time
Teerte(K) as (11).

Teewe(k) = 7 IN[{ p(k) + q(k 1)}/ q(k)]. (11)
Note that if correctable difference q(k) is less than 1-LSB, we
can regard q(k) as 0.5-LSB. Finally, a variable clock SAR ADC
takes sum of Tsee as total settling time. However, for a fixed
clock SAR ADC total settling time is equal to the longest span
of Tsewie multiplied by the number of steps of SAR ADC used.

B. Analysis of Fibonacci SAR ADC settling time

We consider the settling time of the redundant SAR ADC
using Fibonacci sequence in theory. In the Fibonacci sequence
SAR ADC, we can transform (11) to (12) by using (8) and (9).

(10)

Toerwe(K) =7 IM{(Fyy s + Fu) / Fuoa > (12)
Here we transform (13) using (6) as follows:
Toerwe(K) = 7 IN{(Fy_ + Fy) + Fuod Fuoal (13)

=7In{(2Fy,_/ Fy_a)+1.

Therefore we obtain the settling time of k-th step at the SAR
ADC using Fibonacci sequence as shown (14) by using (7).
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Teerme(K) =7IN(2¢0 +1) = 1.444 7. (14)

Equation (14) indicates that settling time is constant regardless
of step number k or usage of variable clock. On the other hand,
the conventional method using radix cannot realize constant
settling time, because its reference voltage weight p(k) does not
have relationship for correctable difference q(k).

C. Settling time comparison of each method

Vref (i

f T 172158

alk)
Veom(k J'
'3'7 r Voac(t) .
S| i = Ve () + (Vreg U= 1) = Vg () s
g i A Settling time
5| i (binary)
5|
2| ifsettling time
3
o

7 (redtindancy)

T=RC

<
3
=2
=
-

. Lo Time constant 7_ . . Timels] A
Fig. 6 Principle of settling time acceleration with incomplete settling of the

internal DAC.

We have compared the Fibonacci sequence method and the
radix one in terms of the redundant SAR ADC settling time. We
have carried out comparison at 8-bit SAR ADC under the
conditions of variable and fixed clocks, and obtained the results
shown in Fig. 7 using (10). We found that total settling time
using Fibonacci sequence is the shortest in fixed clock
frequency for each ADC resolution.

Settling time (fixed clock)

|

~

W Binary

o

W Radix

Resolution [bit]

o

it

Fibonacci

=Y

50 100 150
Total settling time []
Fig. 7 the comparison of the settling time of ADC at each resolution.

VI. REDUNDANT ALGORITHM USING PSEUDO-SILVER-RATIO

Redundancy design has possibility for a great ADC, but we
need further investigation of designing the redundant algorithm.
Then, we derive pseudo-silver-ratio sequence by considering
effective utilization of correctable input range, and we propose
another redundancy design method using the sequence.

A. Derivation of reference voltage weight p(k) that can
realize decrease of settling time

Here, we consider to reduce the settling time to shorten AD
conversion time. If the reference voltage weight p(k) is equal to
correction capability g(k), the redundant ADC can make the
most of correction capability to decrease the settling time.
Therefore we decide reference voltage p(k) values as shown in
(15) while step number k satisfies 2 <k <M — 2.

p(k) = q(k) (15)
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From (2), we have to determine p(M) and p(M-1) to derive
reference voltage weight p(k) by using (16). Then we decide
p(M)=1 and p(M-1)=1. We can calculate reference voltage
weight p(k) as follows:

M
PM=-2)=qM—-2)=—pM-D+1+ ) p@d=1

T
P(M=3)=qM=3)=-pM-2)+1+ ) p(i) =2
i=M-1
M
PM—4)=qM—-4) = —p(M=-3)+1+ > p@) =2
i=M-2

Then we obtain following numbers:
1,1,1,2,2,4,4,8,8, 16, 16,32, 32, 64, 64, 128, 128 ...
These numbers are used in order for the SAR ADC weights,
p(k) as (16).

For 1<k <M, we have

pa) =z " ((14+V2) - ("1 (1-v2))

Also, p(1)=2"1pM) =1

p(1) is determined by N, that is the ADC resolution. We assume
the number of total step M is shown in Eq. (17) by using (5).

M=2(N-1) (17
Fig. 8 shows a redundant search operation of a 4-bit SAR ADC
using (17). We notice the correctable range is extended without
space and the reference voltage weight p(k) satisfies (15).

(16)

B. Silver ratio

Term of a series derived by (16) doubles every two terms. It
means that the terms are obtained by multiplication of a term
and square root of 2 every one term. Therefore we call this
weighted method as a pseudo-silver-ratio method.

Silver ratio (square root of 2) is a ratio between one side of
a square and the diagonal line of the square. Silver ratio is
recognized as one of the most beautiful ratio especially in Japan
like Golden ratio in Western world, and Silver ratio has been
used frequently for architectures, arts, and characters in Japan.

C. Analysis settling time of Pseudo-Silver-ratio method

Here, we calculate incomplete settling time by using (11).
Incomplete settling time depends on step number k. When step
number k satisfies 2 < k < M — 2, we can transform (11) using
(15) as follows:

Tsette (K) = Tln(P(k) +plk — 1)/p(k))
By using (16), the closest term ratio(=p(k-1)/p(k)) are as
follows:
_ (1 (k=2n+1)
PO +pk=D/p0={,
Here,n=1, 2, 3, ... Then we obtain the following settling time:

tin{(p(k) + (k) /p (k) }

Tsette k) =
(10 Lmumm+zmmymm}
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Fig. 8 Redundant search algorithm of a 4-bit 6-step
SAR ADC using pseudo-silver-ratio weights.
_ {Tan = 0.6931t (k=2n+1)
7ln3 = 1.098671 (k =2n)

Thus the SAR ADC takes two types of settling time alternately.
As q(1) is equal to p(1)/2, when k = 1, the settling time is given
as follows:

Tsetne (1) = TIn2 = 0.6931t
If correctable difference q(k) is less that 1 LSB, we can regard
q(k) as 0.5 LSB. Then when k =(M-1), the settling time is as
follows:

@ Binary
B Radix
40 @ Fibonacci
35 @ Root2

Total settling time[t]
B RN N oW
55 8 & 8

o w

Number of kinds of clock period

Fig. 9 Comparison of total settling time for each method in 3 types
of clock periods.

Tsetne M — 1) = 1In22 = 2 % 0.69311 = 1.38621
Similarly, when k = M, the settling time is as follows:

Tsetne (M) = TIn3 = 1.098671

These results indicate that the SAR ADC using pseudo-silver-
ratio needs only 3 types of settling time. Besides, the settling
time at (M-1)-step which is 1.38627, is realized by doubling of
0.6931t. Therefore, if the ADC has a clock period doubling
circuit, only two types of clock period to realize incomplete
settling is needed. As the incomplete settling time depends on
the clock period, this method realized with only two types of
clock period has superiority for simplification of circuit.

D. Comparison of total settling time

We calculate total settling time of the DAC by using (11) and
compare each method. Here we examine the radix method,
random method, Fibonacci method, and pseudo-silver-ratio
method. We substitute the random method for the round robin
algorithm because the round robin algorithm needs to examine
a huge number of combinations for reference voltage weight.
The random method tries 10,000 times and selects combination
realizing the shortest settling time.
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We also investigate how much total settling time depends on
the number of clock periods. For example, if the ADC can use
only one clock period, the total settling time is equal to the
longest span of settling time multiplied by the number of steps
of the SAR ADC used. We calculate the case using 1~4 types of
clock period.

Fig. 9 shows calculation results in case of 8-bit SAR ADCs.
We see from this result that the pseudo-silver-ratio method
realizes the fastest settling in case of using 3 types of clock
period. In an 8-bit SAR ADC using 3 types of clock period, the
pseudo-silver-ratio method can reduce settling time by 56.2%
from the binary method and by 5.0% from the random method.

We obtain almost the same results in 4, 6, and 10-bit cases.
Practically, since the settling time is realized by using only two
types of clock period, this method is useful for reduction of the
settling time. Besides, we have to note that any method cannot
realize shorter settling time than pseudo-silver-ratio method in
case using 3 types of settling time. It may indicate that the
pseudo-silver-ratio method is the fastest method.

E. Advantages of using pseudo-silver-ratio method

There are two advantages of using the pseudo-silver-ratio
method for SAR ADC implementation.

First, ADC needs only few types of clock period. Generally,
ADC needs many types of clock periods that correspond to the
settling time at each step. However the pseudo-silver-ratio
method needs only two types of clock period and it helps to ease
circuit design.

Second, the SAR logic circuit can be designed with ease.
Table I shows input transitions of 4-bit DAC using the binary
method and the pseudo-silver-ratio method. In Table I, the ADC
input is 0 LSB and first reference voltage weight p(1)=2N"1 in
the pseudo-silver-ratio method is dealt as sum of two 2N~2. As
shown in Table I, both methods are controlled in the same way.
Therefore pseudo-silver-ratio method can be realized by
changing wiring of SAR logic circuit for the binary method. In
addition, the pseudo-silver-ratio method eases design of
encoder. Typically, a redundant SAR ADC needs large encoder
and decoder. But the pseudo-silver-ratio method can use full
adder to make encoder. Because reference voltage weight p(k)
values are made by putting two binary weights in order, we can
encode digital code by addition as shown in Fig. 10. We see
from Table I and Fig. 10 that we can realize a redundant SAR
ADC using the pseudo-silver-ratio method in the same way as
the binary SAR ADC by changing wiring and adding full adder
for SAR logic circuit.

VII. CONCLUSIONS

We have described two redundant SAR ADC algorithms to
ensure reliability for automotive applications together with
micro-controllers. The first one uses Fibonacci sequence and its
property called Golden ratio for the digital error correction.
Especially, several interesting properties have been clarified
that contribute to solve SAR ADC design problems. The second
one uses pseudo silver-ratio (square root of 2) for the SAR ADC,
which leads to simple SAR logic design and fast conversion
speed in case of multiple clock period usage.
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We conclude this paper by remarking that here we have
demonstrated redundant SAR ADC algorithms to realize
Input : Silver ratio weight p(k)

(1=2%)(a=27) @=2 (=29 (=2) (=29 (=29
1 1 1 1 1

1 1
| | S | |
B A Cin B A Cin B A Cin
FA FA FA
Co S Co S Co S
v b S b =
(= 22) (=2)

1 1 1 1

=29 (=29 =29 =29

Output : Binary weight p(k)

Fig. 10 4-bit encoder in case of using pseudo-silver-ratio weights.

reliable electronic systems and also shown that the benefits of
the reliability lead to high-speed operation. Our methods do not
require special device/process or additional large circuit / major
cricuit change; we have used only basic but beautiful
mathematics (number theory).

ACKNOWLEDGEMENT

This work is supported in part by JSPS KAKENHI Grant
Number 15K13965 as well as Semiconductor Technology
Academic Research Center (STARC).

REFERENCES

[1] F. Kuttner. A 1.2V 10b 20MSample/s Non-Binary Successive
Approximation ADC in 0.13um CMOS. Tech. Digest of International
Solid-State Circuits Conference, San Francisco. 2002, Feb.

[2] M. Hesener, T. Eichler, A. Hanneberg, D. Herbison, F. Kuttner, H.
Wenske: “A 14b 40MS/s Redundant SAR ADC with 480MHz Clock in
0.13um CMOS”, Tech. Digest of International Solid-State Circuits
Conference, San Francisco (Feb. 2007).

[3] T. Ogawa, H. Kobayashi, Y. Takahashi, N. Takai, M. Hotta, H. San, T.
Matsuura, A. Abe, K. Yagi and T. Mori. SAR ADC Algorithm with
Redundancy and Digital Error Correction. IEICE Trans. Fundamentals,
vol.E93-A, no.2, pp.415- 423. 2010, Feb.

[4] Y. Kobayashi, S. Shibuya, T. Arafune, S. Sasaki, H. Kobayashi : “SAR
ADC Design Using Golden Ratio Weight Algorithm”, The 15th
International Symposium on Communications and Information
Technologies 2015, Nara, Japan (Oct. 2015).

[5] H. Nakane, R. Ujiie, T. Oshima, T. Yamamoto, K. Kimura, Y. Okuda, K.
Tsuiji, T. Matsuura, “A Fully Integrated SAR ADC Using Digital
Correction Technique for Triple-Mode Mobile Transceiver”, IEEE J. of
Solid-State Circuits, vol. 49, no. 11, pp.2500-2514 (Nov. 2014).

[6] W. Liu, P. Huang, Y. Chiu, “A 12b 22.5/45MS/s 3.0mW 0.059mm?’
CMOS SAR ADC Achieving Over 90dB SFDR”, Tech. Digest of
International Solid-State Circuits Conference, San Francisco (Feb. 2010).

[7] T. Ogawa, T. Matsuura, H. Kobayashi, T. Takai, M. Hotta, H. San, A.
Abe, K. Yagi and T. Mori. Non-binary SAR ADC with Digital
Compensation for Comparator Offset Effects. IEICE Trans. vol. J94-C,
no.2, pp.68-78. 2010, Mar.

[8] M. Hotta, M. Kawakami, H. Kobayashi, H. San, N. Takai, T. Matsuura,
A. Abe, K. Yagi, T. Mori, "SAR ADC Architecture with Digital Error
Correction”, IEEJ Trans. Electrical and Electronic Engineering, vol.5,
no.6, pp.651-659. 2010, Nov.

[9] T. Koshy: Fibonacci and Lucas Numbers with Applications, John Wiley
& Sons, Inc. (2001).

Table I.  4-bit DAC input in case of using binary weights and
pseudo-silver-ratio weights.

Binary weight | Weight p(k) Silver ratio weight Weight plk)
step| Vref(kJ[LSB] | 8|4 [2 |1 step| Vref(k)[LSB] |4 [4|2[2][1]1]1
1 8 110j0]0 1 8 1]/1/0j0]j0f0]0
2 4 0]1]0]0 2 i] 0j1]/1]0/0f0]0
3 2 0joj1]0 3 4 0joj1j1j0j0jo0
4 1 0/0]j0]1 4 3 0jojoj1|1}j0]0
5 2 0jojojOj1}1]0
6 1 0j0jojO|O]O]1




Nov.9 NA-L2 9:00-12:00

Fibonaccl Sequence Weighted
SAR ADC as Golden Section Search

H. Aral, T. Arafune, S. Shibuya, Y. Kobayashl
K. Asami, H. Kobayashi

Gunma University

Kobayashi
Laboratory

AR5 K

GUNMA UNIVERSITY



http://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=XxicGsaDCzsPuM&tbnid=2cjxvii7O6Y6aM:&ved=0CAcQjRw&url=http://sophie-in-tokio.blogspot.com/2010/01/owari.html&ei=S7I5VOTZIYSa8QXs8oHQCQ&bvm=bv.77161500,d.dGc&psig=AFQjCNHYkkS5Xy28Z2VuOcAl2KzQaLEzPA&ust=1413153670218700
http://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=XxicGsaDCzsPuM&tbnid=2cjxvii7O6Y6aM:&ved=0CAcQjRw&url=http://sophie-in-tokio.blogspot.com/2010/01/owari.html&ei=S7I5VOTZIYSa8QXs8oHQCQ&bvm=bv.77161500,d.dGc&psig=AFQjCNHYkkS5Xy28Z2VuOcAl2KzQaLEzPA&ust=1413153670218700

2/41

OUT LINE

Introduction

SAR ADC & Redundancy Design

Golden Section Search & Fibonacci Search
Fibonacci Sequence Weighted SAR ADC
SAR ADC Based on Fibonacci Search
Proof & Simulation

Conclusion



3/41

OUT LINE

Introduction

SAR ADC & Redundancy Design

Golden Section Search & Fibonacci Search
Fibonacci Sequence Weighted SAR ADC
SAR ADC Based on Fibonacci Search
Proof & Simulation

Conclusion



/

\_

Background

Automotive electronics are in spotlight

¥

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

In my laboratory

4/41

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

7141

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

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

P
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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 5 I 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
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SAR ADC Redundancy Design

| 2nd | 4th_| 5th

Redundancy YT CEETE

31

= Surplus, Extra 30| T

29
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217 PR 1 o ) W R I
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25

24 |
Using time redundancy 22

» Extracomparison steps 50

> Change reference to T

Non-binary voltages 17

Cevel 16

15
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A :
Enable digital

10
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error correction! correctable difference
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2
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Redundancy Design Operation(No Error)

4bit-5step SAR ADC o Lot 2od | drd 4t LOth Oth Jo 10,1
» 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 te Tooa o i o Lon ], .0
. 31 _ _ _ | 31
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» Redundant weight : 21— — 28
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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
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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
) 6 6
8.0 pAaca | 5 5
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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
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12 12

. 11 11

10.0 . SAR — T 11— 10

DAC1 : Logic 10 Level 9 9
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‘ 1 1

) 6 6
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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
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(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
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Figure of DAC
at this time
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Final Step of Revised SAR ADC Based on Fibonacci Search

DAC of final step
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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
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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 @
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Fibonaccli DAC simulation

Vout
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Simulation Result

40m\V/ . V(vour)
36mV- - - 34
_ N E‘azmv—- All Fibonacci terms
Operatlo.n simulation £ 28mv- are found
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Redundant SAR ADC Algorithm

for Minute Current Measurement
Hirotaka Arail 2, Takuya Arafune!, Shohei Shibuya?!, Yutaro Kobayashit
Koji Asami', Haruo Kobayashi ' ®

Division of Electronics and Informatics, Faculty of Science and Technology, Gunma University
1-5-1 Tenjin-cho, Kiryu, Gunma 376-8515, Japan
3<t13304006@gunma-u.ac.jp>, "<koba@gunma-u.ac.jp>
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Abstract. This paper investigates a successive approximation register (SAR) AD conversion algorithm
for measuring a minute current source. We consider the case that the input current is very small, and
the sample & hold (SH) circuit in front of the SAR ADC takes relatively long time to settle completely.
If a binary search SAR ADC is used, it has to wait until the signals in the SH circuit settle completely
because the binary search has no redundancy. Then we propose to use a redundant search SAR ADC
which can start to operate before its complete settling. Even if a decision error of successive
comparisons occurs in the previous stage because of the incomplete setting of the SH circuit, it can be
corrected in the subsequent stages, thanks to the redundancy. Then the SAR AD conversion time can
be shortened. We will present its operation principle and simulation results.

1. Introduction

We consider here to measure a minute current, such as for precise current source trimming.
However, it takes relatively long time to measure it using a conventional binary SAR ADC. The SH
circuit in front of the SAR ADC takes relatively long time to settle completely for a minute current
input. The binary search SAR ADC has no redundancy and it can start to operate only after the SH
circuit settles completely; it takes a relatively long time. On the other hand, the redundant search SAR
ADC can start to operate before incomplete settling of the SH circuit, because the wrong decisions in
early SA stages can be corrected in latter SA stages thanks to the redundancy.

This paper presents that we can alleviate the affect of the settling time of the SH circuit by using a
Fibonacci sequence weighted SAR ADC and shorten the measurement of the small current source. We
have investigated its possibility and shown their simulation results. This paper is an extended version
of our paper [1].

2. Problem and Solution for Minute Current Source Measurement

We consider a minute current source measurement using an SAR ADC. In this case, the settling
time of the SH circuit of the preceding stage becomes longer, which affects the measurement time (Fig.
1). Therefore, changing the later stage from the binary type to the redundant type is considered for the
measurement time of each step to be shortened and for the measurement speed to be increased.

J. Tech. Soc. Sci., Vol.3, No.1, 2019
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SR ) ... Sample Hold
E-ral [ Comparator Digital
o| 000 e | 0 o g
(@)] Pt | Analog 1 Output
S 2 Input I :|: -
S ——7,~S——I_——_————>| : . SAR —
S ; ettling time | Logic —
7 >
.-" | D
/! DAC [
ySH circuit voltage | «
| ~ CLK Timing
; t| me [S] generator

Fig. 2. Block diagram of an SAR
Fig. 1. Settling time of a SH circuit

3. SAR ADC and Redundancy Design

3.1 SAR ADC

SAR ADCs are used for medium sampling speed and high-resolution applications. Since they have
features of low power and small chip area, they are widely applied to such as automotive, factory
automation. Furthermore, it does not require operational amplifiers, which is suitable for nano-CMOS
implementation.

The SAR ADC consists of a SH circuit, a comparator, a DAC, SAR logic and a timing generator
(Fig. 2). For precise AD conversion, enough accuracy of the SH circuit and the DAC is required.

Conversion of the SAR ADC is based on principle of balance and generally it uses the binary search
algorithm. Firstly, the SH circuit acquires an analog input voltage. Secondly, the comparator compares
the input analog voltage and the reference voltage that is generated by the DAC and decides 1-bit
digital output. Thirdly, SAR logic provides the DAC input based on the comparator output. The input
voltage and the updated DAC output voltage are compared by the comparator. This operation is
repeated and finally the SAR ADC can obtain the whole digital output. Fig. 3 shows the binary search
algorithm of a 4-bit SAR ADC. The bold line in Fig. 3 indicates the reference voltage value to compare
with the analog input at each step. Their values are calculated by either sum or difference between the
last step reference voltage and the weighted voltage p(k) of each step as shown in Fig. 3.

3.2 SAR ADC Redundancy Design

Redundancy design is a popular technique to improve circuit and system performance. To apply the
redundancy design to the SAR ADC means adding extra comparison [1-8]. This method changes
binary weights to non-binary weights for the DAC and realizes digital error correction with redundancy
property.

Fig. 4 shows an example of two redundant search operations of a 4-bit 5-step SAR ADC. There, the
input voltage is 8.3LSB and the reference voltage weights p(k) are 1, 2, 3, 6 and 8. The one operation
(solid arrows) assumes that the comparison is correct, whereas the other (dotted arrows) assumes that
it is incorrect. However, both obtain the correct digital output of 8 by digital error correction. In the 4-
bit 5-step SAR ADC as shown in Fig. 4, there are 25 comparison patterns and 24 output patterns even
though the SAR ADC digital output integer range is between -1 and 16. In other words, a given output
level can be expressed by multiple comparison patterns. Thus, even if comparator decision is wrong at
some steps, the correct ADC output may be obtained. Then we can make a reliable SAR ADC.

-8-
J. Tech. Soc. Sci., Vol.3, No.1, 2019
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Fig. 3. Binary search algorithm of a Fig. 4. Operation of a 4-bit 5-step SAR ADC
4-bit 4-step SAR ADC. in case of correct and incorrect judgments.

In addition, even if the number of the comparison steps is increased, the digital error correction
enables high-speed AD conversion as a whole, because the digital error correction can take care of the

DAC incomplete settling [1-7]; thus redundancy design has potential for reliable and/or high-speed
SAR AD conversion.

3.3 Conventional Redundancy Design Issues

Reference voltage weight p(k) greatly affects redundant SAR ADC performance, and designers have
selected p(k) as a k-th stage weight by using Eqg. (1).

p(k) = RM7¥ 1)

Here, M is the number of the whole steps, k shows a comparison stage number and R represents a

radix. However, conventional decision methods of the reference voltage weights p(k) [1-6] have

several issues as follows:

(1) First, the reference voltage weight p(k) in Eqg.(1) is not an integer which is not suitable for the
circuit design. We must round p(k) values to use integer for easy design and accurate conversion.
However, the rounding operation causes variability of the correction capability at each step and
they may disturb performance improvement.

(2) Second, there is difficulty of an appropriate radix choice. ADC designers must choose a proper
radix R (1<R<2) in Eq.(1). Fig. 4 shows an example in case of radix 1.80 and using rounding.
However, in Fig.5, two-way arrows indicate that correctable input range cannot cover all input
range, which means that there are some ranges that cannot be corrected. There is a trade-off
between correction capability and conversion speed, and the SAR ADC designer is forced to search
a radix that is the most suitable for SAR ADC.

(3) Third, there is an issue of the internal DAC configuration. In the binary search SAR ADC, its
internal DAC is realized easily by using binary network topology. But it is difficult to design the
internal DAC of the redundant SAR ADC. Conventional methods have realized the internal DAC
by complicated and large circuits.

We have shown the first and second issues are solved by Fibonacci sequence redundancy algorithm

[7]. Further, this paper shows that the Fibonacci sequence method also solves the third issue.

-9-
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4. Redundancy Design Using Fibonacci Sequence

4.1 Fibonacci Sequence

Fibonacci sequence is defined by a recurrence relation as shown in Eq.(2), where n in Eq.(2) is an
integer greater than or equal to 0. Fibonacci sequence was presented in 1202 by Leonardo Fibonacci,
who was a mathematician in Italy and it is known as one of the most famous number theories [6].

Foyz = Fy + Fopg 2)
where F, =0,F; =1
Fibonacci numbers are expressed as the following by calculating Eq.(2).

0,1,1,23,5,8, 13,21, 34, 55, 89, 144, 233, 377, ...

In short, the sum of neighboring two terms is next term.

In addition, the closest terms ratio of Fibonacci sequence converges approximately at 1.62 as shown
in Eq.(3).
F,
lim ’;fl = 1.6180339887 = ¢ ©)
n—oo 'n
This ratio is called “Golden ratio” and it is widely recognized as the most beautiful ratio.

Fibonacci sequence and Golden ratio are based on very simple rules like the above. However, we can
find them in various places of our surroundings such as nature and humanity, and they have many

interesting and unique properties. Thus they have been studied by many researchers for more than 800
years.

4.2 Fibonacci Sequence Redundancy design

We have studied redundancy algorithm using Fibonacci sequence to solve the issues shown in
Section 3.3. This algorithm selects Fibonacci sequence for reference voltage weights and realizes an
approximate radix 1.62 with only integer terms. Then, we have shown several advantages as follows:
Since Fibonacci sequence consists of integer terms, we do not require rounding operation. Fig. 6 using
a Fibonacci sequence weighted SAR ADC shows that all input range is covered by correctable range

-10 -
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shown by two-way arrows. It means that it achieves high reliability.

Furthermore, we also showed Fibonacci method’s advantage at speed as well as reliability. The
Fibonacci method proved to be the fastest method at all resolutions. This was the result of simulations
taking account of incomplete settling of the output of the internal DAC. Normally, the settling time of
the output of the internal DAC is longer than the settling time of the SH circuit. However, the settling
time of the SH circuit may be longer than the settling time of the output of the internal DAC in some
cases. Section 5 shows that the Fibonacci sequence weighting SAR ADC is effective for such cases.

5. New Discovery of Fibonacci Sequence Weighted SAR ADC

5.1 Comparative simulation of binary and Fibonacci

Considering the settling time of the SH circuit, we consider that the Fibonacci type SAR ADC with
redundancy has shorter measurement time than the binary type. By relaxing the comparative condition
in the first half, the speed can be increased. The misjudgment can be corrected by strengthening the
comparison condition in the latter half. As a result, the measurement time of each step decreases and
the judgment speed rises. This is shown by simulation.

The simulation conditions are as follows:

*  This simulation uses Scilab as a simulation tool.

* We replace the minute current source of the input signal with the voltage source and consider the
settling time of the SH circuit.

e The SH circuit is an RC series circuit; in other words, it is a first-order system.

e The resolution is changed from 1 to 14 bits, and the accuracy is set to 1/2 LSB.

e The initial voltage of the capacitor is set to a half of the full scale.

The simulation method is as follows:

(1) When V;,, = 2™ which is the worst case, the time to be taken so that the difference between the
output of the SH circuit and the input becomes 1/2 LSB is divided according to the number of
steps, and based on this, a clock is generated (Fig. 7).

(2) Vi, ischanged from 0 to 2™ and a judgment is made using this clock.

(3) When the difference between the judgment result and the input is less than or equal to the LSB,
the operation is terminated; otherwise, the clock is increased until it is within the range and the
judgment is continued.

Fig. 8 shows a binary type determination example when V;, = 2.5. Fig. 9 shows a Fibonacci type
determination example when V;,, = 2.5. In Fig. 9, it can be seen that judgment errors occur in 1st step
and 6th step

Fibonacci type Clock

S Sinary type
b —2.8
- ! Lo
3.2 P ' % \Output of DAC
g R e SR e b S S ST -
5 s o8 B NN
> : : /%o" : : : 7 L5B ; 2.4 —~<=="""SH circuit voltage
I R
A 22
7 O R Y I A I /
S R N R >/
S
16 /SH circliit voltade | ! 18 / 1 1 0 o0 1
! ! ! ! 16 '
010 20 | 50/t '
| | Bia;loaimy.:::»iCIock tlme[nS] ° : ? ° ‘ ° 6Ste 4
Fig. 7. Clock generation Fig. 8. Binary type determination P
operation (5bit SAR ADC) example (Vi, = 2.5)
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Simulation results are shown in Fig. 10, and we see that the Fibonacci type SAR ADC requires only
a shorter measurement time than that of the binary type, and as the number of bits (or resolution)
increases, their difference in measurement time increases.

5.2 Simulation using radix method

We use a radix method that can change the degree of redundancy. We show simulation results of
the relationship among radix, measurement time and comparator usage frequency. The comparator
usage frequency leads to power consumption. In this simulation, the resolution was fixed to 5-bit and
its radix was changed. Then the same simulation as in Section 5.1 was performed. The simulation
result is shown in Fig.11, and we can see that the balance between the comparator usage frequency
and the measurement time is good in case that the radix is around 1.6. Therefore, the Fibonacci method
with radix 1.62 would be suitable.
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6. Conclusion

In this paper we have investigated the settling time of the SH circuit when measuring a minute

current source using an SAR ADC. We have shown that the SH circuit output for a binary type SAR
ADC without redundancy has to be completely settled. On the other hand, Fibonacci type with
redundancy can shorten the measurement time of each step thanks to incomplete settling and digital
error correction. As a result, the total measurement time of the Fibonacci type is shorter than that of
the binary type. Furthermore, using the radix method, the measurement time and the number of times
of the comparator usage are obtained, and it is found that the Fibonacci method is suitable because the
balance is good in the vicinity of radix = 1.6.
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