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Gunma University Koba Lab.

Presentation of
Culture Learning

Internship at Cirque Corporation, Salt Lake City, Utah, USA
From Oct. 6, 2008 to Oct.31, 2008

Daisuke MITA

Dept. of Electronic Engineering,
Gunma University, Japan




Gunma University Koba Lab.

Outline

Presentation
About the culture difference between Japan and the United States.
About sightseeing of Salt Lake City, and

About impression of the internship program.

= Difference between Japan and the United States
= Sightseeing
= Summary and Conclusion



Gunma University Koba Lab.

Cirque Corporation

An American company is flexible.



Gunma University Koba Lab.

Food & Drink

= American food is very large.

= Taking out remaining food
Is OK.

. § = Drinkis “free refill”.

My favorite food

Arby’s Hamburger

Simple Is best !!




Gunma University Koba Lab.

Food & Drink

P

American SUSHI

Dr Pepper is famous drink ? /




Gunma University Koba Lab.

Building & Road

Gas Station & Convenience Store Road in the USA
= American Building is low and large.

= American road is very wide. There are many trucks.
= A gas station and a convenience store are together

at the same place.



Gunma University Koba Lab.

Sightseeing — Temple Square —

Salt Lake Temple Pipe Organ of TaberNacle

Temple Square building is very beautiful.



Gunma University Koba Lab.

Sightseeing — Watching Basketball Game —

B

L AT b U T '5!.--, -~ R s
UTAH JAZZ vs Portland Trailblazers UTAH JAZZ Mascot

The basketball game was exciting and interesting.
UTAH JAZZ won this game.



Gunma University Koba Lab.

Sightseeing — Bingham Canyon Mine —

Bingham Canyon Mine Truck tire

Bingham Canyon Mine Is very large.

A truck tire is about 3.4m In diameter.



Gunma University Koba Lab.

Sightseeing — Great Salt Lake —

Great Salt Lake is very large, and
very beautiful.

Wild buffalo

Great Salt Lake




Gunma University Koba Lab.

‘ Sightseeing — Downtown —

SN\ . #S

Gateway

City Library

== Church History Musium




Gunma University Koba Lab.

Sightseeing — University of UTAH —

= il | SRR

University of UTAH is very large.

University of UTAH doesn’t have

electronic engineering department.



Gunma University Koba Lab.

‘ Sightseeing — Rice-Eccles Stadium —

Rice-Eccles Stadium is located near University of UTAH.



Gunma University Koba Lab.

Conclusion

|
= | have experienced American life and work

at an American company, Cirque Corporation.
= This internship program was very enjoyable and interesting.

= EXxperiences of this internship program will be very beneficial
to my future career.

= | thank Cirque people and Alps Electric People.
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Revisit to
Floating-point Division Algorithm
Based on Taylor-Series Expansion

Jianglin Wel, A. Kuwana, H. Kobayashi,
K. Kubo

Division of Electronics and Informatics, Gunma University
Oyama National College of Technology
Japan

Gunma University Kobayashi Lab



Outline

Research Background and Objective
Taylor-Series Expansion

Proposed Algorithm

Simulation Verification

Hardware Implementation Tradeoff
Conclusion



Outline

» Research Background and Objective



Research Background

€ High-speed high-precision floating-point arithmetic

— Embedded systems, mobile applications.

€ Addition / Subtraction — Relatively easy
Multiplication — Modestly complicated

Division — Very tough !




Research Objective

€ Floating-point division operation
-- Simple circuit
-- High-speed

€ Application of Taylor expansion

to floating-point division arithmetic
€ Clarification of its calculation procedure

& Clarification of its tradeoff among
accuracy, number of operations and LUT size



Outline

* Taylor-Series Expansion



Taylor Series

ldea behind Taylor expansion :

We can re-write every smooth function
as an infinite sum of polynomial terms.

Function f(x) for a point x = a is given by :

f(x)=f(a)+ f (a)(x —a) + (f);!(a) (x —a)2+ -+

(N"(a)
!

n

Convergentrange a<x<§f

(x — @) + -



Taylor-Series of sin(x) and cos(x)

Taylor series simulation results of
sin(x) and cos(x)

Convergentrange: —oo < x < 4o

o g

15 S

Z 1y Z 1y

< <

of o

5 5

S 0f 2 0f

5 5

4 4

%5 S

-1 -1

< <

= : - = , , .
-10 0 10 -10 0 10

sin(x) cos(x)

Center value : 0

Number of Taylor-series expansion terms : 20. o
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* Proposed Algorithm



Normalized Floating-Point Representation

Floating-point representation in binary :

Mantissa : M Exponent : E

M x 2F

ab,c,d,e f,---:0o0r1
Decimal point 1 f

1%'abcdef --- x 2£ 1M < 2

Mantissa Exponent

Ex :1011001 (binary) = 89 (decimal)

Binary representation : 1.011001 x 2110

$

Decimal representation : 1.390625 x 2° = 89

10



Division of Binary Numbers

. . N
Consider calculation of A = —.

A, N, D are in floating-point representation :

A: My x 2Fa
N: My x 2En
D: My x 2Ep

First, calculate reciprocal of mantissa Mi (1 <Mp<2)
D

using Taylor-expansion of f(x) = 1/x

1 1
— = — X Z_ED
D M,
Then, calculate N X % and obtain A.
3

Use conventional digital multiplication algorithm.

11



Proposed Algorithm

Calculate reciprocal of mantissa : — (1< Mp <2)

Mp
& x=M,
f(x) = % by Taylor expansionatx =a (1 <a < ?2)
-

f(x) :%—(x—a)+(x—a)2— (x —a)+-+(=D"(x—a)™ + -

t
Stored in LUT in advance

Coefficient of each term is +1 or -1

\ 4

No multiplication required there 19



Division Value

Division Value

<
h

0.5}

Concept of Proposed Method

S, RGPSl

—+—Taylor 3rd terms N
——Taylor 4th terms )
Taylor Sth terms \
——Ideal division (1/y) N

SR 1
B\\EL\ [~y
SR

1 1.5 2

X

. . 1
Taylor series expansion of - at center value a = 1

%\V N

——Taylor 3rd terms

—4—Taylor 4th terms
Taylor 5th terms

——Ideal division (1/,)

1 1.5 2

X

. . 1
Taylor series expansion of; at center valuea = 1.5

R

Approximate error

Approximate error

<
%)

<
)

e
—

o
w

<
b

e
—

—— Taylor 3rd terms
—— Taylor 4th terms
Taylor Sth terms

\
e

7 s‘
7
/ “r"

— Taylor 3rd terms
—— Taylor 4th terms
Taylor Sth terms

1 1.5
X

I =T

E= ——

I

E : Approximate error

[ : Ideal value

T : Taylor series expansion value

Proposed method :
Region technology

For example :
1 region :

a=15 1<x<?2

2 regions :

a=125 1<x<15
a=175 15<x<2

4 regions :
a=1125
a=1.375
a=1.625
a=1.875

1<x<1.25
1.25<x <15
1.5<x <175
1.75<x <2

13



Outline

 Simulation Verification

14



Taylor Expansion Waveform of 1/x

It

: 1 |
Taylor expansion waveform of f(x) = il

Taylor series r¢

Number of Taylor expansion terms:25 fZi‘\

Taylor expansion ata = 0.5
Convergent range: 0 < x <1

% | Gy £, —p
ol ,
W\ \\
Taylor expansion ata =0.75 Taylor expansion ata = 1
Convergentrange: 0 <x< 1.5 Convergentrange: 0 <x <2

15



Taylor Expansion of 1/x : Comparison

" g | P .
20 \ J b 20 \
1(; —\\‘7 B ‘ | | | 1 12 —\\‘%7
Taylor expansionata = 1.5 Taylor expansion at a = 2
Convergentrange: 0 <x<3 Convergentrange: 0 <x <4
100 . ; . —
= ——a=0.5
Z —+—a=0.75
(a4 a=1
A —v—a=1.5
5 07 S Taylor expansion comparisons at
5 different central point convergent ranges.
>
CH“ u—lﬂ—v
0 ' =

. 16



Definition of Accuracy

EX: ____accuracy
21 6

1
<

max < o1

|f(.X') T t(n' X)
f(x)

f (x) : Original function (ldeal value)

t(n, x) : Taylor expansion up to the minimum of terms n

17



Simulation Results

Use Taylor series expansion equation :

1
flx) = ¢ (1< x <2)
One-region case :

Mantissa represented Specified accuracy
by binary decimal point.

precision
Taylor-series 216 220 224 232
expansion

” __\_

Taylor series expansion Number of Taylor expansion
at center value a = 1.5 terms to meet specified accuracy.

(i) = XXXXXX-

18



Two-Region Case

Use Taylor series expansion equation :
fl) = < (1< x <2)

In two-region case, we check the value (0 or 1)
of the first decimal place of Mantissa:

precision
Taylor-series
expansion

19



Four-Region Case

Use Taylor series expansion equation :
fl) = - (1< x <2)

In four-region case, we check the values (00, 01, 10 or 11)
of the first two decimal places of Mantissa.

- L3 1 1
precision 1
Taylor-series
expansion

i M= . TXxXX- W

(i) M= . xxxx-- 3175

(ii) M= . xxxx-- a=1.625 3 5 6 7 9

20



Eight-Region Case

In eight-region case, we check the values (000, 001,..., 111)
of the first three decimal places of Mantissa.

precision| 1 [ 1 1 [ 1 1
Taylor-series expansion i 216 el 224 232
i 2 4 5 6 8

a=1.0625

_ a=1.1875 2 4 5 6 8
(iii) M= . xxxx--- a=1.3125 2 4 5 6 8
(iv). M= . xxxx- a=1.4375 2 4 5 6 8
a=1.5625 2 4 5 6 7
a=1.6875 2 4 5 6 7
a=1.8125 2 4 5 5 7
a=1.9375 2 4 5 5 7



Comparison of Two Decimal Point Position Cases

—

Mantissa: 1.xxxx Numbers of
__ Taylor expansion terms
for specified accuracy are

Mantissa: 0.1xxxx
the same.

—

To obtain 20-bit accuracy

1-region case = 13 terms
2-regioncase = 9terms
4-region case = 7/ terms
8-regioncase = 5 terms



Outline

 Hardware Implementation Consideration

23



Calculation Complexity

» EXx: Taylor expansion 4 terms :

g =~ (x—a) + (x— )% — (x— )

o value : Stored in memory and read.

a
y =x—a Subtraction: 1 time z =y? Multiplication: 1 time

1 1

Multiplication: 1 time
g4=5—y+y2—y3=a—y+z—yz P

Addition / Subtraction: 3 times

Total : Multiplication: 2 times
Addition / Subtraction: 4 times

» Ex: Taylor expansion 5 terms :
1
gs=—— -+ - - x-a’+&x-a)’

Total : Multiplication: 2 times
Addition / Subtraction: 4 times



Number of Operations

Number of terms versus number of operations
In Taylor expansion

Taylor expansion of f(x) = i can be calculated
with a relatively small number of operations.

Terms of Taylor expansion multiplication Addition or subtraction

3 1

o ~N o o1 b
A W O w NN
o o1 o0 A b~ W

25



LUT size

f(x) == (x—a)+x—a)l—(x—a)3+.....

Q|r

Stored in LUT
LUT: Look-Up Table

Ex: 4-region case — LUT size is 4 words

LUT

00 Inverse ofa=1.125
01 Inverse of a=1.375
10 Inverse of a = 1.625
11 Inverse of a = 1.875
M = 1 %X Select by 1 and 2 decimal places

of the mantissa. 26



 Conclusion

Outline

27



Conclusion

 Algorithm for inverse calculation of mantissa part

In binary floating format using Taylor expansion
has been investigated.

* Relationship between accuracy and number of
terms in Taylor expansion was obtained.

* Number of divided regions becomes larger

»Number of Taylor expansion terms = small
»LUT size = big

Designer can choose the best compromised design.

28



Thank you for listening !

29



Appendix



Maclaurin Series

Special case : Maclaurin

(Scottish mathematician)

Taylor series fora =0 —  Maclaurin series

f(x)=10)+f (0)x + (0)-(0) X2 4 .o+ (f)n'(()) xh

2! n!

Convergentrange ¥ <X <0
31



Newton’s method

Newton’s method step:

Fist, Start with an initial approximation x, close to c.

Second, Determine the next approximation by the formula :

. f (o)
f (x0)

Third, Continue the iterative process using the formula :
 fG)

" fa)

Last, until the root is found to the desired accuracy.

X1 = Xp

Xn+1 = X

» Poor global convergence properties
» Dependent on initial guess
» May be too far from local root
* May encounter a zero derivative
« May loop indefinitely

32



Examples of disadvantages

On the left, we have Newton’s Method finding Newton's Method has entered an
a local maxima, in such cases the method will infinite cycle. Better initial guesses
shoot off into negative infinity. may be able to alleviate this problem.

33



Another Decimal Point Position

Change the decimal point position of the mantissa

Mantissa: M Exponent: E

M x2° M x 2°
Original decimal point 1

l » New decimal point
E
17abcdef -+ X 2= Oilabcdef--- x 2E

Mantissa Exponent

1=M< 2 05=M < 1

Mantissa Exponent

Ex :1011001 (binary) = 89 (decimal)
Binary representation : 0.1011001 x 2!

L 4

Decimal representation :0.6953125 x 27 = 89
34



Division Value

Division Value

o
o

2 region case

0.01 - -
5 —+—Taylor 3rd terms
= 1 —=Taylor 4th terms
; Taylor 5th terms
<
I € 0.005¢
—+—Taylor 3rd terms i,
—o—Taylor 4th terms %
Taylor 5th terms o
——Ideal value < J\%\%M
L 1 L L 0 e e
1 1.1 1.2 1.3 1.4 1.5 1.1 1.2
* Centervaluea=1.25 1<x <15 *
0.01 -

5 —+—Taylor 3rd terms
= —=—Taylor 4th terms
; Taylor 5th terms
<

—+—Taylor 3rd terms g 0.0057

—=—Taylor 4th terms o

Taylor 5th terms &
——Ideal value <
0 = = =S

1.6

1.8 2

1.6

Center value a=1.75 1.5 <x <2

. . 1
Taylor series expansion of -

35



Division Value

Division Value

0571

0.5

0

1.5

——Taylor 3rd terms

—o—Taylor 4th terms
Taylor 5th terms

——Ideal value

1

1.1 1.2

Center value a=1.

—+—Taylor 3rd terms

—o—Taylor 4th terms
Taylor 5th terms

——Ideal value

Center value a=1.625 1.5 <x < 1.75

1.6

4 region case

%1073

——Taylor 3rd terms
| —=—Taylor 4th terms
Taylor Sth terms

Approximate error

0

/
/

1
X

125 1 <x<1.25

L\ /]
\ Vi
12

5 x107

) —+—Taylor 3rd terms

E 1.5 } —= Taylor 4th terms

Q Taylor 5th terms

<

EIl

X

2 0.5

el N L

<C - *‘\*\, /*/X
() t=s—e—o Lt o oo —T o
1.5 1.6 1.7

Division Value

Division Value

e
W

05}

| —+—Taylor 3rd terms
—=—Taylor 4th terms
Taylor 5th terms

——Ideal value

1.3 1.5

Center value a=1

—+—Taylor 3rd terms

—o—Taylor 4th terms
Taylor 5th terms

——Ideal value

1.8

3

2 x10 i

5 —+—Taylor 3rd terms

g 1.5 } —< Taylor 4th terms

Q Taylor 5th terms

<

g 1r

%

2

£0.5 \\ //

< = —
O/;m’,}w‘ _._*\* e . 7{‘/*/4« o

1.3 1.4

375 1.25 <

%1073

x <1.5

——Taylor 3rd terms
L —=—Taylor 4th terms
Taylor Sth terms

Approximate error

Center value a=1.875 175 <x <2

. . 1
Taylor series expansion of -

36



Simulation Results

Use Taylor series expansion equation
1
fe) = - (0.5 < x < 1)
One-region case Two-region case

Precision

Taylor series Taylor series
expansion expansion

[1] M = 0.1xxxx:-- 6
; x=0.75

(ii) M = 0.11xxxx--
x=0.875

Four-region case

-
28 216 220 224
Taylor series
expansion
3 6 7 8

(i) M =0.100xxxx---
x=0.5625

(i) M =0.101xxxx---
. x=0.7125
(iii) M = 0.110xxxx:---
. x=0.8125
(iv) M =0.111xxxx:--
x=0.9375 37




s = Taylor series expansion of f(x)

. 1=Mp <2
16 regions case :
precision 1 1 1 1 1
Taylor-series expansion 28 216 220 224 232
[1] M = 1.0000xxxx--- (1 =My <1.0625) x=1.03125 2 4 4 5 7
[2] M = 1.0001xxxx:-- (1.0625= M <1.125) x=1.09375 2 4 4 5 7
[3] M = 1.0010xxxx--- (1.125 =M, <1.1875) x=1.15625 2 4 4 5 7
[4] M = 1.0011xxxx--- (1.1875= M <1.25) x=1.21875 2 4 4 5 7
[5]1 M = 1.0100xxxx--- (1.25=Mp <1.3125) x=1.28125 2 3 4 5 6
[6] M = 1.0101xxxx--- (1.3125= M <1.375) x=1.34375 2 3 4 5 6
[71 M = 1.0110xxxx--+ (1.375=Mp <1.4375) x=1.40625 2 3 4 5 6
[8] M = 1.0111xxxx--- (1.4375=Mp <1.5) x=1.46875 2 3 4 5 6
[91 M = 1.1000xxxx--- (1.5=Mp <1.5625) x=1.53125 2 3 4 5 6
[10] M = 1.1001xxxx--- (1.5625 =M, <1.625)x=1.59375 2 3 4 5 6
[11] M = 1.1010xxxx:-- (1.625=M <1.6875=1.65625 2 3 4 5 6
[12] M = 1.1011xxxx--- (1.6875=M <1.75) x=1.71875 2 3 4 5 6
[13] M = 1.1100xxxx:-- (1.75=My<1.8125) x=1.78125 2 3 4 5 6
[14] M = 1.1101xxxx--- (1.8125=M <1.875)x=1.84375 2 3 4 5 6
[15] M = 1.1110xxxx--- (1.875=M<1.9375)x=1.90625 2 3 4 5 6
[16] M = 1.1111xxxx:-- (1.9375=M_ <2) x=1.96875 2 3 4 5 6

38



s = Taylor series expansion of f(x)

32 regions case :

1<Mpy <2

Taylor series expansion

precision

|~

N
kN

=

N
N

[1] M = 1.00000xxxx: -

(1 =M, <1.03125) x=1.015625

[2] M = 1.00007x0xx---

(1.03125=M, <1.0625) x=1.046875

[3] M = 1.00010xXXX:

(1.0625=M, <1.09375) x=1.078125

[4] M = 1.00011xxxX: -

(1.09375=M,, <1.125) x=1.109375

[5] M = 1.00100xxxx: -

(1.125=M, <1.15625) x=1.140625

[6] M = 1.00101x0xx--

(1.15625=M, <1.1875) x=1.171875

[7] M = 1.00110%00xx---

(1.1875=Mj, <1.21875) x=1.203125

[8] M = 1.0011 13000k

(1.21875=M_, <1.25) x=1.234375

[9]1 M = 1.01000XxXX: -

(1.25=<Mj, <1.28125) x=1.265625

[10] M = 1.01001xxxX- -

(1.28125 =M, <1.3125)x=1.296875

[11] M = 1.01010XXXX-*

(1.3125=M, <1.34375)x=1.328125

[12] M = 1.0101 1xxxx--

(1.34375=M, <1.375) x=1.359375

[13] M = 1.01100xxxx -

(1.375=M,, <1.40625) x=1.390625

[14] M = 1.01101xxxx--

(1.40625=M,, <1.4375)x=1.421875

[15] M = 1.01110xxxx--

(1.4375=M, <1.46875)x=1.453125

[16] M = 1.0111 1 xxxx--

(1.46875=M,, <1.5) x=1.484375

[17]1M = 1.10000XXXX:

(1.5=M,, <1.53125) x=1.515625

[18] M = 1.10001XXXX: -

(1.53125 =M, <1.5625)x=1.546875

[19] M = 1.10010xxxx -

(1.5625 =M, <1.59375)x=1.578125

[20] M = 1.10071 1 xxxx -

(1.59375=M,, <1.625) x=1.609375

[21]M = 1.10100xxxx: -

(1.625=M,, <1.65625) x=1.640625

[22] M = 1.10101XXXX- -

(1.65625=M, <1.6875)x=1.671875

[23] M = 1.10110xxxX:-*

(1.6875=<My, <1.71875)x=1.703125

[24] M = 1.1011 1 x00xx--

(1.71875=M,, <1.75) x=1.734375

[25] M = 1.11000xXXX-

(1.75=M,, <1.78125) x=1.765625

[26] M = 1.11001 xxxx -

(1.78125=M, <1.8125)x=1.796875

[27]M = 1.11010xxxx -

(1.8125=<My, <1.84375)x=1.828125

[28] M = 1.1101 1 xxxx -

(1.84375=M,, <1.875) x=1.859375

[29] M = 1.11100xXXX: -

(1.875=M,, <1.90625) x=1.890625

[30] M = 1.11101XXXX:*

(1.90625 =M, <1.9375)x=1.921875

[31]M = 1.11110xxxx -

1.9375=M, <1.96875) x=1.953125

[32]M = 1.1111 1xxxx-- (1.96875=<M,, <2) x=1.984375

N
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si(Dar D 21D 1D

2\ D1\ Do)
VYout
R 2 " =8I R
e



BB 2EEAMITOAT A (JRIE)

4 N

TIOR3 AL YF i
AATF—4 D3 D2 D1 DO Vout AAvF 1D ON

R 5000 0 0D &= OFF

1 0001 IR

2 001 0 2IR

3 00 1 1 3IR

4 0 1 0 0 4IR TIORILANT—AIC
5 0 1 0 1 5IR LeBIL=770ag 5
6 0110 6IR Vout BAEREN 5,
7 01 1 1 7IR

8 1 0 0 0 8IR

15 1 1 1 1 15IR



AAYFPYEZ L3
AX1—hEHHEE

Ds e s D
R

T T V%Ut 0,11,1)=7 |

R Vout=71R

AA7



AAYFPYEZ L3
AX1—hEHHEE

Qsl C

)41 <>21 () 1

T T Tvout

=

01,1,1) =17




AAVFUYEZZAIST
AX1—MNELH5E

QSI (

>41 <>21 () 1

(11,1,1)=15

(0,0,0,0) =0




AAVFUYEZZAIST
AX1—MNELH5E

De s Ds Dy @

" Y \( \(
Vout
(011):7 I

A 718




DAZHMEEICHITHRT)FDEE

757499 TRATLUALH

-

011101
011100

011110

011111

100000

~

100001

100010

AEIDHEIL
1) F | B



Binary code & Gray code

Gray code D&

XTIty 9 5
decimal numberh?
TS5X1
E =¥
E& S

12DEYDH RER



Gray code EADZE L35

Gray code [& O/\NX | (nEf#)
ADZHERIE (E5%
7Aoo T2 )LOHFEA
(ERFEER D ER)

ADZEH#AZR TIX
*9 Gray codelZZ#EL
Z M1 Binary code ICEHT HIERKLZ LN




Gray code ¥R DDAZE #3351 ?

AD/DAZ DM EZFIXLHI=LEIC

Gray code B8R D DAL zs MR TEN(L

!

V) F Mg LlE 5,

O DARZ/HXDEZIZL
Gray code gL DDA H#ZR (FFLR SN TLVELY,

J

EH R 2




EMZHIZHEK

Asad Abidi 54 (UCLA)
[Gray code #8 AL CDAZ #LZF MEIR TS vH
ZLDABRENE ZT-HY,
TEE0 &L\S:&h‘*‘(f@.%ﬁﬂ@l:)1075\97‘:0J
HHEEICIZZTDOTETELTLVELY,
FRFTHHEDLES DALY,
CDITEMBZLDIETFES

BERI: BIEROERGEERYELTICEIZEST,

ZERE/DLYT DIEA . ERMIZEEICEIZET S
TR AN—1Y




EIADC

77vyva

iiE

=

Encoder EIE{ER

O 0O

0

1
1

d7 d6 d5 d4 d3 d2 d1 dO |02 01 o0

O 00 OO0 OO0 1

O 00 O0OO0OO0OT1O0]0O01

O 00 O0OO0O1O0O0|]010O0

O 0001 0O0O0]011
O 001 0O0O0DO
O 01 00 0 O0DO
O 1 0 O0O0O0O0O

1 0000 O0O0O0(f1 11



759, aBIADC K=

+ Vref Vin

ETDE

R

ESDoE

TNZE

EAXKFE

Dout

A7AVin 4.5

- Vref

A A

ZHE

A

A

] & & g

A | A

A



759 aBADCADRA

(2592 1 BIADCIF G RN E B VMER TN

[6bit 75w 1ADC 5E BED S THERTES )

T

25y 1 BIADCIZE R HERL

@ ENfERE-HBEEADCODT7—FTIFvELT
o9 aBZFEBZ LHELT.,
(DNREINTEHEULD, THYT)
LDEDHABEMNEKBLTLNS
(UCLA Abidi %e4E)

@ EERT 75yl aBlF&EETEH-TLVS,




F i &l 5k
i Gray code & Binary code fE] D& #

Exclusive OR

ZRWTHER#

== |lo|lo |
= |lo|l=|Oo|Wd
Ol |=|O| M

decimal Binary code Gray code
Data B3 B2 B1 BO G3 G2 G1 GO
0 0 0 0 0 0 0 0 0
1 0 0 0 1 0 0 0 1
2 0 0 1 0 0 0 1 1
3 0 0 1 1 0 0 1 0
-3 0 1 0 0 0 1 1 0
S 0 1 0 1 0 1 1 1
6 0 1 1 0 0 1 0 1
7 4 0 1 1 1 0 1 0 0
8 1 0 0 0 1 1 0 0
9 1 0 0 1 1 1 0 1
10 1 0 1 0 1 1 1 1
11 1 0 1 1 1 1 1 0
12 1 1 0 0 1 0 1 0
13 1 1 0 1 1 0 1 1
14 1 1 1 0 1 0 0 1
15 1 1 1 1 1 0 0 0

B3=G3,
G3=B3,

B2=G3®G2,

G2=B3®B2,

B1=G3®G2®G1, BO=G3®G2HG1DGO

G1=B2®B1,

G0=B1®B0



BERFE MAN-FHEXRT BMRERE 2016/03/02
ETT-16-50 ETG-16-50

Gray-code A IDAZ #izs DR 5

HEXFEISR L2245
Z HE* Gopal Adhikari /Mk F X




H R

. MIRE=-BH

. }EZE9 HGray-code A FTDDACHFE R EENE
IIl. SPICEIC&ALZal— a tiiE

V. EEH




H R

iy

MRE=R"



FORIL-7FO5 a0/ —2(DAC, )



AT

Gray-codeZ A N EL TDFRETIERLDDACIEEIZRAEEL LY
EEZLNTET-.

AKX TldGray-code A JTIMDODACHEIH TELLEETRT .



DIAZIERDERMLET —FTIF v

é ? @ ? i Txg TX4 sz Txl T: X2 Sx2 X2 X2 =X2
})x8 x4 X2 x1 & J%
L[ ] % .

BB i 28 DAC S=TIDAC K DAC

AAYFIF2HEEL (/A F1)a—F. Binary code) TERE) = J1)yF



51)yF (Glitch) DEE

T3040 TRATLATDT )T



JVvTFDHERERE

0 0000

1 0001

2 0010 /—8
3 0011 D B
4 0100

5 0101

6 0110 0111—0110—0100—0000—1000
7 0111 <

8 1000

9 1001

10 1010

11 1011

12 1100 8—7
13 1101

14 1110 ODH#
15 1111

1000—1001—1011—1111—0111

i LHIE Yk (MSB) A ZE 1L (R RED ) D —ANT—2XR




Il

AAYFUOYEZZA(ZT

AHL7—8DRF



AAVFUVEZZA(ZIVT £D 1

[CRAYFTF B



AAYFUVEZZA(ZVT D 1

B3INTmBICRAYF T T HE



G A X a— - J1)wys

AAY3

AAL7—-8DF




J LA3a—F (Gray-code)

JLAa—k:miRICEET AFERIONIV TN T 1
NIVRRERFRD IS - T LA 1947FE D EBEECHRIZERL-,




5L A4—KD/AZ #13§

Decimal Natural

numbers Binary code Gray code

Binary code & Gray code D ZE#MNA 5 (EXOR) 0 0000 0000
(Gn=Bn+1®Bn) ESST YT —ry

Gray code A JJMDDAZ #1235 3 0011 0010
4 0100 0110

‘ 5 0101 0111

6 0110 0101

T)yFMNINSLTES 7 0111 0100
8 1000 1100

9 1001 1101

10 1010 1111

11 1011 1110

12 1100 1010

Binary code: 0111—0110—0100—0000—1000 13 1101 1011
14 1110 1001

Gray code: 0100—1100 5 111 1000
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. IRZEY HGray-code A JIDDACDHIERLEENE



IEE9 5Gray-code A TIDODACHFERLEENE

1. Gray-code A D ERIFEEDAC (I-DAC)
2. Gray-code AT D AE=EIDAC (C-DAC)
3. Gray-code A D EEMEEDAC (V-DAC)




miy

R/ BERAYS

IR )y O R

INSLJLIES: S0 R

double-pole double-throw (dpdt, MBI #z) XA vF TEIH
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1. Gray-code A 1M %

@8 @4 @2 x1 =
L[ :

PEERDE JILﬁEDAC

Gray-code A J1ID EBIRIRE DAC



O—KZ

NAF)DERIBIEZ %t T=4Gray-code A 7

19



Gray-code A 1D I-DACO EE (F—4=0 0i54)



Gray-code A 1D I-DACOEFE (F—4=1 0i5&)



Gray-code A 1D I-DACODEFE (7—4=2 0i5&)



Gray-code A 1D I-DACO EE (F—4=3 ni54)



Gray-code A 1D I-DACODEFE (F—4=4 0i5&)



Gray-code A 1D I-DACH EE (F—4=5 niga)



Gray-code A 1D I-DACO EE (F—4=6 0i54)



Gray-code A 1D I-DACODEFE (7—4=7 0i5&)



Gray-code A 1D I-DACH EE (F—4=8 ni54)



Gray-code A 1D I-DACO EE (F—4=9 0i54)



Gray-code A A DI-DACDHENE (5F—4=10 05E)



Gray-code A A DI-DACDHENME (5F—4=11 05E)



Gray-code A A DI-DACDHENME (5F—4=12 0i5E)



Gray-code A A DI-DACDHENE (5F—4=13 Di5E)



Gray-code A A DI-DACDHENME (5F—4=14 0i5E)



Gray-code A A DI-DACDHENME (5F—4=15 Di5E)



2. Gray-code ATTDAE=EIDAC

kDB EEIDAC

Gray-code A T B =EDAC
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Gray-code A 1D C-DACD ENME (7 —4s=5015&)



Gray-code A 1D C-DACD ENME (7 —4s=5015&)



3. Gray-code A D EEMFEDAC

Gray-code A 1D EIEMEE!DAC



Gray-code A 1 DV-DACHD ENME (F—4=5015&)



H R

IIl. SPICEIZ&BDZal— a3 EEr



SPICEIZ&A3al—ia f:Et

l'-“Jl

HHIIH ;br

1. Gray-code A 1D &
2. Gray-code A TTDHE

3. Gray-code AN ETE
4. 7))y FREDIKREE

* LTspice IVZ{EFH

H H1EIDAC (I-DAC) D 2al—o3y
FIDAC (C-DAC) D> 3al—3y
MMEEDAC (V-DAC) D 2al—ay

42



1. Gray-code A 71D I-C

O

L2 Qa4

of

ACOHSPICEZEI

dpdt : dpdt : dpdt : dpdt @%
A A A A %
?1 ?21 ?41 E,JIDSI
| [
ZY9F
T1T171
L4 a—R
T1T17T
NAFYa—k
Gray-code A 1D EFiH 71EDAC

S&H

Vout

43



1. Gray-code AIDI-DACD L Zal— 3y

Vout (V)
30

20
10
0

0 100 2@1}"'" 300 400 500 600
~10 g

-20

-30 _
Time (ms)

4Dbit I-DAC 8bit I-DAC

44



2. Gray-code A 1M C-DACDHSPICEZ1R

S
oo
| ”Co
® ® ® ® N\ Vout
;—;>
x1C

S&H —>

x8C [x4C [x2C

777 |dpdt dpdt dpdt dpdt

£ & &

~ 2'__ N — X —

Fa 751}/}7/7 - 5w F
T11T1
7 laA J= |
T1T1T1
AT a—F

Gray-code A T B =HIDAC



2. Gray-code A 1D C-DACDIZal—i 3y

4bit C-DAC

Vout (V)
30

25 ey

20 -

15 e

10 P

{f.
5
.'"f}

___.-".. ,-'{f
0o =~ L

0 100 200 300 400 500 600
Time (ms)

8bit C-DAC
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3. Gray-code A 1 MDV-DACMDHSPICEZE

2Vr

{

Vi |

dpdt

&
(e

15

4\/y 8Vr
) )
& Jiji=]
[B]F% [E]E%
dpdt dpdt dpdt
ZY Z
| I T
29T
O
JbA4a—R
O
N FYa—F
Gray-code A D EEIMEE!DAC

S&H

\/out



3. Gray-code A DV-DACDLZal—i 3y

Vout (V)
30

25

20

15
10
5

0
0 100 200 300 400 500 600
Time (ms)

4bit V-DAC 8bit V-DAC
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4. 71)v3

FPRZE DFREL

AAYF T BIEMNRDUN=HEFEDI-DAC (8 bit)
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cll

4. V) yFREDREE

| 41 81 641 1281 R
31 (3 S3 S 3
- S0 Sih L5 Sin 452 Sin 453 S5 Sen /L Se St 457 Fra-1
@
()1 (L) L (L) a1 ()16l (1)321 (1) 641 (l)12a1
—D Q—% D Q—% S2 —D Q]S D Q—S —D Q—S —D QS D Q57
rlk Q3% clk Q—31 Ql— 8z ’—clk Q35 k Q34 clk Q—3s |—clk Q—3%s k Q57
T T ? ? T T T
D QJ D Q —D QJ —D Q —D QJ —ID QJ
—lk Q 0 —lclk Q —dk @ » —lclk Q —elk Q@ — Ll Q

M ) g — FEEEEIRE

AAYF T EIEMNDULN=Gray-code A 71D I-DAC (8 bit)

S&H

50
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TYITRI4—EVT

EFMDI-DAC vs. Gray-code A FJIDI-DAC
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oA 94—EVYT

EFDI-DAC vs. Gray-code A FTMDI-DAC
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SR LIERAYF T BT

EFDI-DAC vs. Gray-code A F7IMI-DAC
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&

‘ Binary code ‘ AFTDDAC =y ‘7\\')“/7' ‘

‘Gray code‘

~S\
Gray code A J1(MDDAC
i

Gray code A HDE=EIDAC
Gray code A IDEEMERDAC = [y FIEFATRE |
Gray code A I D E iR E DAC

5% DRE:
BE/BRAAYFIN) I RADMOSFETTDEXE
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Research Objective

111111111

- Interesting properties of integers RN

4

- Possibility of new configurations of DAC
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Triangular Number DAC
Polygonal number DAC
Prime number DAC

Summary



Outline

 Research Background



Importance of ADC / DAC

e Rapid development of digital electronics technology

e A natural signal is analog



DACs are Everywhere !

Communication Electronic measuring Audio
equipment instrument systems



Integer Theory and Electronic Circuit Design

Many interesting properties of Integers
‘ Currently
No Link
Electronic circuit designs

Carolus Fridericus Gauss
(1777-1855)

Our research here makes their links !

Integer theory is
the queen of Mathematics



Outline

« Triangular Number DAC



What is Triangular Number ?

Triangular Number: 1, 3, 6, 10, 15, 21, 28, 36, 45, 55, 66, 78, 91, ..n(n+1)/2



Theory of Trigonometric Numbers

Any natural number

‘ expressed by

Sum of 3 triangular numbers

10

NP N 20NN B WN =

1+1

1+3
1+1+3

1+6
1+1+6
3+6

10
1+10
1+1+10
3+10
1+3+10
15

16:
17:
18:
19:
20:
21:
22:
23:
24
25:
26:
27:
28:
29:
30:

1+15
1+1+15
3+15
1+3+15
10+10
21

1+21
1+1+21
3+21
10+15
1+10+15
1+10+21
28

1+28
1+1+28



Digita
Input

Proposed Triangular Number DAC

e

Decoder
Circuit

AR

Switch | |ISwitch| |[Switch
Array ||Array ||Array

AN AT

3 current sources
3 switch arrays

Triangular Number
Weighted Resistor Network

_, Analog

11

Output



Triangular Number Weighted Voltage (1)

Triangular Number: 1, 3, 6, 10, 15, 21, 28, 36, 45, 55, 66, 78, 91, ..n(n+1)/2

2R 3R 4R 5R Vout =1 (I*R/16)

12



Triangular Number Weighted Voltage (2)

Triangular Number: 1, 3, 6, 10, 15, 21, 28, 36, 45, 55, 66, 78, 91, ..n(n+1)/2

2R 3R 4R 5R Vout =3 (I*R/16)

13



Triangular Number Weighted Voltage (3)

Triangular Number: 1, 3, 6, 10, 15, 21, 28, 36, 45, 55, 66, 78, 91, ..n(n+1)/2

2R 3R 4R 5R Vout =0 (l*RI1 6)

14



Triangular Number Weighted Voltage (4)

Triangular Number: 1, 3, 6, 10, 15, 21, 28, 36, 45, 55, 66, 78, 91, ..n(n+1)/2

2R 3R 4R 5R Vout =10 (I*R/16)

15



Triangular Number Weighted Voltage (5)

Triangular Number: 1, 3, 6, 10, 15, 21, 28, 36, 45, 55, 66, 78, 91, ..n(n+1)/2

|
2R 3R 4R 5R @ Vout =15 (IR/16)
o I o B o B

16



When Digital Input is 9: Calculation

Triangular Number: 1, 3, 6, 10, 15, 21, 28, 36, 45, 55, 66, 78, 91, ..n(n+1)/2

= (3 +6) Vo =9 (1/16)RI

17



When Digital Input is 9: Simulation




When Digital Input is 9: Simulation Result

6.0V. V(out)

5.4V V\

48V \
4.2V- ‘\

3.6V

™ 5.7V =9 x0.63V

2.4V

1.8V

1.2V

0.6V

0.0V-
Oms 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

19



When Digital Input is 27: Calculation

Vout = (6+6+15)Vo=27Vo.

20



When Digital Input is 27: Simulation

21



When Digital Input is 27: Simulation Result

V(out)

18V-
16V ‘\
14V~

12V \

10V-

17V =27 x 0.63 V |

8V

6V

4V-

2V

Oms 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

22



Outline

* Polygonal Number DAC

23



Polygonal Number

Polygonal number
Represented as dots or pebbles
arranged in the shape of a regular polygon.

(b) Square numbers.

(a)Triangular numbers.

(c) Hexagonal numbers.

24



Polygonal Number Theorem

Any natural number
l expressed by
Sum of N N-angular numbers
k-th of N-angular number, m(N, k) can be expressed by
m(N, k) = (1/2) k [(N-2)k — (N-4)]
Then N-angular numbers are given by
1, N, 3N-3, 6N-8, 10N-15, ...

for k=1, 2, 3, 4, 5,

25



N-angle Number Weighted Resistor Network

v

R

(N-1)R

(2N-3)R

(3N-5)R

1

Obtained by
[(6N-8) — (3N-3)]R

26

(4N-7)R
R

Vout

v



DAC Configuration based on N-angular Number

N current sources
N switch arrays

Switch Switch Switch

27



N-angular Number Weighted Voltage (1)

N-angular Number: 1, N, 3N-3, 6N-8, 10N-15, ...

o)

(N-1)R (2N-3)R (3N-5)R (4N-7)R Vout =1 Vo

28



N-angular Number Weighted Voltage (2)

N-angular Number: 1, N, 3N-3, 6N-8, 10N-15, ...

o)

(N-1)R‘(2N-3)R (3N-5)R (4N-T)R Vout =N Vo

29



N-angular Number Weighted Voltage (3)

N-angular Number: 1, N, 3N-3, 6N-8, 10N-15, ...

|
(N-1)R (2N-3)R| (B3N-5)R (4N-7)R Vout =(3N-3) Vo

30



N-angular Number Weighted Voltage (4)

N-angular Number: 1, N, 3N-3, 6N-8, 10N-15, ...

o)

(N-1)R (2N-3)R (3N-5)R‘ (4N-7)R

Vout =(6N-8) Vo

31



N-angular Number Weighted Voltage (5)

N-angular Number: 1, N, 3N-3, 6N-8, 10N-15, ...

o)

(N-1)R (2N-3)R (3N-5)R (4N-7)R Vout =(10N-15) Vo

32/53



Outline

* Prime Number DAC

33



Goldbach’s Conjecture

Goldbach’s Conjecture: 2| s s |7 |u|n||ms

All even numbers can be i
represented by .
sum of two prime numbers.

11 13

13 15

17 19

19 21

34



Prime Numbers

Prime numbers:

2,3,5,7,11,13,17,19, 23, 29, ......

All even numbers are represented
by two prime numbers

35

P EDN

12:
14
16:
18:
20:
22:
24:
26:
28:
30:

2+2
3+3
3+5
3+7
5+7
7+7
5+11
7+11
7+13
11+11
11+13
13+13
11+17
13+17

32:
34:
36:
38:
40:
42:
44.
46:
48:
50:
52:
54:
56:
58:
60:

13+19
17+17
17+19
19+19
17+23
19+23
13+31
23+23
19+29
19+31
23+29
23+31
19+37
29+29
29+31



Digita
Input

Proposed Prime Number DAC

'+>

Decoder
Circuit

%} |

@ |

2 current sources
2 switch arrays

Switch| |Switch
Array ||Array
A 1

Prime Number Weighted

Resistor Network

_, Analog
Output

36




Proposed Prime Number DAC Operation (1)

Prime numbers: 1, 2,3,5,7,11,13,17, 19, 23, 29, ......

o)

R R 2R 2R 4R 2R Vout
=1 Vo

Here Vo=(1/14)RI

37



Proposed Prime Number DAC Operation (2)

Prime numbers: 1, 2,3,5,7,11,13,17, 19, 23, 29, ......

( ; ) |
R R 2R 2R 4R 2R Vout

=2 Vo

Here Vo=(1/14)RI

38



Proposed Prime Number DAC Operation (3)

( ; ) |
R R 2R 2R 4R 2R Vout

=3 Vo

Here Vo=(1/14)RI

39



Proposed Prime Number DAC Operation (4)

Prime numbers: 1, 2,3,5,7,11,13,17, 19, 23, 29, ......

( ; ) |

=5Vo

Here Vo=(1/14)RI

40



Proposed Prime Number DAC Operation (5)

Prime numbers: 1, 2,3,5,7,11,13,17, 19, 23, 29, ......

( ; ) |
R R 2R 2R 4R 2R Vout

=7 Vo

Here Vo=(1/14)RI

41



Proposed Prime Number DAC Operation (6)

Prime numbers: 1, 2,3,5,7,11,13,17, 19, 23, 29, ......

I
R R 2R 2R 4R C‘p 2R Vout

=11 Vo

Here Vo=(1/14)RI

42



Proposed Prime Number DAC Operation (7)

Prime numbers: 1, 2,3,5,7,11,13,17, 19, 23, 29, ......

R R 2R 2R 4R 2R Vout

=13 Vo

Here Vo=(1/14)RI

43



Digital Input with Addition of 2 Prime Numbers

44



Prime Number DAC Operation for digital input =
6

Prime numbers: 1, 2,3,5,7,11,13,17, 19, 23, 29, ......

| |
L Vout = (5+7) Vo
! I =6(2V
R R 2R 9 2r © 4R 2R (2 Vo)
R R

Here Vo=(1/14)RI

45



Prime number DAC operation for digital input =6




Prime number DAC operation for digital input = 6

9.0V. V(out)

8.1V—
7.2V-
6.3V— \

5.4V

o 8.65V=6x144YV

3.6V

2.7V

1.8V

0.9V

0.0V
Oms 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

47



In case that digital input is 8




In case that digital input is 8

12V V(out)

- \
V- \
8V- \

i 115V =8x 1.44V

5V

\

4vV-

2v-4
1V-

Oms 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

49



Outline

Research Background
Triangular Number DAC
Polygonal Number DAC
Prime Number DAC

Summary
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PP

Digital A Decoder b Switch | |Switch| [Switch

Input Circuit

Array ||Array ||Array
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Triangular number DAC

3 current sources
3 switch arrays

Polygonal number DAC

N current sources
N switch arrays

Prime number DAC

2 current sources
2 switch arrays




Conclusion

Completely new DAC architectures
based on integer theory

Discussions on their pros and cons are left
for the future work.
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