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What is Euler's Knight Tour ?

4831503316638
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479 149/32(15/34 17|64
521291.47145]|20/61{36]13
- 5¥4425[56 9 [40]21]60

® Found by =] Il
Leonhard Euler  |28]53] 8 |41[24|57[12]3
43| 6 |55/26]39/10|59|22

® Magic square 4 27/42] 7 |58]23]38
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[1] “Digital-to-Analog Converter Linearity Improvement Technique Based on
Classical Number Theory for Modern ULSI”,
30th International Workshop on Post-Binary ULSI Systems (May 2021).

intergral non-Linearity [LSB]
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-15

DA Converter input

Euler Knight tour

mm) Best

Magic square

m=) Second

Regular
m=) Third
Maximum absolute value
=== Unary : 14.05LSB
- |\agic square : 5.93 LSB
Knight tour : 3.00 LSB
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[1] "Digital-to-Analog Converter Architectures Based on Goldbach Conjecture
for Prime Numbers in Mixed-Signal ULSI*,
30th International Workshop on Post-Binary ULSI Systems (May 2021).
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[1] "Nonlineality Analysis of Resistive Ladder-Based Current-Steering Digital-to-Analog
Converter”, 17th International SOC Design Conference (Oct. 2020)

[2] "Digital-to-Analog Converter Configuration Based on Non-uniform Current Division Resistive-
Ladder”, 36th International Technical Conference on Circuits/Systems, Computers and
Communications (June 2021).
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[1] "Metallic Ratio Equivalent-Time Sampling: A Highly Efficient Waveform Acquisition Method*,
27th IEEE International Symposium on On-Line Testing and Robust System Design (June 2021).
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[1] Y. Abe, S. Katayama, A. Kuwana, H. Kobayashi, "Frequency Estimation Sampling
Circuit with Hilbert Filter and Proactive Usage of Aliasing Phenomenon",
Journal of Mechanical and Electrical Intelligent System (May 2021).
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Sampling: A Highly Efficient Waveform Acquisition Method*,

27th IEEE International Symposium on On-Line Testing and Robust System Design (June 2021).
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"Digital-to-Analog Converter Configuration Based on Non-uniform Current Division Resistive-
Ladder”, 36th International Technical Conference on Circuits/Systems, Computers and
Communications (June 2021).
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K. Sato, T. Ishida, T. Okamoto, T. Ichikawa, J. Wei, S. Katayama, "Input Signal and Sampling
Frequencies Requirements for Efficient ADC Testing with Histogram Method”, 36th International
Technical Conference on Circuits/Systems, Computers and Communications (June 2021).

[4] X. Bai, Y. Du, T. Tran, A. Kuwana, H. Kobayashi, "Digital-to-Analog Converter Architectures
Based on Goldbach Conjecture for Prime Numbers in Mixed-Signal ULSI*,

30th International Workshop on Post-Binary ULSI Systems (May 2021).
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Improvement Technique Based on Classical Number Theory for Modern ULSI”,

30th International Workshop on Post-Binary ULSI Systems (May 2021).
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[5] D. Yao, A. Kuwana, H. Kobayashi, K. Kawauchi, "Digital-to-Analog Converter Linearity
Improvement Technique Based on Classical Number Theory for Modern ULSI”,
30th International Workshop on Post-Binary ULSI Systems (May 2021).
[6] P. Zhang, A. Kuwana, S. Yamamoto, Y. Zhao, Y. Sasaki, H. Kobayashi, "Efficient Linearity Self-
Calibration Condition with Histogram Method for Time-to-Digital Converter”,
4th International Conference on Technology and Social Science (Dec. 2020)
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"Nonlineality Analysis of Resistive Ladder-Based Current-Steering Digital-to-Analog
Converter”, 17th International SOC Design Conference (Oct. 2020)
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EFEIRERET & HEE
Electronic Circuit Design based on Classical Mathematics

Ik BR, &8 B BEEXP)

Haruo KOBAYSHI, Anna KUWANA (Gunma University)

1. IZLBIZ

LFREROFIEE AR B ENITENTFEHEZ WD BELTWD, —F, EFEEH
FHIM O L 5722 L 2A0D D, BUED LS 72 Vo — 2R RET 213 X
FAZE D 7 — LA CTHIE - BRI LS L) THHN, FHHE LOBEEREESHHRD X )
7 TEAL OB CHIENEIEND & ZABH 5, FICE TR CIIEmL - %1k
IERIITMLENTE LT, RiHORBROGEAGFE, A TRIE ARSI D
LTAVD D, BEBFREIERFDEOZORNEZFTL Z0nH4s [T/ Az 2
ELTELIZHESEDLD, EELIIT Fal -7 U2 VBHOE 1RGO B L -
IRAERF I SO A BRI E L CHE L O 7o ey 2 ZUc T 28 41T
STE, ARRTIENT 7 A LD B EALTLTOLRIC L S R&KFHH T, E£E5H
MZIETHL O MA TELFEFH L EOREICH S TRV /0T 5,

2. WHEFEE AWV ICEFEIRRE O EES
(@) 74 RT v FEINEMT 2 AW TLR EBGE D ADE#ES
R CEGITILADZ #25 (Analog-to-Digital Converter: 71 7« 7 U % )L fads) 13 TR
MOFRE] (X0 7T e /G eT7 PANMEZICEBRT HRK TH L, £ TllaH
BT ST T8 2208, KLeETH D7 4 AT FEINERTT S
< T8 ZHTRfERBETE S 2 L 2R, (K1)
[1] /IRER, IEREY T7 ¢ R Ty FEII L BRI OFE L )
HEGIRFIRAT R 2 4 50 5 (2016 423 1)
[2] Y. Kobayashi, H. Kobayashi, “Redundant SAR ADC Algorithm Based on Fibonacci Sequence”,
Key Engineering Materials, pp.117-126 (2016).

Analog a4 Compar?tor ANalog 4y Comparator
EL L

XEORE 5 XEOQRE
Input, - T Digta Input - E3 Dicital
e i igita
$ 5 :’: Outgu'_(. $ o :F Outpus

SAR 3 SAR —
. Logic f—— p i Logic p——>
2BHHA G < FRFIFRS
(1,2,4,8,16,.) il Lﬁﬁtt DAC . o “l)’.L/“a%L DAC

3 CLK—) CLK—]

3

1 BRI, AD Z2Hags.  (f2) 2 EEAMIT. ()7 4 AT v FEINELAFT.


https://kobaweb.ei.st.gunma-u.ac.jp/news/pdf/2016/2016-2-26wasan.pdf
http://www.ttp.net/978-3-03835-698-1/2.html
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(b) 74 RTy FEINEARN T DA BH#E
% < @ DA ZH#izi(Digital-to-Analog Converter: 7 ¥ & /L « 771 JEHER) 12 EHEA
6ﬁfﬁﬁéhfwéﬁ\74ﬁ%y%@ﬂﬁﬁﬁTDAW@“@%ﬁ%%ﬁbto:
T @D 7 4 ATy FESNELA T BR EBGTE AD 225N TOREAIZIE L T %,
[3] T. Arafune, Y. Kobayashi, S. Shibuya, H. Kobayashi,

“Fibonacci Sequence Weighted SAR ADC Algorithm and its DAC Topology”,

IEEE International Conference on ASIC, Chengdu, China (Nov. 2015)

(¢) ASBLERAT 2 AV 2T E BSIEADZE#SS

[FERIC, FIEREE (K9 1.42 ) HEAAHTBERILEST L AD Z8#ids OF R 4 (L L7z,

[4] /IAERE, SRfRFRtL. AR, /VRERTE THRELASREL & JH W 7o B IR EEBGT Bl AD 25 #t
LR T VT ) X LGRGH ERFETmEE (Fn3GGE €), vol. 137, no. 2, pp.222-228 (2017 42 2 A).

(d) ZAKMEE 2RV - DAKHLZ
EEOAREIT =M% (1,3,6,10,15,21,.. (X2)) O3 DLUFOMTHRET D Z L8
TE5, ZOoWEZHWT3I@ED %{}IL{E& (EFEONBLEL) —ARIiry hU—
7 C DA ZBEGDEKTE L 2R L, (K3) SHICZhEEEDON A (XA
) o&EaIc b Lz,
[5TY. Du, X. Bai, M. Hirai, S. Yamamoto, A. Kuwana, H. Kobayashi, K. Kubo,

"Digital-to-Analog Converter Architectures Based on Polygonal and Prime Numbers",

17th International SOC Design Conference, Yeosu, Korea (Oct. 2020).

1 3 6 10 15 21 ?I (;-Ir)l (Pl
e o e ] =] o

ee oo o0O© oo oo Dlgital_f_-h Decoder + Swich | |Swich || Swich
eee 00O 000 000 Input Circuit Array | |Array ||Array
e®e® ©COOO ©0OOO ¥ -+ 4
e0®0@® 00000 Triangular Number |, Analog
eeooeo® Weighted Resistor Network | OQutput
2 =% 3 =AEITHES < DA ZEHASR DRERL

(e) FEDOHE %V 7= DA TS -
T/ BNy 77 OFE: HEEOBEIT 2 HORKOMTRST ZLNTE D) (K4)
ZOMWHEEZFM L T2 EOERIE (EHOLNERLL) FERPir Y NV —2 T DA
BV TE D 2 LamR LT, (¥5)
[6] X. Bai, Y. Du, T. M. Tran, A. Kuwana, H. Kobayashi,
"Digital-to-Analog Converter Architectures Based on Goldbach Conjecture for Prime Numbers in

Mixed-Signal ULSI", 30th International Workshop on Post-Binary ULSI Systems (May 2021).


https://kobaweb.ei.st.gunma-u.ac.jp/news/pdf/2015/ASICON_Presen(arafune).pdf
https://kobaweb.ei.st.gunma-u.ac.jp/news/pdf/2015/arafune-1C6-5-1.pdf
https://www.jstage.jst.go.jp/article/ieejeiss/137/2/137_222/_article/-char/ja/
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1«20 2 16 < 32: 13+19
2 <4 242 17 < 34: 17417
3 «6: 3+3 18 <« 36: 17+19
4 <8 345 19 <« 38: 19+19
5 <« 10: 3+7 20 <« 40: 17+23
6 <« 12: 547 21 < 42: 19423 ﬁD I qr) 1

7 €14 747 22 € 44; 13+31

Dightal g < 16: 5411 oAl 3 « g6: 23423

pu 5 nput . o v .
9 < 18: 7+11 24 « 48: 19+29  Digital _,L. Decoder + Swich | [Swich
10 « 20: 7+13 25 <« 50: 19+31 S
1 el % a8 oNis Input Circuit Array ||Array
12 < 24: 11413 27 < 54: 23+31 4 4
:i: igf :13::3 gg : :gf ;:::; Prime Number Weighted | _Analog
15 « 30: 13417 30 <« 60: 29+31 Resistor Network Output

X4 T—v KXy 77O T8 X5 FBHEHOMWEIZHESL DA BHigs

7 )V —ORFEEIRD X 012, BHEGH O EETERME LT WAEERIRIER ICE LV D
DNRZN, Lﬂbﬁﬁgﬁ%ﬂﬁ@i%ﬁEirﬁﬁ mOEH] (F5R) ZiEHT 20
HATIREH 282729 DI TlERW, T2 TOEBIIH LIRS Ty M=
— L RNy DT b, BIEEHOSLE NS TIEERT S (] 2 1F
1024x1024=1048756) L TR 5 Z & Z5tHMES I 2L —32 9V TLLADSLICE
BF v 7T EZOREEFIATE D, LIEN-> T, HFEEZHM L LT [E
OB OB LEBEGROMEE T OTERTE 5,

(f) NEEEZEFAW-DALHLES :

Nie£ & J 7o DAZE s ORIk 2 B 58 L TER D21 B I I RDAZSH 25 1 0 etk
BL 75 Rtz R L,

[7] M. Hirai, H. Tanimoto, Y. Gendai, S. Yamamoto, A. Kuwana, H. Kobayashi, "Nonlinearity Analysis of
Resistive Ladder-Based Current-Steering Digital-to-Analog Converter", International SOC Design
Conference, Yeosu, Korea (Oct. 2020)

(9) FFH% FV - DAZHAZR D BB VIR 7V T U X AT K 2 #RFEHE ) R8O -
DAZ gz DAL B /VIEPUCEES T, 77 iz W7 03 X LERR%E LT,
[8] BEPfFS, /IMRER TEEHFHL A 7 7 MZ XD DA RO EARNEDOLE )
EY vy —F v 5§25 (S S52), (201843 A)

[9] M. Higashino, S. N. B. Mohyar, Y. Dan, Y. Sun, A. Kuwana, H. Kobayashi, "Digital-to-Analog
Converter Layout Technique and Unit Cell Sorting Algorithm for Linearity Improvement Based on
Magic Square", Journal of Technology and Social Science, Vol.4, No.1, pp.22-35 (Jan. 2020).

[10] D. Yao, Y. Sun, M. Higashino, S. N. Mohyar, T. Yanagida, T. Arafune, N. Tsukiji, H. Kobayashi,
“DAC Linearity Improvement with Layout Technique using Magic and Latin Squares”,

IEEE International Symposium on Intelligent Signal Processing and Communication Systems, Xiamen,

China (Nov. 2017)


https://kobaweb.ei.st.gunma-u.ac.jp/news/pdf/2017/2018-3-15maho.pdf
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http://jtss.e-jikei.org/issue/archives/vol04_no01/3-A085/CameraReadyManuscipt_JTSS_A085.pdf
http://jtss.e-jikei.org/issue/archives/vol04_no01/3-A085/CameraReadyManuscipt_JTSS_A085.pdf
http://jtss.e-jikei.org/issue/archives/vol04_no01/3-A085/CameraReadyManuscipt_JTSS_A085.pdf
http://jtss.e-jikei.org/issue/Table_Vol_04_No_01.htm
https://kobaweb.ei.st.gunma-u.ac.jp/news/pdf/2017/2017ISPACS-dan.pdf
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SOIAHAT— A MY T =M (FA N7 =I5 IO OME A b D)
EZRAWLT AN XLEFT2, 74 V7 —(Knight tour)|XF = A DKnight (J\ J7FEHE)
DEE A LIZT LY XL THD,

[11] D. Yao, A. Kuwana, H. Kobayashi, “Segmented-type DAC Unit Cell Selection Algorithm based on
Euler’s Knight Tour & Magic Square”, #1110 %P2 B SGHMIA « B ST A AP e £ e A4
V7 A B (202143 H)

FIUXSZeiffsena s 7oH% 7 T IVT NI TRRFENSFTA YT —HD
EHAPRESINTND, LLRBRRL, Yo7 MT ATV HITETFEA AT —k
FEWELTZHT THLCHLEDLT, 2O NV—TNBIEEREAAT—F A PV T —
ik AR TR TR FITRNE DS Th D, (K6,7)

15[62[19]34] 1503146 40
. 18[35]16]63(32[47+2 |49 2 ¥
: 61]14[33|20[51 N@S@ O R
7 36/17(60(13]64429[48 -

‘Hle ol |[11]58]21]40] 5[54[27[44
4 a 22|37]12[59[28[41] 6 |53 I S
- = [57]10[39[24]55] 8 [43[26 LA e’ *
38]23[56[ 9 [42[25[54] 7] o

X6 F=ADTA FOBYZX LT A NV T — X7 B ST AT NTTH

29577

77=2 YrPZP

(h) Gray code ASJIZ L BIET Y » FDAKEHER :

Gray code (3 KREAVAFSERT DFrank Gray (28 D 19472 R R FHHE S vlz, 208ERF 75 &

IR T VHANVBEDOFF AT N TH D, (K8) m /AR N5 T DD TADEH:
T ESKHNDBN TS, L L ZOGEORED A IIITDAZHAZR (3w

SNTFFNT N D L ThoTo, £ 2T THA THEBELZ HILZIURE L TATRIC,
W & B3 D Z LN TE T2, Gray code & V5 EDAZHAZR TATIEI D R 2 RpIZHH )

TIaEBIEL AN T ED AR (F) v TF) HKETE S,

Decimal Natural

numbers  Binarycode  Creycode
[) 0000 0000
1 0001 0001
2 0010 0011
3 0011 0010
4 0100 0110
5 0101 0111
[ 0110 0101
7 0111 0100
8 1000 1100
9 1001 1101
10 1010 1111
1 1011 1110
12 1100 1010
13 1101 1011
14 1110 1001
15 1111 1000

[48 Gray code: Hf&IZBEET D175 DI ZIERENR 4T 1
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[12] R. Jiang, G. Adhikari, Y. Sun, D. Yao, R. Takahashi, Y. Ozawa, N. Tsukiji, H. Kobayashi, R. Shiota,
“Gray-code Input DAC Architecture for Clean Signal Generation”, IEEE International Symposium on

Intelligent Signal Processing and Communication Systems, Xiamen, China (Nov. 2017).

(i) Gray code, &R ERWZRET U2 VEBRE -

Gray code 35 X OEIRARZ AW T X VARG AT Lic, (kD7 T v v a2l

P[] 7 2 2 VASHAZRIT T MEREIZRI S RIS - HEE ) 2T 2,

[13] C. Li, H. Kobayashi, “A Residue Number System Based Time-to-Digital Converter Architecture and
its FPGA Implementation”, Key Engineering Materials, pp.127-132 (2016)

[14] C. Li, H. Kobayashi, “A Glitch-Free Time-to-Digital Converter Architecture Based on Gray Code”,
B2 CEE (F13CEE €), vol. 136, no. 1, pp.22-27 (2016 4E 1 H)

() MRBERWERmBABERY 7Y T REBEORSE

WY 7 7 wAT O LR T D IRLAEL 5, ZHERIRR & B A THm
R L. @ EBEE SO B EBHEEIC AW e BR LT,

[15] BEBEER, AIUAE, 3 ME, AIRER TR RIRR) OEFREERE~DISH ]
514 [ EERAEGERR, HARELT (2018 458 H 26 H)

[16] Y. Abe, S. Katayama, C. Li, A. Kuwana, H. Kobayashi, "Frequency Estimation Sampling Circuit
Using Analog Hilbert Filter and Residue Number System”, IEEE International Conference on ASIC,
Chongqing, China (Oct. 2019)

(k) BRAREREORSLEMIFRY 7Y v 72 AV BRER A S

ADZEHAZRT A N CIERWA NI 7V 77 vy 7 B R EatlcT 5 &
BRANCRIEBAS NS AIRETH D Z L 2R L, Zhamatt 7Y 7 e 6T T,
[17] Y. Sasaki, Y. Zhao, A. Kuwana, H. Kobayashi, "Highly Efficient Waveform Acquisition Condition in

Equivalent-Time Sampling System", IEEE Asian Test Symposium, Hefei, Anhui, China (Oct. 2018)

3. WHEFEEZAVWZEFRIERHOZEHET ~DEH

FERRFEAFE R LR 75 | FAOMBICCEF L P LIHERLFO/MENEE L
T M 2 AW - BRI GT ) DR 4 R R OEAZE & LT 2020
HEREFE T 4 4R B4 90 x4 B [ToCT&Em, 74 R Ty TFHI, HEeth, B,
FIRRILFE L FEAEC DN 0T WEM TH 5, TRUISHERERIZAML TS,

https://kobaweb.ei.st.gunma-u.ac.jp/analog-web/analogworkshop.html

FRPERICRARDPELIN TS ERETT D & TENLOEFAAEND VNP THR
FRBZFAVENAROIRFITRTHTLS 2 L3 8bRnnotz) LOBERS -7,
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4. SHRHFEREZBEELT

Z DB O—HOBIFER I OIERRF2 TO FRLOMF#EH 2T 72, (K 9)

[18] (Invited) H. Kobayashi, H. Lin, "Analog/Mixed-Signal Circuit Design Based on Mathematics",
IEEE International Conference on Solid-State and Integrated Circuit Technology, Hangzhou, China
(Oct. 2016)

AHEZ . BEROB—ANNS [HRI-OFFZRUII AT, B3y o R — 1 THREERY

VXA LTWDHD, IR, A2 THZ9T 5] L5 TV,

2014 LK ERRER A — I — EMEOFHRIZT 300 ALLEOHIRO S & T RLi#HTH

AT, FEER LATHE b AT,
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DEN ~AARDOEFPEREZ IR THHM & 13~ FT 2014 4212 A)

2021 410 A OEBEZ#E T S FRLOMIGREEZ1T O TETH D,

[20] (Invited) H. Kobayashi, A. Kuwana, et. al., "Classical Mathematics and Analog/Mixed-Signal IC Design", IEEE
International Conference on ASIC, Kunming, China (Oct. 2021)
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EFEEIIE A BP I3RS, - FEEITB RO & | IEFEZ O OFE Tkl om A I
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MbE) TE7D) EWIORERTRLLELEOENZRL Mbhd 2 EnZwy, (K 10)
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Research Objective

111111111

» Interesting properties of number theory "4 3 21 0 1 2 5 i
I—L—I l

- Possibility of new configurations of DAC ( 6-bit case )

[200)/ —{ DAC /\_/
Analog

Digital
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Importance of ADC / DAC

e Rapid development of digital electronics technology
e A natural signal is analog




7147

DACs are Everywhere !

Al
===

Communication Electronic measuring Audio systems
equipment Instrument
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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
gueen of Mathematics
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Polygonal Number

Polygonal Number

1 4 9 16
l O 0 000 00060
0 000 0000
Represented as dots or pebbles 00 0000
arranged in the shape of @600
a regular polygon. (b) Square numbers.
1 6 15 28
1 3 6 10 Y
) @) O O 00 00 O
P ® o PP & .Q Q. .. .‘ 0. .Q 0. Q.Q‘
00 000 o0 e e o0 oo
00O Yy X

(a)Triangular numbers. (c) Hexagonal numbers.



11/47

Fermat Polygonal Number Theorem

Any natural number

1 expressed by

Sum of N N-angular numbers

Pierre de Fermat
1607 — 1665

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,
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What is Triangular Number ?

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



Any natural number

ocoNRLONRE

14/47

Theory of Trigonometric Numbers

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:

expressed by

1+15
1+1+15
3+15
1+3+15
10+10
21
1+21
1+1+21
3+21
1+3+21
1+10+15
6+21
28
1+28
1+1+28

31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41
42:
43:
44
45:

3+28
1+3+28
6+6+21
6+28
1+6+28
36

1+36
1+1+36
3+36
1+3+36
3+10+28
6+36
1+6+36
6+10+28
45

46:
47
48:
49:
50:
51:
52:
53:
54.
55:
56:
57:
58:
59:
60:

mms)  Sum of 3triangular numbers

1+45
1+1+45
3+45
1+3+45
1+21+28
15+36
1+6+45
10+15+28
3+6+45
55

1+55
1+1+55
3+55
1+3+55
15+45
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Theory of Trigonometric Numbers

Any natural number

61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:
12:
73:
74.
75:

6+55
1+6+55
3+15+45
3+6+55
10455
66

1+66
1+1+66
3+66
1+3+66
6+10+55
6+66
1+6+66
1+28+45
3+6+66

76:
77:
78:
79:
80:
81:
82:
83:
84:
85:
86:
87:
88:
89:
90:

10+66
1+10+66
78

1+78
1+1+78
3+78
1+3+78
28+55
6+78
1+6+78
10+10+66
3+6+78
10+78
1+10+78
6+6+78

=) Sum of 3triangular numbers

expressed by

91:
92:
93.:
94.
95:
96.
97:
98:
99:

100:
101:
102:
103:
104:
105:

91

1+91
1+1+91
3+91
1+3+91
3+15+78
6+91
1+6+91
21+78
3+6+91
10+91
1+10+91
6+6+91
3+10+91
105

106:
107:
108:
1009:
110:
111:
112:
113:
114:
115:
116:
117:
118:
1109:
120:

1+105
1+1+105
3+105
1+3+105
55+55
6+105
1+6+105
1+21+91
3+6+105
10+105
1+10+105
6+6+105
3+10+105
28+91
120

121:
122:
123:
124:
125:
126:
127:

1+120
1+1+120
3+120
1+3+120
10+10+105
6+120
1+6+120



Proposed Triangular Number DAC

Digita
Input

e

Decoder

Circuit

AR

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

AN AT

16/47

3 current sources
3 switch arrays

Triangular Number
Weighted Resistor Network

|, Analog

Output
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Triangular Number DAC Input 1

»

6-bit DAC design

2R 3R 4R 5R 6R 7R B8R 9R 10R 11R 12R 13R 14R 15R

_____________‘Voutl
r=[R*(2R+3R+4R+5R+6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)]/ R
[R+ (2R+3R+4R+5R+6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)] %

V=I*r

Voutl/V=R/(2R+3R+4R+5R+6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)

Voutl=I*R/121
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Triangular Number DAC Input 10

6-bit DAC design

2R 3R 4R |5R 6R 7R B8R 9R 10R 11R 12R 13R 14R 15R

I

R

_ ___________‘Voutlo
r=[(R+2R+3R+4R)*(5R+6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)]/ R
[(R+2R+3R+4R) +(5R+6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)] %

V=I*r

Voutl0/V=R/(5R+6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)

Vout10=10I*R/121
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Triangular Number DAC Input 11

é 6-bit DAC design
V) |

2R 3R 4R |5R 6R 7R B8R 9R 10R 11R 12R 13R 14R 15R

R R

Voutll

\% Voutll= Vout1 + Voutl0 J7

= [*R/121 +10I*R/121

=11I*R/121



2R 3R 4R 5R|6R 7R 8R 9R 10R 11R 12R 13R 14R 15R

Triangular Number DAC Input 15

6-bit DAC design

20/47

Voutl5

I

R

r=[(R+2R+3R+4R+5R)*(6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)]/
[(R+2R+3R+4R+5R) +(6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)]

V=I*r

Voutl5/V=R/(6R+7R+8R+9R+10R+11R+12R+13R+14R+15R+R)

Voutl5=15I*R/121

|

R

v
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Triangular Number DAC Input 16

é 6-bit DAC design
V) |

2R 3R 4R 5R |6R 7R 8R 9R 10R 11R 12R 13R 14R 15R

R R

\Voutl6

\% Voutl6= Vout1 + Voutls J7

= [*R/121 +15I*R/121

=16I*R/121
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Triangular Number DAC Input 26

é 6-bit DAC design
V) |

2R 3R 4R | 5R| 6R 7R B8R 9R 10R 11R 12R 13R 14R 15R

R R

\Vout26

\% Vout26= Vout 1 + Voutl0 + Voutls J7

= [*R/121 +10I*R/121 +15I*R/121

=26I*R/121



2R 3R 4R 5R 6R 7R|8R 9R 10R 11R 12R 13R 14R 15R

Triangular Number DAC Input 28

6-bit DAC design

23/47

\Vout28

I

R

r=[(R+2R+3R+4R+5R+6R+7R)*(8R+9R+10R+11R+12R+13R+14R+15R+R)]/
[(R+2R+3R+4R+5R+6R+7R) +(8R+9R+10R+11R+12R+13R+14R+15R+R)]

V=I*r

Vout28/V=R/(8R+9R+10R+11R+12R+13R+14R+15R+R)

Vout28=28I*R/121

|

R

v
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Triangular Number DAC Input 53

6-bit DAC design

2R 3R 4R |5R |6R 7R| 8R 9R 10R 11R 12R 13R 14R 15R

= - ]

R R

Vout53

\% Vout53 = Voutl0+ Voutls + Vout28 J7

= 10I*R/121 +15I*R/121 +28I*R/121

=53I*R/121



2R 3R 4R 5R 6R 7R B8R 9R 10R|11R 12R 13R 14R 15R

Triangular Number DAC Input 55

25/47

6-bit DAC design

Vout55

I

R

r=[(R+2R+3R+4R+5R+6R+7R+8R+9R+10R)*(11R+12R+13R+14R+15R+R)]/
[(R+2R+3R+4R+5R+6R+7R+8R+9R+10R) +(11R+12R+13R+14R+15R+R)]
V=1*r

Vout55/V=R/(11R+12R+13R+14R+15R+R)

Vout55=551*R/121

|

R

v
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Triangular Number DAC Input 1

o6-bit DAC simulation

Theoretical Value

Simulation Value

S~

Vout=

26.45)

LV

44444
160pV

\Vout=1*R/121=826.45uV
Vout=826.45uV
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Triangular Number DAC Input 10

o6-bit DAC simulation

PULSE(0 100u 100n 0.1p 0.1p 100n 1 1)

Theoretical Value Vout=101*R/121=8.26mV
Simulation Value  \Vout=8.26mV

.tran 1u

. omV- V(vout)

Vout=8.26mV

0.0ps 0.1ps 0.2ps 0.3ps 0.4ps 0.5ps 0.6 0.7ps 0.8ps 0.9ps 1.0ps
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Triangular Number DAC Input 11

o6-bit DAC simulation

PULSE(0 100u 100n 0.1p 0.1p 100n 1 1)
PULSE(0 100u 200n 0.1p 0.1p 100n 1 1)

R6 R8

R9 R10 R11

R7

Theoretical Value \Vout=111*R/121=9.09mV
Simulation Value  Vout=9.09mV

.tran 1u
- 1(11) 1(12)
100A-
90uA
HA-
S0UA
80pA:
TOHA:
60UA
60pA:
50uA
S0A-
AOUA
40pA:
30UA
HA-
20uA
20pA-
10uA
10pA:
A
V t
9.9mV- {vout)
9.0
81r *
7.21 \
6.3r N HE=0-NOMm\/
) vUUl—=J.UJliirv
5.4r
4.5r
3.6
2.7r
1.8
0.9
0.0mV-
0.0us 0.1us 0.2us 0.3ps 0.4us 0.5pus 0.6ps 0.7us 0.8us 0.9us 1.0us



29/47

Triangular Number DAC Input 15

o6-bit DAC simulation

Theoretical Value Vout=151*R/121=12.40mV
Simulation Value  Vout=12.40mV

Tk 8k 9k 10k 11k 12k 13k 14k 15k

2.
3m

Vout=12.40mV
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Triangular Number DAC Input 16

o6-bit DAC simulation

PULSE(0 100u 100n 0.1p 0.1p 100n 1 1)
PULSE(0 100u 200n 0.1p 0.1p 100n 1 1)

Theoretical Value Vout=161*R/121=13.22mV
Simulation Value  Vout=13.22mV

tran 1u

PR 1(11) 1(12)

90pA--
80pA--
70pAd-
60pA--
50pA--
40pA-
30pAd-
20pAd-
10pAd-

HA: V(vout)

14mV-
13mvV—-
12mvV+-
11mvV+-
ol \oif=12 29m\/
VOUT—=1Lo.4
8mV—-
TmvV—-
6mV—-
5mV—-
4mv—-
3mv-
2mV+-
1mvV+-

0.0pus 0.1us 0.2us 0.3ps 0.4ps 0.5ps 0.6ps 0.7us 0.8us 0.9us 1.0us
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Triangular Number DAC Input 26

o6-bit DAC simulation

PULSE(0 100u 100n 0.1p 0.1p 300n 11)
PULSE(0 100u 200n 0.1p 0.1p 200n 1 1)
PULSE(0 100u 300n 0.1p 0.1p 100n 1 1)

R10 R13 R14 R15

R9 R12

R11

R7 R8

Theoretical Value Vout=261*R/121=21.48mV
Simulation Value  Vout=21.48mV

tran 1u
1(11) 1{12) 1(13)

100pA
90pA:
BOpA
70pA]
60pA-
50pA-
40pA-
30pA]
20pA]
10pA

OpA :
22mV. V(v?ut)

0 S S s ~

18mV-

s

14mVe -
12mV= -
10mV-
8mV--
GmVmg-- -
AmV=g----- -

2mV-

omV-

v T T T T ) T T
0.0us 0.1ps 0.2us 0.3ps 0.4us 0.5pus 0.6ps 0.7us 0.8us 0.9us 1.0ps
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Triangular Number DAC Input 28

o6-bit DAC simulation

R3 R4 RS R6

7k 8k 9k 10k 11k 12k 13k 14k 15k

Theoretical Value Vout=281*R/121=23.14mV
Simulation Value  Vout=23.14mV
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Triangular Number DAC Input 53

o6-bit DAC simulation

PULSE(0 100u 100n 0.1p 0.1p 300n 1 1)
PULSE(0 100u 200n 0.1p 0.1p 200n 1 1)
PULSE(0 100u 300n 0.1p 0.1p 100n 1 1)

R12 R13

RS

R11

R10

wat>  Theoretical Value  Vout=531*R/121=43.80mV
Simulation Value  Vout=43.80mV

tran 1u

100uA
90pA
30pA-]
70pA
60pA-]
50pA-
40uA]
30pA
20pA
10pA

OpA-
44mv
40mV-
36mV-
32mv-
28mVv-
24mVv-
20mV+
16mV+
12mVv-

8mV+

4mV-

OmV. T T T T T T T
0.0ps 0.1us 0.2us 0.3us 0.4ps 0.5us 0.6us 0.7us 0.8us 0.9us 1.0pus
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Triangular Number DAC Input 55

o6-bit DAC simulation

Theoretical Value \Vout=551*R/121=45.45mV
Simulation Value  Vout=45.45mV

V(vout)

T \out=45.45mv

35mv--- - . . . . — - . . . : . :,,, . : e

somve] - e ——_— A A i i i illitv

15mv-f-—----- - ‘ )

1omvf-------- 4 - - o
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Contents

® Triangular Number DAC Decoder, Check Program



Circuits for Explanation of Switches  seu7
Sa0,... Sa10, SbO,... Sb10, ScO,... Sc10

Binary
DAC input mmm) | Decoder Control of 3 Switch Arrays




Example: Digital inputis 5

The digital input is 5in decimal or B5, B4, B3, B2, B1

and BO are 000101.

Three switches of Sal, Sb1, and Sc2 are ON (Sal =1,
Sbl=1,Sc2=1,5=1+1+3) and the other switches are

37147

OFF.
B5 B4 B3 B2 Bl BO
0 0 0 1 0 1
Sa0 Sal Sa2 Sa3 Sad Sab5 Sa6 Sa7 Sa8 Sa9 | Sal0
0 1 0 0 0 0 0 0 0 0 0
Sb0 Sb1l Sb2 Sb3 Sb4 | Sb5 Sb6 Sb7 Sb8 Sb9 | Sb10
0 1 0 0 0 0 0 0 0 0 0
Sc0 Scl Sc2 Sc3 Sc4 Sch5 Sc6 Sc7 Sc8 Sc9 | Scl0
0 o [2 | o 0 0 0 0 0 0 0
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Triangular Number DAC Decoder Check Program

Input

B5, B4, B3, B2, B1, BO(from 0 to 63)

Sa00 = Logical expression with B5, B4, B3, B2, B1, BO
Sa0l = Logical expression with B5, B4, B3, B2, B1, BO

Sb00 = Logical expression with B5, B4, B3, B2, B1, BO
Sb01 = Logical expression with B5, B4, B3, B2, B1, BO

Sc00 = Logical expression with B5, B4, B3, B2, B1, BO
Sc01 = Logical expression with B5, B4, B3, B2, B1, BO

DataA = 0-Sa00+1-Sa01+3:Sa02+6-Sa03+10-Sa04
+15-Sa05 +21-Sal06 +28-Sa07+36-Sa08+45-Sa09+66-Sa10.
DataB = 0-Sb00+1-Sb01+3-Sb02+6-Sb03+10-Sb04
+15:Sb05+21-Sb06+28-Sb07+36-Sb08+45-Sb09+66-Sb10.
DataC = 0-Sc00+1-Sbc01+3:Sbc02+6-Sbc03+10-Sbc04
+15-:Sc05+21-:Sc06+28-Sc07+36-Sc08+45-Sc09+66-Sc10.
Data=BO0+2-B1+4-B2+8-B3+16-B4+ 32-B5
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Triangular Number DAC Decoder Check program

OO COOOoOOoOOL
P T s sy

OCOOOCOMOCWO+ + . 4 ok
) trr Attt Rt o ow o S
T SO om—oww—o+ + +
0 ++++++++++0 5 0
C
e
d

SR %m%%m %%W%mmm%% m%%%%

!!!!!!!!!!!!!!!!!!
00]]00]]001]001'00]]0
L L L I LI Y I T e e T e T TR TR T
e p—— ——— —— ——— — — {po— y— — yo—yo—— v— p— y—

N, ST MO RO SRR SORN DR PN, S SRR A SRR QRN SR e S e S

!!!!!!!!!!!!!!!!!

00000000111]]]]]00000
L L R L L S L 1) L T

RRBBRBBRRRBBRBBLRRRRR

!!!!!!!!!!!!!!!!!!

ML S GBI 8 8 A ABI0 Sk 6 S THTRIRTETY

by e Y e e e Y N N N S A e

OO OO O OCOOOOOODOO OO
R L L L L e T e e T e T L

6-Dbit binary Input

. B2, B1, BO
DataA + DataB + DataC,

the output is OK.

Q
g
®©
a
+

M
g
®©
a
+

©
a
[

i
®©
a

O
Z
O
ad
=
82
=
=
5
o
&)
=

Output
B5, B4, B3
If Data

Calculation results are correct.
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Summary

OOoOCOOOoOOoOLOL
—

OO OMOCWwoD + ._..H... o g
trtrtr At r o o ow o 8
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S S S S w =
Or—r— D r—r— O v — D

LL I L LI L U & I 1 R § A TR R | R ] ]
L L L L I T I [ T T

D v OO~ LD €O e 0O T o 1 e e D MR SRR 2

TR D TR TR ATE TR ST AT TR

BERRBEEREEIRREISRERIR

!!!!!!!!!!!!!!!!!!!
O O v v O OO v e (0 () ot s £ ) vt e 0 0 s s )
L L I L T I L T T I I O T e T T T TR T
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Triangular number DAC

Digita
Input

Calculation results are correct.
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Square Numbers DAC Results

Analog 20
Output 18
Vout [mV] 156

14

12
10
1 4 9 10

B Theoretical Value ®Simulation Value

I I S N N
Theoretical Value Vout=I*R/79 Vout=61*R/79 Vout=10I*R/79 Vout=15I*R/79
=1.27mV =7.59mV =12.6mV =19.00mV

Simulation Value Vout=1.27mV Vout=7.59mV Vout=12.6mV Vout=19.00mV

o N B~ OO 0

Digital
Input
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Square Numbers DAC Results

Analog 100
Output 90

Vout [mV] 80
70
60
50
40
30
20
10
0
24 81 94 97

B Theoretical Value ®Simulation Value

Theoretical Value Vout=I*R/79 Vout=55I*R/79 Vout=711*R/79 Vout=70I1*R/79
=34.18mV =69.62mV =89.87mV =88.61mV

Digital
Input

Simulation Value Vout=34.18mV Vout=69.62mV Vout=89.87mV Vout=88.61mV
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Conclusion

Completely new DAC architectures
based on number theory
Design of 6-bit DAC
based on triangular number theory
==) Verified by SPICE simulation
Decoder Design
Decoder Check program
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Kobayashi
Laboratory

Fermat polygonal number theorem
was finally proven in 1813,

by Augustin-Louis Cauchy.

RELYMNESTIVVELE
Thank you for listening

e

Merci de votre attention
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j X sin(2mfiyt) DERRAGE

73O EJLRILE-TaILA%FE,
(RCRYIz—XT4ILA)

I;;, = cos(wt)

_®_. RC . I, =Acos(wt+6) David Hilbert
Polyphase 1862 - 1943

Filter —— Qout = Asin(wt + 0)
vV oV
Qin =
[ AHESHSEAE/ERESEER |

[2] Y. Tamura, R. Sekiyama, K. Asami, H. Kobayashi,
"RC Polyphase Filter As Complex Analog Hilbert Filter", IEEE ICSICT (Oct. 2016).
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BlRR2YTUT DREKRE 7 FREE

RS fREE: B = —
N tmax

N: 'U'/?'J/OTI‘«(/F;&
tmax- ;[ aticd s

N: K ERMSREES B

ﬂ@ﬂ/?')/OT—SId)HS( SIZ&kY
BB 2 REED =S 0 fREEE AV AT RE

Example : ANEEREKE fi, = 19.386 [kHz]
£ BAEDESD R RS [kHz) (EVIFFTRAY M)
[kHz] | RIRBEEE[kHz] | ¢ =1[ms] | t,. = 10 [ms] |t = 100 [ms] | t,., = 1000 [ms]
3 1.386 1 (2/3) 1.4 (15/30) | 1.39(140/300) | 1.386 (1387/3000)
5 4.386 4 (5/5) 4.4 (45/50) | 4.39 (440/500) | 4.386 (4387/5000)
7 5.386 5 (6/7) 5.4 (55/70) | 5.39 (540/700) | 5.386 (5387/7000)
11 8.386 8 (9/11) 8.4 (85/110) | 8.39 (840/1100) | 8.386 (8387/11000)
13 6.386 6 (7/13) 6.4 (65/130) | 6.39 (640/1300) | 6.386 (6387/13000)
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Input:  x(t)
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YTV T REIRE fo = 17 MHz
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0 I I I I I I I
8 -100r -
E 2001 L \ -
g -300
(%— _400 | | | | | | | | | | | 1 | | | | | |
01 23 456 7 8 9101112131415161?1819202122232425262?282930
Frequency [MHz]
HiR{E VIal—daviER HiRE VIalb—iaviER
Freq. | Power | Residue freq. | Power Freq. | Power | Residue freq. | Power
[MHz] | [dBc] [MHZz] [dBc] [MHz] | [dBc] [MHz] [dBc]
fi 70 0.00 2 0.00 2f1 — f> 80 -48.4 12 -48.4
f2 60 -6.07 9 -6.07 2fo — f1 50 -54.4 16 -54.4
3f1 210 -51.9 6 -51.9 2fi + 15 200 -48.4 13 -48.4
312 180 -70.0 10 -70.0 2fo + fi 190 -54.4 3 -54.4




2b—2 R EBR 2l —2 3y (f,, = 19 MHz)

YT B f, = 19 MHz
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—_ 0 I I I I I I I I I I I I I I
8 -100} \ \ .
E 200 -
S =300 - j— .
(%' _400 | | | | | | | | | | | | 1 | | | | | | | |
0 1 2 3 456 78 9101112131415161?18192021222324252627282930
Frequency [MHz]
HiR{E VIal—daviER HiRE VIalb—iaviER
Freq. | Power | Residue freq. | Power Freq. | Power | Residue freq. | Power
[MHz] | [dBc] [MHZz] [dBc] [MHz] | [dBc] [MHz] [dBc]
fi 70 0.00 13 0.00 2f1 — f> 80 -48.4 4 -48.4
f2 60 -6.07 3 -6.07 2fo — f1 50 -54.4 12 -54.4
3f1 210 -51.9 -51.9 2fi + 15 200 -48.4 10 -48.4
312 180 -70.0 9 -70.0 2fo + fi 190 -54.4 0 -54.4
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fi 70 0.00 1 0.00 2f1 — f> 80 -48.4 11 -48.4
f2 60 -6.07 14 -6.07 2fo — f1 50 -54.4 4 -54.4
3f1 210 -51.9 3 -51.9 2fi + 15 200 -48.4 16 -48.4
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fi 70 0.00 12 0.00 2f1 — f> 80 -48.4 22 -48.4
f2 60 -6.07 -6.07 2fo — f1 50 -54.4 21 -54.4
3f1 210 -51.9 -51.9 2fi + 15 200 -48.4 26 -48.4
312 180 -70.0 6 -70.0 2fo + fi 190 -54.4 16 -54.4
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fi 70 0.00 8 0.00 2f1 — f> 80 -48.4 18 -48.4
f2 60 -6.07 29 -6.07 2fo — f1 50 -54.4 19 -54.4
3f1 210 -51.9 24 -51.9 2fi + 15 200 -48.4 14 -48.4
312 180 -70.0 25 -70.0 2fo + fi 190 -54.4 4 -54.4
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heory for RF/AMS Testing

(1777-1855)

“‘Number theory is

the queen of mathematics”

Past Number theory
Beautiful and mysterious
NEVER practical

For information communication processing
=) good match to digital technology

-

Number theory application
for RF/AMS device testing is a frontier.
9 There are great chances for new discovering! .
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