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Thank you for your attention
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Human & Circuit are the Same

=
We can NOT concentrate
at completely quiet place
Small ‘noise’ is good environment  Philip E. Vernon
=1 British Psychologist
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Conclusion

New Theorem

Equivalency W

* SAR ADC using golden section search

» Fibonacci sequence weighted SAR ADC

Conclusion 2

Conclusion

2222

*Proposal of four-phase DC-DC converter
with constant-on-time control

*Good current balance, Large load current

«Low output voltage ripple, Fast response

*Four-phase converter shew better phase
margin, higher operating frequency

*EMI reduction is achieved by pulse phase
modulation, the four-phase PWMs

< A% DA modulator >

Conventional : Limit cycle problem for small input

A

Proposed : Using digital dither

Limit eycle reduction = Relax LPF requirement
SFDR improvement by 10 dB
Linear DC

+ 1-bit DAC following a modulator thanks to XOR

« FPGAimplementation




=+:AIE 2007 TOKYO

TR T A DRI > THLIANE

70O B0 EHE
B EHAlffrE DN 7Oy

% itT 5 AP

HBEXEXFR IFEMES EREFIFHREX
INMREF R

EfgSe: T376-8515 BMBERMEMXMEEIIT H5&ELS
HEXFEIFE

ESET IR
E:E 0277 (30) 1788 FAX: 0277 (30)1707

e-mail: koba@gunma-u.ac.jp



+

 yrywre

@

FL&HIZ

00000000000

FED

A

FTFAOJESETUZIVES
A—N\—H52T)5
FoR—H2T)5
YT KB EREEHR
EREIHGTIVT
Yoo L —REH
ADZEHZFDFHEE YT
Ho )b
YoT) T RASUTRE

iz

ffitEk1 ST T EBDES /A A tLEmiEEDE &
ffitEx2 YTV FJERT 05 B



@
® S /CMOSH{X@7+O45[E

!'_ [ZL&HIC

sHAIREEE7 O R IFHEEICEETE R

FREZETICIE

FORI TR TFOS FifiE
SRV UT) RN EE

® EMHLTUL S RIEETR AL

ﬁuﬂl:i



i SHAl- #7045 [

£t3R158 (B 7510158
H S AT L (TFHIN)—F—RA—S32) -
) 7HOYEKRIEEE

7FrOgEEA:
ETRIEAfT. FIEBEMOEZEZANLVEE

: |

Fo 7 N ET B S T




i 7504 EKESHEI TS

® ADC/DACHOFv7HECIKIE

) RIEFMTELRTIADE

@ ADC/ DAC® JE#R 72 |_¢_

“? W |7~T+ Al

EE' Iﬁ EﬂJj: El I)ilfs /JJ]11

s FaT R TER

§Z1T\ ”75\<J:") FH,

@ :HAILI=EICE
“F 7RI {E -

DE.

(EFLIE - 1E

1T,

® 7O/ EBNDTAMNE-TAMNESZILEZEL

himl

8 2
= (0]



7TV EIREHIE T

® HWHHCMOSTIF/NAT X

A

iz ANE

I\ 7 REEH1E (regulation)

TR [3] E% 0D | 1)
EXET-BEMTRIE:
STSRAEH . ATYIRE

ABYR[E A7 7 (AGC)
7F3a5J4)L20 8§

R—FHRE

ﬁ:g:i

>

TAX AR EH R F DR AT LER



+/CMOSER X D 7504 i

i - TR -FOXNTFAT -

CMOSHH{EIZ&B7E0N
‘ 7__>9)l/(j:x%fd~lu i

%%*ﬁ“ﬁ 1‘&/ﬁ % ==}

s 11k, =&k, EaXMME

‘ 7j_|:|7 lj:z\-d_L/:EJlL. l_.\E H-fdJ/\

® (7431

BIRETIET. E

LT AT

7FraJHeEm LT %
® SOCHuController (ZFPADEEDFYIETE

i AN JAXERXR

ST ERE




+/CMOSER X D 7504 i

i - BERYTY -

F—T—F& TF28UL7VR (ZER/D
i BRI TV (B

+/CMOSFS U RADFBHHEIRFHE.
BEEEEEENTEIAINEE,

ﬁ SHE T2 L7045 B DR
EFHATERBOSL T T BN EE
ZDFa1—KM)F7ILT REOHYT) T M%E

BA D,




3 THRAJESETUVRIVES

% (|
I

FIZ&BHrYRL

¢\
"\
AENAAN )
m}r\—

" \

H
H
H

\l
\I
\I



‘_L FHOTESLETFORILEE

7FHOgES
E%JLE’]@JE"?
. BRARDEB(BEE.BK . 7OV
338 |
TORIES
BRI - METREINT-ES
Bl aAVEA—RNTH2EMTRIIN-ES
T/Q)I/H#n-l_
[ B EX |

10



TORIVETDFE(T)
ZEDEFIE EFLANILOBIETLE)

Yk — F7FrOavESE

71 — TIUORIES

6 Ts =21/ ws

5

4

3

2 .

1 : E \ —

00— Ts 2fs 3fs 41s 51s 61s Is 8ls Sl

TOBMEBETFRTESLAILE
& A A (FFEYET)

11



FORLEE DI (2)
i EREDETIE (LT L)

— F7FHOJES
® ) A
Ts =21/ ws

0 Ts 21s 31s 4ls b5ls 61s 71Is 8ls i

—EFEREROT—2Z2RY. BOT—2IEETTLED,

12



707 EiR#
Vin(t) = sin (2nfin t)

0 Ts 21s 31s 41s 5lis 6ls 7Is 8ls i

YoYU ERE fs=1/Ts

fs > 2 fin ol HoF)odsnf-v—4%(e) M
7O 57— (—)IETTTES,
SEIZEFENDERB R in D25 LY KE=1E K (s
THUTYL T F 5.

13



B2 15 &Y R L (aliasing)

80MHzTH U TUL S H#4T5E10MHZE70MHzZIZ R B TEAE LY

ﬂ ﬂ ® SOMHzH > 4 {E
10MHzIE 5% %
- 70MHZIE 3%%
!
Power
A Fs=80MHz

I | I > f

0 '"10MHz 70MHz ' 90MHz 150MHz

14



i TG ERERBMARINL

INT) —

ANEEDRERBARYT b

0 1/2-fs fs -

Al

N g B ET/2-TsS EIZEEBREFZRDIN I E LB

fs 3/2-fs 2fs 5/2-fs 3fs 1/2-fs
EXREEZRORRBAXNT ML BEE 15



7HRJES (BR. §F. BE. BiF

FORIIESE (01,10 ..) TG B,

7+045 A ADC TORILH
YooYy

16



7Frag -> 7TO%)L TR

71y {E% ||||
FYAIMEIZYTIIHS §
z \'\
[
e .\ qt
NI
(a) Z7+HOT AN
2 (b l?ﬂ
¢
| -
= e w —>
(d) EFRtHE
MSB 1111110000000
1711111110000 1
IS8 0111101011110

(b) &A1t

(e) 5L

MSB
111
110
101
100
011
010
001

LSB

BEXE
HefxsE
ERE ¥

17



LA 421
i ADZ g5 D 77 i HE 0 000
001

=
k]

— 7FaJ¢

aufi

il

Pt — TUAIES

1
2
3
/, \ Ts =2n/ ws 4 100
aREn 5101
o 6
7/

~ £

Ll e B
0-7 MLAJL: 203%=8 M) 3EvrDH R
FKALLNDHADEHZR D 7 R RE
0-255 M256L~JL:  2M8F=256  8EwDHHAREE
0-1023 M1024LA)L: 2010F=1024 10E VD5 RAE

18

O = N W Pk 01O N




3 A—N—HTYy

@ TAXRIER#E
HBA5aWERsTOYTYT

@ AZAD/DAZ il z% 1 Z{% FH

® SEYVUIT)UTICKYER/AX,
ER/AX . EFIE/AX, OVFED
YRL /A XK

® 7O 74)LANFHEIE

19



- ey R PR 2L -

A—nN—H42TYoy

+

| ] ]
T O I

N\
| ] ] | ) ]

l+- cedecccdecccdeccccdccc=d=

] ] ] ] ]
' ] ] ' ]
] ' ' ] '
cadecccdecccde- <4 4
' ] ] ' ]
' ] ] ' ]
] ' ] ! '
] ] ] '
' ] ] ' ]
' ] | [
S PP PHPHPIY SIEVUVHY S P W
' ] ' ' ]
' ] ' ' ]
] ' ] ] '
] ] ' ] ]
' ] ' [ ]
- i
[ ]
] ]
' ]
' ]
] '
' '
] ] ] '
] ] ] ]
' ] ' ]
' ] ' ]
' ' ] '
l‘. -—d S P — | 1.
1 [ [ ]
] ' ] ] ]
] ] ] ]
] ) ' ' ]
' ] ' ' ]
] ' ' ] '
e e L L L e ST LT T
] ' ' ]
] ' ' ]
' ' ' '

2fs

1/2fs

]
—>
Time

fs

1/fs

A== T)oTRE%E

20

=HdE
SEXS

DERMEH

=
=

=]

A A1



A—iN—H52 7
- [EIRZNpR 1B -

|.|.\/

. EE&
Mfs/2 mfs BUREL A=

EEFEHD /A X

)

ZEY LTI IZEYE/ AL

21



A—N—H2T)J

- FPOFIYFR-FFAT TV AERELE -
ANEBARIRL 1;J?K?\J%LI:)L
yd
145
7{_ &
N
I
.U.
>
Z 2 f&
1)
>
g
FFag 243D
4= EANEE
\

4fs 22




DAZREH T —FE
ﬂ_‘sjjoljyﬁjﬁl REL

DAZ#253
HA 1 i {

_U__s/jolj_‘/ﬁ‘ﬁ 5&;!;& fS

/
BT R #2fs

(]

i
8

iedid)

23



DAZ s N RELREBMARINILE
H T EIR

STy
Jﬁ/&';& IND—

s v/ TV [V [V

0 £9 2 f$S 3fS 4 %8

> BRH

2fs [\ T\ [T

I I > RBlRE
LA™ b 2 f$S 4f8S
DAZ BB TIOV I RARBESThIE
BEDOTFOY J4)ILADE EAL

24



3 ToE—HTIY

FWEsEY T T
® BREYBRLESICHLTER
F=1=L#2YRLIE B O £k (T F R R Ta<TLLY,
fs/2 LEDANBRENEFENTLTHELY,
® FMLAR—XR
- =l VYT T
- SUELYTILT
Yoo ARRa—TIZERR

25



e )R LR 2 D 3

=HEhy AN

- =)

RIS R LKL

/-"1"/7°'J‘/7° -

M)A RIDEFTZEENIELY (PreTriggertéae D 217 2)

Trigger

Vin

K)A M L—ERBEEIC
BTG INIVAFHE

R}

Trigger

MIA—HIDESIE
R0

> Time

At=T _delay

26



L) IR LR D EF MR YT
- SUB LT -

ERANE D E 3N EAL H [E B
F)ARIDETEENS (PreTriggertéae M EIFA)

[ ]
At3
L /L 1] D e e O e

AH R EERED \ : > Time
Sampling clock | }’.
1Eyil]
Pre-Triggerté g g

Trigger 27



!'_ YT T I KB REIRAE R

® SO -HLTYLy

® 7vJ-H Ty g

® FIHLTLY

® Y TIZKBERIER

28



R R

A
A
4

T

7T

|

T

B2 J1) 0 Hifi
— YR L (aliasing) IRR a8 F| F

+

B3 T)o85

BN

{

=

B

BT

1K J& A

=

-”
=< -
—=_
\\\\\ —
\n.
\\\ —
\
“ ——
”
—.
lllll =
“w
= et .
—
~
_H “
A
\.
et s\s
O
- _ .
Prles —
-0
.ﬂlWer
\\
-
\
- |
l‘
=&

Baseband signal = RF signal

RF signal = Baseband signal

(BPFT:EHFELUSN DR EDVE)

BlER D ZEHVR)

=]

(LPFT

29



By T)oy

i - BrfE] fE 1S -

RF signal = Baseband signal ﬂ Sampling
LPFCERIE RS EHvh » - A



BTy
- BlIRZ R -

\

Frequency conversion

1 0

Band selection

.

» Freq.
fs 2fs 3fs 4fs 5fs
® I > Freq.
fs 2fs 3fs 4fs 5fs
D Lowpass filter
| I I I I » Freq.
fs 2fs 3fs 4fs 5fs
RF signal
| | | | | > F
Baseband signal » Freq.

fs 2fs 3fs  4fs  5fs

.

Freq.

After sampling y
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Up-sampling
Baseband signal = RF signal

¥
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Frequency conversion

I

Band selection

A 4

Freq.
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Sampling pulses Dmﬂﬂﬂﬂ
|
® fs 2fs 3fs 4fs  5fs
D Bandpass filter

» Freq.

fs 2fs 3fs 4fs  Ofs
Baseband signal D

RF signal

v

Freq.
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e

» Freq.
2fs 3fs 4fs ofs
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HIH T
i - BULVRILELR . g fs/20{EF D

HJN)5 -

® FAXTARNFUT)UY
[ % 'Fﬁ'ijz ONfS/Z

0 fs/2 fs
® HIOHTILT

 (EBTE fs/2~fs

0 fs/2 fs



i Ho YT IZLBE

cos(mwo 1)
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Q (Quadrature, E3Z{5
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cos(wonT)=1,0,-1,0,1,0, ...
sin(lwbonT)=0,-1,0,1,0, -1,...

HFMWIZEIHTES,
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Sampling Principle
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IVIX First Research

Computer with Superconductor (Josephson Device)
Under supervision of Prof. Ko Hara (| 7&)
at University of Tokyo
Physicist

Undergraduate (Bachelor) course, 4% year

[1] K. Hara, H. Kobayashi, S. Takagi, F. Shiota, “Simulation of
a Multi-Josephson Switching Device'", Japanese J. of Applied Physics (1980).
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Research Motivation of This Paper

State transition
Quantum

catp D “re———————
‘ AE /
Quantum

state 1 i
At > time

AE At> h/(4n) Uncertainty principle

My strong impression :

Transition time At =) Time uncertainty

3/50



Our Statement

Uncertainty relationships are everywhere
in electronic circuits

Our conjecture

f=i5 878

ANl [X

Ultimately, some would converge to
Heisenberg uncertainty principle

in quantum physics. 2/50
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@ Research Objective
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@ Invariant Quantity

@ Electronic Circuit Performance Analogy
to Uncertainty Relationship and Invariant

@® Waveform Sampling Circuit

@ Conclusion
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Research Ob'!ective

@ Our Objective
In analog electronic circuits
- Clarify tradeoff among their performance indices
- Provide their fundamental limitation

@ Our Approach
Based on
- Uncertainty principle in guantum mechanics
- Uncertainty relationship in signal processing

7/50
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@ Uncertainty Principle and Relationship
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Uncertainty Principle in Quantum Mechanics

At AE > h/(4n)

t: time, E: energy

AX Ap> h/(4m)

x: position, p: momentum.

W. K. Heisenberg

impossible to know exactly:
* where something is
* how fast it is going

These cannot be proved =) principle.

9/50



Uncertainty Relationship in Signal Processing (1)

@ Discrete Fourier Transform (DFT)

— analog signal

® Sampled point

voltage

time

0 Ts 2Is 3Is 4Is 5Is 6Is 7Is 8ls

Sampling frequency : fs
Sampling period: Ts (= 1/fs)

Number of DFT points :N

Af =fs/N =1/(Ts N)

Time & frequency resolution

Af Ts = 1/N

This can be proved mathematically |:> Relationship

frequency

10/50



Uncertainty Relationship in Signal Processing (2)

@® Uncertainty Relationship
between Time & Frequency of Continuous Waveform

M

F ,’\ Zsinc(mr)
=
>t W
=T T

Pulse width:oy Spectrum spread:o,,

1
0,0, = >

This can be proved mathematically |:> Relationship
11/50
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Importance of Invariant (1)

Invariant quantity |::>
clarify phenomena & characteristics

Conservation Law in Physics :

- Energy conservation law

- Mass conservation law

* Momentum conservation law
* Charge conservation law

ml 1 m?2 V2 ml m?2 Vm

O= == OO=—

N ——

pPL=mM1Vl, pP2=m2V2 pr’=mivm, p2’=mM2Vm

p1+ p2 = p1’+ p2’
13/50



Importance of Invariant (2)

Invariant quantity |::>
clarify phenomena & characteristics

Fixed-Point in Mathematics : /;
N

f(x) = x [;/yf{x} ;

Utility for Voyage

Compass Polaris
14/50
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@ Electronic Circuit Performance Analogy
to Uncertainty Relationship and Invariant
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Gain, Signal Band and Power

@ For agiven amplifier
Gain * bandwidth = constant 2
8
Gain - large, bandwidth - narrow
Frequency [Hz]
@® Amplifier Performance
FOM = Power Technology constant
~ "Gain - Bandwidth oY
- Converge to uncertainty principle

conjecture
J 16/50



ADC Sampling Speed, Resolution and Power

V/Dout — Analog signal

7 P S — Digital signal

/’ \l_ Ts = 1/fs

3% [ time

0 Ts 2Ts 3Ts 4Ts b5Ts 6Ts 7Is 8Is

At

Sampling period: At FOM =

AV |

o - N W &~ 0 O

Voltage Resolution - Power
Sampling Speed

Resolution: Vfull /AV = 2"

Power: P
Technology constant

FOM = At - AV-P / Vsui

At - P/ 20 FOM — Smaller, ADC - Better

- Converge to uncertainty principle
conjecture 17/50



Clock Jitter, Power

Jitter
DXY

Ideal clock

T
Clock jitter: At

Clock generator energy : E
power : P

Design tradeoff

At ‘E>K1L | €= |(At/T)P =K1

Power - larger, lJitter - smaller

18/50



Noise, Capacitor

Analogy p (momentum) < Q/(charge)

v (velocity) < V (voltage)

m (mass) < C(capacitor)

Momentum conservation law
<  Charge conservation law

Uncertainty principle
Ax Ap > K < AV fAQ =K

& CAV?f:K
Noise bandwidth: f ‘
Noise power AVZ=KkT/C
C - large, Noise - small 19/50



Noise, Capacitor (2)

@ Foragiven T=RC
the same gain & phase characteristics

for different (R1, C1), (R2, C2), ... R
with R1Ci=R2C2=..=T ; ,
@ For agiven Vout Vint) ¢ Vou(t)

Ec = (1/2) C Vdut
Vroise = kT/ C Transfer function
G(s)=1/(1+sRC)

C - large, R — small
Same gain & phase characteristics

|:> Low noise

Large energy

20/50




CaEacitor Charge & Loss

Eioss = (R'l )'|'T
=R'C'V'| Eloss

R
Vout=1"T/C C _j_vo“tc
I
| : Charge Current I

T: Charge Duration

Eioss *T= R=C=Vout Uncertainty relationship

For given R, C, Vout
| > small, T-> long =) Eloss > small

21/50



Analog Electronic Circuits

Performance tradeoffs are everywhere in circuits
AaAb > K

@ In some cases, these can be proved.
Uncertainty relationship

@ In other cases, these can NOT be proved.

For a given technology

Aa Ab =K K: Technology constant

Technology — advance :> K —=> smaller

Conjecture: this converges to uncertainty principle 22/50



Analog Circuit and Quantum Mechanics

Myth
- Real world sighals — analog
- Computer world signals — digital.

Truth
- guantum mechanics —
signals in nature — digital (discrete).

- Current —> average of electrons’ moves
- Electronic noises - their variation.

Conjecture
- Analog electronic circuit performance

— Limited by guantum mechanics
23/50



Analogy

In Physics, analogy is just a coincidence,
NOT inevitable.

Analogy p (momentum) < Q/(charge)
v (velocity) < V (voltage)
m (mass) < C(capacitor)
Momentum conservation law
<  Charge conservation law
Difference ml m2
Any connection of m1 & m2 >ml, m2 O O

Series connection of C1& C2 < C1, C2 _I |_| |_
Ci

24/50



Bridge Through Plank Constant

“Let there be light I”  “Mehr Licht !” Uncertainty Relationship
A Analogy to Principle
Aw At =>1/2
Old testament by J. W. von Goethe l

(h/(2m)) Aw At > h/(4m)

Energy in the light: E = (h/(2m)) w

N\

AE At > h/(4n)

Uncertainty Principle
25/50



Measurement and Simulation

Measurement : Active, Passive
Active: Stimulus == Device

Response ===p Measured
Device state === Disturbed.

Passive: No stimulus
Device state == Not disturbed.

Uncertainty principle
all measurements disturb device state.

Circuit simulation |:> No disturbance.

26/50
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Example of
Uncertainty Relationship
In Signal Processing

@ Waveform Sampling Circuit

[2] M. Arai , H. Kobayashi , et. al.,“Finite Aperture Time Effects in Sampling Circuit,”
IEEE 11th International Conference on ASIC, Chengdu (Nov. 2015).

27/50



Waveform SamEIing

— analog signal

® Sampled point

voltage

0 Ts 21s 31s 41s b5ls 6ls 7Is 8ls time

suffers from @

- Finite aperture time (non-zero turn-off time)

- Aperture jitter
28/50



SamEIing Circuit

time
Vinc °SW° ° Vout o SW ON oA |
—_—C _ Qo |
Vout(t) = Vin(t) £ [\ |
_ Track mode g _ >
time
Vin — Vout SW: OFE % \ -
—_—C : % /
i Hold mode >
time




Finite AEerture Time

Vin° CSWC o VOUt « SW: ON .
—_—C . o0
*Vout(t) = Vin(t) % V\
l _ Track mode g | - >
. o time
Vin — Vout *SW: OFF g /G
1 = | |
—C Vout(t) = Vin(toee) ol =
N Hold mode | >
time

Finite transition time from track to hold modes

30/50



Analogy with Camera Shutter Speed

Camera: Finite Shutter Speed Sampling Circuit:
Finite Aperture Time

BEAY

Gunma University

o ﬂ High
@ Moving Object

frequency
EJ x oy
g¥ " i Acquired signal
(lunma Unmversity
Low pass
filtered

Blurred

31/50



Signal Frequency and Aperture Time

——— Low frequency —— — High frequency —
o 4 ¥ - T

= B £ \!

> % S \!

= +—

o 'l - = V\s

c . time o :

- ) ’ = )

| |
T [ H T I H

()] I 1 I 1

ODA QAN

@ \: | 0 f\

—_— I 1 =) 1\1

g I 1 6 )

Z - > B

a 1o : 5 I :
) 1o time o 1o time
- > = T >
© | S |

Aperture time Aperture time

o J o 4

Higher frequency signal = More affected by finite aperture time
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Transfer Function Derivation

Vin @

Vg

MO O—

SW
C—

N, R

b VC —

T, : Aperture Time
- U %

Track Hold Circuit

Voltage
1 1
1.5+ .
—Vin
—\Vc
1.0+
0.5} *
0 m

Time

Obtain values of @

-
Equivalent time sampling

-
Obtain gain, phase for each frequency

b
Frequency transfer function

33/50



Derived Transfer Function

V.
g
R
—'\/W—O/O—NFV
9

SW
Vin @ C==V,

T, : Aperture Time
- U %

Track Hold Circuit

Ve sinc(wty)

Vi, sinc(wty) + joty

Ti1=RC

Transfer function in case of finite aperture time

[3] A. Abidi, M. Arrai, K. Niitsu, H. Kobayashi, “Finite Aperture Time Effects in Sampling Circuits,”
24t |EICE Workshop on Circuits and Systems, Awaji Island, Japan (Aug. 2011)
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Consistency with Zero Aperture Time Case

Ve

sinc(wty)

Vi, sinc(wty) + joty

(ty=RC , 1,=1)

Transfer function in case of finite aperture time

T, = 0

ﬂ sinc(wt,) - 1

Ve

1

Vin - 1+ jwtq

(t1 =RC)

Vino

Wy

Transfer function in case of zero aperture time
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T1, T2 Effects to Bandwidth

—

Numerical calculation from the derived transfer function
, 1[_'|:II.':'

T1 (=R C) :fixed
T2 (aperture time) : varied

Bandwidth starts to decrease at T2/T1=1

T1, T2 effects to bandwidth are comparable.

36/50



SPICE Simulation Verification

R

Vin @

2 Y

LW
C—

N, R

b VC —

T, : Aperture Time
- U %

Track Hold Circuit

Voltage
1 1
1.5+ .
—Vin
—\Vc
1.0+
0.5} *
0 m

Time

Obtain values of @

-
Equivalent time sampling

-
Obtain gain, phase for each frequency

b
Frequency transfer function
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Results

® SPICE Simulation ? V,=0~1.8v
Conditions R =500 I' = 100 ns
VY L = 180 nm +
Vi, =0~300mV W =20um
S VC
@ TSMC 0.18um T
C =10pF
® Results
w [rad/s] w [rad/s]
0 1 2 3 4 5 0 1 2 3 4 5
01 - 12[ns] 0 I I T2[ns]
-1 —0 -1 —0
— -2 s 2 '
-3 —p == —r
£ _4] —20 R —2
g \ —% & \ —
w o 2
N 50 —71 Wb _ 7
SPICE Simulation Results Theory

(Derived Transfer Function) 38/50



w(-3dB)[rad/s]

Comparison of -3dB Bandwidth

W=200um
10
2010 . .
——simulation
16- --- theory
12
8
4
O T \-.I-. T T S=
0 10 20 30 40 50

T2[ns]

W=20um
12 % 1010
——simulation
12 --- theory
710
© |
©c 38 |
E ]
- 6
T\
3 \\
2 \\
0 Bt
0 5 10 15
T2[ns]

Simulation # Theory

Large discrepancies !

w W
o un

w(-3dB)[rad/s]

R R NN
o U o (6]
1 1

o (92}
I

W=2um
x 108

—simulation
--- theory

0 10 20 30 40 50
T2[ns]
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NMOS ON-Conductance Nonlinearity

W=200um W=20um W=2um
4 X 1077 A~ 4 X 1072 o~ 2% 1073 —
o8 o o
c c =3
g% 2 n? 2 o2
£ < £
i 1- (| 1- | 1
0 . . . 0 . . . 0 . . .
ON—O5 10 15 20 AN_O5 10 15 20 NeAS5 10 15 2.0
Vg[V] Vg[V] Vg[V]
O region
T2 ¢
| b
Strong nonlinearity of 1/Ron Y
Ov— -
time
ﬂ Effective aperture time

: : : Teff
Define effective aperture time Teff ©
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ON-Conductance and Effective Aperture Time

10°
10714 200um
10724 \ 20um
10734 2um

1/Ron (log scale) [S]

Vg [V]
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Empirical Effective Aperture Time Derivation

w (_E__l) w
y = (thh —9x 10‘8—-Vth)e Ven )49 %1078 —-V,,

L L

101 —

20um

“ 10731
)
®
@ -5
2 107%
=
®]
oc -7
< 1077 -

1077 | ' |

0 0.5 1.0 1.5 2.0
Vg[V]
. , 0.43
~. Effective Aperture Time Tqof = Tg X T2
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w(-3dB)[rad/s]

w(-3dB)[rad/s]

Discussion Again

. W=200um W=20um W=2um
X 10° X 109 X 108
20 : : 14 ; , 35
— simulation — 12 —simulation — 30 —simulation
15 --- theory ? 10 --- theory § 75 --- theory
= 8 = 201
10 a P~
8 6 8 151
5 2 4 2 101
3 2 3 5-
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SPICE simulation results = Theory



Various Values for RC, W
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Trade-off of Time Constant and Bandwidth

m RC time constant and bandwidth ® Aperture time and bandwidth
R v /V Vg[v] Vout\/Vin
Vin Vout out/ Vin A 1 /
o) N\
lVV\! l O 1. —_— 1/\/5
c 121 - f*
I S
—1—— L *t[s] w[rad/s]
03}1 w(rad/s]
I(g[v] Vout/Vin
1 N N
Wy, = — 1.
h T 1/V2
71 - RC . .
wp: bandwidth R t[s] B w[rad/s]
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Time Band : wy
Short — Wide
Long —_— Narrow
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Summarx

@ Derived explicit transfer function
of sampling circuit
with finite aperture time effect.

@ Verified it with SPICE simulation
@ Introduced concept of effective finite aperture time
@ Showed uncertainty relationship

between time constants and bandwidth
in sampling circuit.
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Contents

@ Conclusion
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Conclusion

Our strong belief:

Analog electronic circuit

@® Its design tradeoff as well as FOM

‘ Explained with

Analogy to uncertainty principle/relationship.

@ Uncertainty principle and relationship

4

Its ultimate performance limitation
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Final Statement

Current status of circuit design and analysis area

4

Only individual techniques have been developed.

KEUB T, B LS HRE

(51-+F)
4

We need to establish a unified theory
for circuit design and analysis area.
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