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INATSA42ADC DIEREENE

D2

5

75045 AH Vin-Vout = 5.7 Vin,2=57
Vin=35.7 o B— x10 ADC2 |—
ADCI DACH
l Vout=30.0
D1=3
ADC1 ADC2
A 7Vin H #1D1 AAVin,2 H D2
30.0= Vin <40.0 3 50.0= Vin,2 <60.0 5
H

Dout=3 X 10+5=35
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75045 Ah Vin-Vout = 5.7 Vin,2=57.0
Vin=35.7 -F— x10 ADC2 | D2=5

Vout=30.0
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ADC1 ADC2
A FVin H A1D1 AFVin,2 H HD2
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Research Objective

Objective

* Development of
simple reference current source
iInsensitive to power supply voltage variation

Our Approach

* Peaking current source invented by
Dr. Minoru Nagata (Japanese) in 1966.

« Using multiple current peaks and their sum.

2020/5/5
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Outline

Research Background

Nagata Current Mirror Circuit

Improved circuit (Zach’s Circuit)

Proposed MOS Reference Current Source

— Circuit Configuration and Operation

— SPICE Simulated Characteristics

— Component Variation Effects

Proposed Bipolar Reference Current Source

Temperature Effect
Conclusion
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Outline

7> Research Background

% Nagata Current Mirror Circuit

%@ Improved circuit (Zach’s Circuit)

%@ Proposed MOS Reference Current Source

— Circuit Configuration and Operation
— SPICE Simulated Characteristics

— Component Variation Effects
% Proposed Bipolar Reference Current Source

w Temperature Effect
% Conclusion
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Research Background

Most analog ICs require
Reference current / voltage source

‘ P: Process

Stable against PVT variation \/: sypply voltage
T. Temperature

g Bandgap reference circuit h
v' Complicated

v' Large chip area. )

N

Nagata current mirror
v Simple
9 v Only effective for voltage variation

2020/5/5
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Outline

% Research Background

“» Nagata Current Mirror Circuit

%@ Improved circuit (Zach’s Circuit)

%@ Proposed MOS Reference Current Source

— Circuit Configuration and Operation
— SPICE Simulated Characteristics

— Component Variation Effects
% Proposed Bipolar Reference Current Source

w Temperature Effect
% Conclusion
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Original Nagata Current Mirror

V IOUT
VDD Yo '
dh R
= :
- R 1
! IOUT
i ‘ o "Iin ,Vpp
= -
M3 e Peaking current characteristics
L 4 At peak vicinity A
MOS Nagata ‘
Current Mirror Circuit Small output current change
\_against input current change )

Simple» Widely used. Ex: in DC-DC converter ICs
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Circuit Configuration and Operation(1)

VDD

I I;y: small
O — Eg
—i{} n RI;y: small T
TR 1IOUT mp ;v = loyr 1
—L / — —
T M1 M2 loury A T
1

= Current Mirror

MOS Nagata
Current Mirror

2020/5/5



9/38

Circuit Configuration and Operation(2)

VDD
AN 1 ‘ IIN: large
TN mm) RI: large
= " mw) V.., becomes smaller
—|v 1I'Z.'.'!UT
= = /IOUT“ \
j + M2
M1 | VGs2 _
I A\
MOS Nagata
Current Mirror Circuit
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Iin-lour Characteristics

loury
(Tour) W ~— Improved point ——
I max iCi . .
ouT : v Peak vicinity IM
. Wider )
! IIN
(IIN)max
Iin) = 1 1
K (W ( INmax — 4R2K1(1 + AVDSl) ( )
Ki = s uCox T)
2 UoorImas =~ /L)a 1 (4 Wpsa) | 5
ouT/’max — 4(W/L)1 4R2K1 (1 +AVD51)
2020/5/5




11/38

Outline

% Research Background

% Nagata Current Mirror Circuit

“ Improved circuit (Zach’s Circuit)

%@ Proposed MOS Reference Current Source

— Circuit Configuration and Operation
— SPICE Simulated Characteristics

— Component Variation Effects
% Proposed Bipolar Reference Current Source

w Temperature Effect
% Conclusion
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12/38

300~ Vi 11.0ug
10.0u g

] j ) =lo 900uE

. 8.00u £
H[A§25 Q B30k | HicSado DS2MQ 7.00u £
6.00u 3

I{A) 5.00uf

rbas 1.4 o< 1K o 1Bk ps 14k 4.00u £
: fmz M4 M6 : I ve ggg“ 3
00u |
] Mt M3 M5 — M7 oo b
0.00

‘ -1.00u

1390 o 0.

Zach'’s circuit
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Outline

% Research Background
%@ Nagata Current Mirror Circuit
%@ Improved circuit (Zach’s Circuit)

.‘4'“}3

~ Proposed MOS Reference Current Source

— Circuit Configuration and Operation
— SPICE Simulated Characteristics
Component Variation Effects
zii Proposed Bipolar Reference Current Source

%W Temperature Effect
% Conclusion

2020/5/5
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Proposed MOS Reference Current Source o

IO UuT totall

11 oUT2 J 110 o /Il lours 110 vrs
M, M3 M, Ms

[, AL, AL d T,

\ \4 \4 v
VGS4
Ry
Vess
M,
/). Simple design

2020/5/5 v



Proposed MOS Reference Current Source o

IOUT totall

lIOUTZ JIIOUT3 /Il lours IIOUTS
M., M M, M

[, AL, AL d T,

\V4 A\ A\ A\
VGS4
R4
Vess
M,
/), Multiples of Nagata current mirrors

P V4 with different peaks and their sum.



MOS Reference Current Source Details

Current source Bl Vop, Resistor

Voo Your
I e N\ IOUT totall
J M
. 2
VGSl Ve | (W/L)6
, Ry 110 T2 lIOUTB 1 louTa lIOUTS
GS2 ]\/[2 M3 M4 MS
gn vl AL dl .
GS3
TS
Visa
3
Viss
e
/),

2020/5/5
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Cascode Configuration

Vbp Vour
/ l IOUTﬂtaLL -
hangel<” Output voltage Vour ), <y, S
T = M/ )
\66 6/
Keep s
Away Jl loura 11 OUT5
4 M, M
w w
~ Cascode /L)4_| 0,
v Vv
> Total output current |OUT_TotaI/
VGssé _

M,
L)),

v
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MOS Reference Current Source Operation
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? M|
Ves1 Vge |
Ry

Veso ., 1. 4. !

o3 Alew Lo, L,
R3

VGS4
3

VGSS

L

.

Simple

Reference Current Source

2020/5/5
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total current
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Advantage of Proposed Circuit

Proposed

4.5uA—
4.0uA—
3.5uA—
3.0uA—
2.5uA—
2.0uA—
1.5uA—
1.0uA-

0.5uA— |}/

idall
<_W|de..___>

..................................................................

louT total

----------------------------------------------------------------------------------------

0.0uA

0.0V

VDD

! i T !
1.0V 2.0V 3.0V 4.0V 5.0V

loyr

Original

5.5UA
5.0uA—
4.5uUA—
4.0uA—
3.5UA—
3.0uA—
2.5UA—
2.0uA—
1.5uA—
1.0uA—
0.5uA—

0.0uA

0.0V

i i i |
1.0V 2.0V 3.0V 4.0V



Analysis of Proposed Circuit
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(IIN)max

IOUT“ 1
) = .
(IoUT)max ] ( IN)max 4‘R%_1K1(1 + AVDSl) (3)
| K, 1 (14 AVpsy)
i (our)max = D2
I 4Ky 4R;_,K; (1 + AVpsy)
| g _ (w/L),

4(W/L)1 ) (1 + AVDSn)(IIN)max
an (4_)

2020/5/5

Change resistor values and MOSFET sizes

-

(|OUT)max

(Iin)max

Adjusted
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SPICE Simulation Circuit

22/38

Voo = oV Voyr = 3V
I
500k OUT_totall
Ms | 64
- Vee | (m)
lIOUTz llOUT3 lIOU’M-

ok M, M; My M| Hours
_| 0.5 (3_ﬂ) _| (6_ﬂ) _| (6_u)

11k Vis3 Visa Vs

v |V v |V
22k
_| My
Vist (olg ) LTspice
o TSMC 0.18um MOS model

2020/5/5 v
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SPICE Simulated Characteristics

Loyt total ~ 4.56uA
> o

Constant over wide range of power supply (Vpp)

- I r H H H | :
0.0v 0.5V 1.0V 1.5V 2.0V 25V 3.0V 35V 40V 45V 5.0V VDD

2020/5/5
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Influence of Resistor Variation

VDD = SV

Voﬂ_z 3V
IOUT_totall
450k
M6| 6u
Ves | (m)
5.4k
1IOUT2 lIOUT?’ 1IOUT4 11
8.1k M, My M Mc| +'ouTs
[ (o ) (6_ﬂ)_| (6_ﬂ)
Vs (@) |_{ ( -2u> y 0.2 0.2
Viss GS4 Viss

19.8k

VGZ|

o5 Y All resistance values : uniformly shifted by +10%




Simulation Result
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Resistance value Variation

I
ouT »No variation

m) +10%

e o

/ I OUT _total
/[ =410p4

5.0uA 4.4uh
4.5uA+ 4.0uA—
4.0uA- 3.6ul
3.5uA-| 3.2uh~
3.0uA- :':”:‘
LA
2.5uA 2 DuA-
2.0uA— 1.6uA-
1.5uA— 1.2uf-
1.0uA- 0.8uA~
0.5uA— D.4ul—
0.0uA——<&— : . : D.0uA
0.0V 1.0V 20V 3.0V 40v 50v 2OV

2020/5/5

I — 1
1.0 2.0V 3.0V 4.0V 5.0V

B -10%

"
7 Aour tota

/ =5.14uA

0.ov ‘HW ED\I‘ 3'.'I'||.|' 4&\1’ .0V

Resistance value Variation [%6]

+10

-10

Total output current
change rate [%6]

2.4

1.6
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MOS Fast and Slow Models

Vop = 5V Voyr = 3V
5001{ IOUT_totall
. L)
lIOUTZ JIIOU” Jlfoum 11
ok 2 0.5u = 3u : 6#) _I — (ZZT)S
RIS
22k Change threshold voltage
" by £10%
VE' (i_ﬂ)
:I70-2u MOS model Threshold [V]
Typical 0.369
Fast 0.332
Slow 0.406

2020/5/5




Simulation Results with Fast & Slow Models

2.0UA—- e T —
1.5uA | : 5 5

1.0uA- | : 3
0.5uA |17 e

loyr .
N Typ|cal Fast Slow
5.0uA ; 1 2 | e
ABUR b e ; rrrrrrrrr rrrrr i e = | e
40uA~ "”""'IU UT total | - / Loyt total | lout _tota
3.5uA- . ‘ / =441 uA
BLOUA i | /
25uA— ------------------ ------------------ |
\
\
\
\
\

0.0uA-|—<— - | — .
0.0V 1.(I)V 2.(|)V 3.(I)V 4.(I)V 5.0V ﬂﬂ"l.r' 1ﬂ‘ul’ Eﬂ"u' Eﬂ"u" 4lJ'lu" 5.0v 0.0V 1IW E‘ﬂ‘h'" Sﬂ"u" dﬂ"u" EIW
> VDD
MOS model Fast Slow
Total output current 4.4 2.5
change rate [%0]

2020/5/5
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Proposed Bipolar Reference Current Source

VDD = 5V

VGUT = 3]*"

I{J UT total l

_
lfcrm"z lI””TH l loura Ifcrm"s lfuurus
Try Try Try Tre Tre

Try

2020/5/5
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Simulation Result

Constant over wide range of power supply (Vpp)

lout
5.0uA

4.5uA~
4.0uA~
3.5uA-
3.0uA~
2.5uA~
2.0uA~
1.5uA~
1.0uA~
0.5uA-

0.0uA—- r T T ' T V
0.0 05V 10V 15V 20V 285V 30V 358V 40V 485v Ssov¥YDD

IOUT_total

e —

—
—

2020/5/5
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Temperature Effect (1)

Proposed MOS circuit 1°C UP » about 0.023uA UP

| OUT total
B.6uA

5 — T T——— _100°C

5.4ul-

50°C
30°C
0°C

4.Bul-

4.2uA+

3.6uA—
3.0uA~
2.4uA-
1.8uA-

1.2uA-

0.6uA-

0.0uA-{—= | I T T I I T T 1 V
0.0v 05V 1.0V 1.8V 20V 258V 30V 3.5V 40V 45V 50V DD

Proposed reference current

source dose not consider
temperature variation effect

2020/5/5
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Temperature Effect

Proposed Bipolar transistor circuit

1°C UP H) about 0.015u4 UP
fﬂUTtﬂtu[

A T— == 100°C

5. 4UA- 50°C
4.8ul . 30°C
— 0°C

4. 2uf—

3. 6uA~
3.0uA—

2. 4uh~

1.3“#"

1.2uA—

.6uA—

2.0uA-— | T T I I 1 T I I '[;’
00v 08V 10V 15V 2.0V 26V 30V 38V 40V 46V 50V DD

Proposed reference current

source dose not consider
2020/5/5 temperature variation effect
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Outline

% Research Background
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%@ Proposed MOS Reference Current Source
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oW Temperature Effect
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Conclusion

» Proposal of MOS & Biploar reference current sources
m=) Sum of multiple peaking currents

» Comparison
Circuit Circuit Chip Insensitivity
Simplicity Area to Voo
Nagata Current Mirror Excellent Excellent Good
Zach’s Circuit Fair Not good Excellent
BandGap Reference Not good Good Fair
Proposed Reference
Good Excellent Excellent
Current Source

Design guidelines of R, W/L values are now ready for reporting elsewhere.
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Analog circuit is art & craft

m B3 KT

Old invention by Dr. Nagata in 1966.
&
New idea

4

Very good analog circuit !



1y

i
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Thank you for Iistenig
i 9 ‘%’*&;
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Research Background

a Most analog ICs require )
Reference current / voltage source

l P : Process
V' : Supply voltage

Stable against PVT variation T : Temperature
\_ J Y,

Nagata current mirror A
v Simple
v/ Constant current for voltage variations

L v Widely used in analog ICs Y
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Original Nagata Current Mirror

L Y[,
Vos1

lour 4

IOUTJ,

\_

-

VGSZ VDD
% Iina
MOS Nagata Peaking current
Current Mirror Circuit characteristics
\
1 (W/L),

Iivy = : _
INA 4R2K1(1+/1VD51) louta

sav D, m (@ + AVos2)

6/35

J
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Reserch Objective

Improved point

4 )
Peak vicinity is narrow = \Vider
\_ J
loyr loyr ¢
| SreanE —
Improvement o
<+
% R
b “Vbp
Peaking current Peaking current characteristics

characteristics of improved circuit
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Overview of Improved Circuit

VOUT

IOUT_L‘otaEl
Mg |
w
Vse | ( /L),s
_ v,

louTs

M, M,

. (W/L)3|—| “,d
VGS‘B VGS4 'S

Improved circuit

IOUT
L 3

I out_total

» Vpp

Peaking current characteristics
of improved circuit

(v Simple design

v/ Using multiple current mirror circuit
¥ Different current peaks Y

~




Theoretical Formula

IOUT

r 3

I out _total

IouTsa

Iinsa Iinaa Tinsa

Current equation of improved circuit

4 1

I —
N 4R K, (1 + AVpgy)

(W/L)
louTna = Whmx(l + AVpsn)

\ (n = 2,3,4‘,5 R’n—l = R1 + Rz A 290 aF Rn—l)

~

J

Iin2a

10/35

Condition for saturation region

expression
4 )
R',_1 < Vrn
Iin
Vour > Vbp — RIin — Vry
\§ J
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Analysis of Peak Characteristics

Attention peak characteristics / * x =0~y prak \
1

T 4R?K,

I )
OUT 4 Collinear

approximatio

_ /
lout pEAK |F———2 ¢ y= IIN_PEAK"’I IN

|

| =iy —x

| 1 1

i "~ R2K, 4R2K,
| = 3x

|

P x »
- V\

- >,V
Iin pEak \ IN> 7DD T Xy = 1:3 /

/

[Establish design guideline using this ratio ]
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Overview of Design Guideline

Current decrease\\ = increase /”

Design process

/1/ Determine I,y = A A

v/ Determine I;y of each peak

mmm) Using the ratio (x : y =1 : 3)
v/ Derive R, R;y, L, W from theoretical formula

\_ J
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Parameters by Theoretical Equation

Parameters Tour Al
Wilum] | 1.5 R, [kQ] | 3.3
W,[um] | 0.42 | | R[kQ] | 3.3 &
Ws[um] | 1.7 | | Rs[kQ] | 6.5 =
Wylum] | 6.8 R,[kQ] | 13.2 ”
We[um] | 27.1
L = 0.35[wm] in all cases
SPICE simulation result
4 )
Error by linear approximation and MOS model
‘ Fine adjustment
\- /
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Adjusted Parameters

Wilum] | 1.5 Ri[kQ] | 3.2

W,[um] | 0.42 | | R[kQ] | 3.2

Wilum] | 1.7 R;[kQ] | 6.4

Wylum] | 6.8 R, [kQ] | 22.4
Welum] | 25.5 | | Rin[kQ]| 400
We[um] | 25.5

L = 0.35[um] in all cases

Loyt [1HA] Wlder
15.0 loyr_total

Third

Fourth

T T T T
0.0 1.0 2.0 3.0 4.0 5.0

Vop[V]

SPICE simulation result



Fabricated Chip

Fabricated circuit parameters

17/35

TSMC 0.35um CMOS

Circuit Type

T1

12

T3

T4

T5

# of peaks

4

4

4

3

4

W/L) W/L)r1

1.5 % (W/L)Tl 2 X (W/L)Tl

W/L)rs |(W/L)rs

R R,n—lTl

/ /
R n—1T1 R n—1T1

/
Izn—l

/
T4 R n—1T5

v 4sets (A,..

v 5 circuit (T1,...

6 5 chips (#1,...,#5)
D) per one chip
,I5) per one side

4

20 samples per circuit type

\_ 4 (A,...D)x5@1,...

H#5) /

~

C
SL ~ Tl 1l

L.

QL ~ 41

PEACKER

Fabricated chip

TL T2 ~ T5
A

T2 ~ T5

71



Circuit Diagram of T1/T2/T3

4 current peaks iﬁl_j;]

Mg

gl

M.D
o] [

E

ki

M,D .
M,
_|

My 3D

ulsUs

M
—

M
—

M,
AC

M
HC

£1£1£13

18/35
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Circuit Diagram of T4 & TS

T4 15

3 current peaks 5 current peaks
ouT
clamp MsD Me MeD clam
Mli‘Dﬂ ]E'SE ﬂii&’]j@ rﬁ] AC '"::-E
RD, ] 1
) 3.3k0 l
M,D My | MDpy MyD My M, Ms | MsD
M,D M, My M, M,D < ﬂ -|E —Iﬁ _I$ -I -|EI _IE _I$
rlf\] HC HC i -||:)':| “ ¥ il

[ w &
w
AAA—AAA A
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Measurement Method

4 )
v/ Output voltage Vot = 1V, 2V, 3V

v Input voltage Viy = 0~5.0V
mmm) |leasured the total output current Igy

Photo of prototype chip Measurement environment
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[our Measurement Results (#1) v, = 3v

10

Loy [uA]

| W)

L

S

e B EE o

<y

i

PEACKER

K T2 ~

T5

T5

72

T1

T2

VaalV]

Loy [HA]

Loy [uA]

oN O

Loyt [HA]

o N b~ O

12
10
8

14

10

-%_I:[l:r!l"ﬂ:!‘ 2w e

F e

y, 2
P i
T3
1 2 3 4 5
= - p-l-'é-'ﬂ';-é:;h;_.; ::'ﬂ.-
. 2 I
.-.-' F.‘
=
F, -i -
il
g/ T4
1 2 3 4 5
. i -

——=0—§
{,_f:f-’ S

15



Loyt [HA]

NONPKMO OO

o

Loy [1A]

NODNPIMO OO

(@)

—

—
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Standard Deviation of 15yt (#1)

3

T1-4 T3-1
8.3[uA] 10 8.8[uA]
g T3
S 6
0.4 [uA] < 4 0.3 [pA]
"NO 2
0
2 3 4 5 20 1 2 3 4 5
Vdd[V] Vdd[V]
14 9.6 [uA]
10 T4
8.8[uA] = 8
0.3 [uA =
3 [uA] 23 1.3 [UA]
3 4 5 _g 0 1 2 3 4 S
VaalV] 755 VaalV1]
16
14 TO 14.5[uA]
i
2. 1.0 [uA]
0
1 2 3 4 5
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[oyr Measurement Results (Side A) , __,

12
10
= 8
% 6
-~ 4
2
0
0 1 2
12
10
— 8
2 6
2 4
2
0
2
C
GL ~ ¢l 11
-,
~3
D ~ PEACKER
l
~
[Tl T2 ~ T5

o g ==

—a— Chip number #1

——

#-ﬁ-m #'ﬂ'"h-ﬂ: e ]

Loy [uA]

Loyt [HA]

<
#2 2
#3 3
P~
#4
#5




Loy [HA]

o
(00]
=
2
Loy [1A]
ON DO WO

Loy [uA]

Standard Deviation of Iyt (Side A)

8.2[uA] 1

T1 T3

0.3 [uA]

25/35

8.5[uA]

10 T2 ) 12 T4

Loyt [HA]

0.8 [KA]

11.2 [uA]

VaalV] VaalV]

o T5 13.3[uA]

ON B~ O O



Loy [uA]

Loyt [uA]

aL 1L

Sk

Comparison with All Data

PEACKER

KT T2 ~

TS5

VaalV]
|Tp}
B
2
B
N
e~
i
e~

Loy [MA]

Loye[uA]

Loyt [HA]

26/35
Vour = 3V
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Standard Deviation of All Data

12 12 8.8[uA
o [ 4 81[uAl 15 T3 [uA]
g g
E 32 4 0.5 [uA
s 4 1.3 [4A] ; [LA]
0 0
0 1 2 3 4 5 0 1 2 3 4 5
18 12.1[pA]
12 8.7TuA 16
0 T2 (kA T4
E L
S 4 0.55 [uA S 6
2 L > 2.4 [uA]
0" 0
0 1 2 3 4 5 0 1 2 3 4 5
VaalV]
16
14 T5

Loy [uA]
ONPMNOO O 8
N
o
=
2
—
N
(00]
=
=



Loy [HA]

O -_2DMNOPOTWO

Loy [uA]

ONPS~O OO
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Effect of Output Voltage on Iyt

T1

9
8 T3
7
6
5
4
3
2
1
0
0
9
8
2 T4
6
5
4
3
2
1 /
0 :
0

Y S
&% #-usi:p.;,_,:_u_‘_;_@_‘_-__,_..__,.}
P ,_f 5.2 [uA]ﬁ
f T
0.1 [uA] H‘é‘
3 4 5
 Soorey
r;’”ﬁT T 8 8[MA]
/ i
0.1 [uA] E
1 3 4 5
VaalV] 12
10 T9 [
_ 8 r =
E 6 rrf'
P Ao
=~ 2
A

e

ro-ait=t /.6 [,LLA]

0.1 [pA]

0.1 [uA]
2 3 4 5
Vaa[V]
9.0[uA] —8— \Vout=1
—8—Vout=2
Vout=3
Vaa[V]
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Comparison of Measurement & Simulation

Circuit Type T1 T2 T3 T4 15
Measured value [uA] 8.1 8.7 8.8 12.4 12.8
Simulation value [uA] 8.7 9.3 9.8 15.2 14.6

Ioyr[HA]
17.5
15.0 e Simulation
12.5 | value Measured
value
10.0 —— ra__ﬁ _ U\
7.5 i n
e
5.0
. About 5~15%
0 10 2.0 3.0 4.0 50 ool

$

[ Effect of process variation from typical process condition ]

Simulation results of 5 circuits




Average Variation of I,y Over Iy

IO UT max ~— IO UT _min

Variation =
(Iout max + lout min)/2

X 100[%]}

31/35

Circuit Type

T1

T2

T3

Variation [%]

2.9

1.7

1.5

Variation of T4 is the worst

Number of peaks is 3in T4

Larger number of peaks M more stable 1,7

$
\ 4
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Minimum Variation of I,y Over I}y

Circuit Type | T1 T2 T3 T4 T5
Variation [%] | 1.9 1.1 1.2 4.9 0.5
Measurement result
Iyt is constant for
supply voltage
variation

Wi =.I"'I-

I,y 1IN MIiNimum variation

o

Number of peaks

# Suppress variation

in design freedom

J
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Temperature Characteristics

T 1o DI EEIET] I
312 e 3
10 B o~ o
. N 8 3
Variation 2 i
Loyt n — lout >/ T1
= —= T 100| 2./
\ loyr + y 1 3 4 5
14
—&— Room temperature 13 S esSfaiEsasesn
—o— High temperature 2
— 4 g —
. E g / 12 E
Use a hair dryer ] AT
VaalV]

Circuit Type T1 T2 T3 T4 T5
Room temp.[uA] | 10.0 8.7 8.6 10.2 10.9
High temp. [uA] | 13.2 11.6 11.5 14.0 14.4

Variation [%] 32 33 34 37 32

»
o
P

:::::::
P

W
.l&l oy

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
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Conclusion

/ v Proposal of MOS reference current sources \
mm) Realized by addition of multiple current peaks

v Design guidelines of proposed circuits
v SPICE simulation results
\ v Measurement & valuation of prototype circuits /

four Wider
Proposed circuits C—
/1/ Simple A

v Fairly stable current reference
v insensitive to wide range of

ower supply voltage variation
N i / Vo
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‘j, ,mrwmm\ £ ETR
@

INAIR—FFZ DR
SVBE/ST=-2mV/°C <0 (EEEZ%)

@® EZEE Vr=kT/q
.TF\)L‘J?DE;& T: #xaE, q EFEW
SV1/6T=k/q=+0.085mV/°C > 0 (IEREZ%D)
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ERIF DLV
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HERH M
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