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Outline

* Research Objective



Research Background

Analog ICs require
Reference current / voltage source

P: Process

¥

Stable against PVT variation V- Supply voltage
T. Temperature

g Bandgap reference circuit A
» Complicated

L » Large chip area )

g Nagata current source A
» Simple

9 » Insensitive to supply voltage )
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Research Objective
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Development of reference current source

Insensitive to temperature and supply voltage

with simple CMQOS circuit.

Reference current

@ Iref |

C

!
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i

reference
current
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Our Approach

@® MOS peaking current sources

- Self-bias # - Insensitive to wide range of supply voltage
- No need for large input resistor

- Focus on cross-point gate voltage (VCP)
In drain current temperature characteristics

- Insensitive to temperature

v IDS
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Mobility
decrease
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temperature
Vr decrease

> sz

NMOS drain current
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Vdd

Current source insensitive to
temperature and supply voltage
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Outline

* Nagata Current Source



8/34

Original Nagata Current Source

IOUT I l!

"Iy

Peaking current characteristics

4 At peak vicinity A
MOS Nagata
Current Source Small lout change

\ against Iin change y

Simple # Widely used. Ex: in DC-DC converter ICs
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Japanese Invention

A MIRROR THAT REFLECTS WELL ON ITS INVENTOR

Within the Asian circuits community, the inventor of the Nagata current

mirror is about as close to a legend as you can get in our business. Even
if you don't spend much time in Asia, there’s a good chance you've
encountered Dr. Minoru Nagata (Figure S1). He is in high demand as a

i panelist and presenter around the world because of his unique ability

Peaking current source
(Nagata current mirror) skl v e st oo et auencs.
WaS Invente d by :::::Ns:;z:. his work on the Japanese language version of the Gray and Meyer text.

He is a cofounder of the VLSI Circuits Symposium and served as its

F o

.

to charm the socks off even the most aloof international audiences.

very first program chair. He has had a long, distinguished career at Hi-

D r I\/I I n O ru N atag a tachi Ltd., where he ultimately held the post of Director and Senior Chief Engineer of Corporate
- 1

Technology. Among his many accolades are the IEEE Fredrick Philips Award and the National
J Medal of Honor from the Emperor of Japan.
a.p an e S e y And the mirror? It set the bias for the first analog IC designed and produced in Japan, the
k d -I: H . h . L d Hitachi HA1303 amplifier (Figure S2).
I 1 9 64 CompA; CompB, CompA Ce 'l'“

[1] Chris Mangelsdorf, | n
“Stupid FET Tricks: The Zero-Gain Amplifier”, +

IEEE SOIid-State CirCUitS MagaZine .. ' .KHI ’,',|,}‘ HA 1309
(Aug. 2021) # A2~ i, FIAGED .

FIGURE 52: The schematic for the Hitachi ﬁAl303 amplifier.
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Circuit Configuration and Operation (1)

I;: small

I
l OUT Rl;y: small

VDD
E} Iy

Nagata current source

! l lour

M L,

Current Mirror




Circuit Configuration and Operation (2)

l IOUT
- V., becomes smaller

(OUT“

L4
R
>
Ld
¥
Ld
*
L4

~N

:IIU
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Need Care for Temperature

sy

Layout by ey
ASO Corp. r e

- e —
pooooEasEEl|
W=

gaegeed
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Our first prototype chip

= 14 PESUS SEEEY
‘_‘E 12 /‘i‘—H L
.. 10 4 e O
() Insensitive to supply voltage 1=
4
3 Sensitive to temperature i/ T

. 14
Our Previous work —&— Room temperature 13 o zESSESSSssi:
[2] M. Hirano, N. Kushita, Y. Moroshima, ~e— High temperature & ;-" et
H. Harakawa, T. Oikawa, N. Tsukiji, T. Ida,_ 4 f
Y. Shibasaki, H. Kobayashi, Use & har drvel :1 g =/ T2
“Silicon Verification of Improved Nagata i 0 E1E2E3E 4

Current Mirrors”, IEEE ICSICT(Nov. 2018) VaalV1


https://kobaweb.ei.st.gunma-u.ac.jp/news/pdf/2018/2018 ICSICTshibasaki-pre.pdf
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* Drain Current Temperature Characteristics
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Drain Current Temperature Characteristics

A

itM1 |

V7 decrease

Ips| ylos

Mobility
decrease
Increasing

temperature

= Vs

— 0 VCP

> sz

NMOS drain current temperature characteristics

@® For Vs = Vcp, Ips B Insensitive to temperature.

@ At high temperature,
For VGs < Vcp, Ips mplarger

For Vas > VP, IDS »smaller.
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Vcp and Small Channel Length L

500

o SPICE simulation

470 \ with BSIM3v3 model parameters
< 460 N

£ 450 _

5 440 SE L — small mp Vcp — increase
= 430 -~

420

410 " Explained by [short channel effect

0 0.5 1 15 2

Channel Length (L) [um]

J
IDSl, a8
small
LM ] osy .
W/L : dhggPég?e
- V g VDS I Increasing
— GS 5“m Vy decrease temperature
I

' - » Vis
Vcepmm) increase

NMOS drain current temperature characteristics
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Vcp and Small Channel Width W

1 15 2

25 3

Channel Width (W) [um]

IDSl,

3.5

—

= Vs

SPICE simulation result
with BSIM3v3 model parameters

W — smaII» \VcP — decrease

Explained by [nharrow channel effect
v Ips
A
| Mobility
| I dt_ecgr,ease
1 ncreasin
VT decrease temperature
I
» VGS

‘decrease«sm V;p

NMOS drain current temperature characteristics
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0

Vcp and Drain-Source Voltage Vbs

0.5 1 1.5 2 2.5
Drain-Source Voltage (VDS) [V]

[Dsl

_||:M1 1um
W/L L

0.18um

= Vs

3

SPICE simulation result
with BSIM3v3 model parameters
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VDs — small Bl Vcp — increase

Explained by

drain induced barrier lowering (DIBL)

Mobility
decrease
Increasing
temperature
V7 decrease

v > Vs
P
=) increase

NMOS drain current temperature characteristics
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* Multiple-peak Current Sources
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Multiple-Peak Circuit Design

Use of multiple peaking current sources

O

Current source design — relatively easy

SEEEEEEEEES

SEEEELEEEEELEe

-+

Riiiisisitiisd

SEEEEEEEs

Multiple peaks
= Total output current : Insensitive to supply voltage and temperature
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NMOS Multiple-Peaking Current Sources

V VOUT == 3V

FIuk ; ; ; ; , - -
l lour_rorar ; ; 5 ; | | |
30pA+ Fr——
500k ‘IOUTz ¥iovrs  |Wours $lours 2Tk . 5 5 5
: M Ms 0 Toura
gg“ Iag o RVZTRY | NERZTY Hphe g e Togrs
” 0. zju < @ 1 @ 21'-":"- . d i H H i v

E;Gk P TRz T loze) ] T L 02) 0 2

LTS S— ............. ........................... ............. ............. ............. ................ I 0l ”31_ ...........
Sox e e ot S
120 : : ; ' ' ' :
A~

_Il:Ml 6uA-

Gn "
0.2u DpA- -
00V 05V 10V A5V 20V 25V 30V 35V 40V 45V 50V

Vop

211k

Total output current

— Constant over wide range of supply voltage
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Temperature Characteristics

Vour = 3V
Vop —_— Jour
H H
l loyt ToTAL A o ——————
¥ovrs [ Wours $oyrs 2TuA
M, M, M5 248+
rll:‘lg?’—”)-l o \ [ 10u 21pAd
4102 1\0.24 0.2t
- - = 18y
154
-
S9k 12y
> T
?1‘”(
GjA—
| My A
B_M OpA-y T T T T T T T T T
021 0.0V 05V 1.0V 15V 20V 25V 30V 35V 40V 450 50V

Voo

@ Insensitive temperature characteristics

@ Need large resistor to generate pA-order input current
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Self-Bias Configuration

VDD
|Mp1 P Mo Mpour
T e [
( 1n ) 1“
Tlfom"
MNZ Mpa My s
_I 10 —I 20p
=11k | 0 Aph Temp— 60°C
(Wldth) J ; 5
M Length 0.0pA+ ' | ' | ' T T
_l (j:: 0.0v DSV 10\; 15\." 20'9" 25"»r 30\.0' 35\; 4.0V 4.5V 5.DVV‘DD
%)

Use self-bias configuration » No need for large resistor
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Start-up Circuit

(

¥y
w
=

IMPL
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=11k

AAA ARA

=
=

( 4y
0.2u

)

Output current Iy

/ Supply voltage Vpp

I Startup current (M, drain current)

T i T T T i T
Oms Ims 6ms 9ms 12ms 15ms 18ms 21ms 24ms 2T7ms 3I0ms

/ Temperature @ , 0°C, 27°C, 60°C

Start-up circuit is working
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PMOS Multiple-Peaking Current Sources

VDD
M, Vbp
e i
1k —
Improve M ,
9k
VDD VDD VDD Vpp ok Vbp 7 Vbp Vop Vop
10# J_ ( 201 ) 10y (10;,;) (10;:) ( 4u )
| 110UT
500k = M
1 L g
= ()L () I

Also in PMOS case,

No need for large input resistor by self-bias configuration
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Outline

» Single-Peak Current Sources



26/34

Self-Bias NMOS Single-Peak Current Source

-

18pk
1618
14pA-
12pAs
1 DA
BAn
B
e
2pA=

DpAs

j'l

Temp=-20(°C)
Temp=0(C)

Temp=27(°C)
Temp=60{°C)

b 1 1 1 1 ] 1 1 1 1
ooV 08y L0V SV 2OV 25V A0V 33V 40Y 45V SOV

]"?UIJ'

Self-bias configuration » VDD insensitivity range — Widened
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Single-Peak Current Source with Startup Circult

!
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2l
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3.0V
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0.6V
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22

OpA-

1.2pA e
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/ Temperature @ , 0°C, 27°C, 60°C

Start-up circuit is working
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Why Self-Bias Configuration ?

Because
» Not need very large input resistor

Vop T

» ODbtain wide range of VDD insensitivity easily
and temperature insensitivity

IOUT
4.0pA:

3.6pA i i ' 5 5 5 !

SAUSE FS 46 T N W S N N S S
FAUNL Y /0 S S O O S S S SO
2.0pAd : . R S
1.6pA SRR N — ISR WO M) LI | ool L
vound o Temp=0°C

77 S N S S S Temp= 27°C_

0.4pA- J Ten?p= 60°C

0.0pA: — — —T T T T 174
00V 05V 1.0V 1.5V 20V 25V 3.0V 35V 40V 45V 50v° DD
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R1 Variation Effects

AL

T

l‘lout’

M Pout

lout

20pA

18- %7"9#_# =T ]
16pA- ¥

14pA- %

12pA-

10pA-

BuA- R1=4.5k
6pA- R1=5k
A R1=5.5k
2uA-

OpA T T

I I 1 I 1
2.0V 2.5V d.ov 3.5V 4.0v 4.5v 5.0V

Vbp

@® In all cases, supply voltage and temperature insensitive

® lout — Inversely proportional to R1 value
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Effects of Mn1 Channel Length

lout
36pA
33pA- g
30pA- N 60C i
2 27°c ~
24pA-
21pA-
1 18A-
e 15pA- -
12 L=1.5um
opiA- L=1.0pym
6uA- L=0.5um
3pA-
OpA~ T T T T T T T T T
00V 05V 1.0V 15V 20V 25V 30V 35V 40V 45V 50V

@ |n all cases. supply voltage insensitivity
@® As MN1 channel length exceeds 0.2 uym,
lOUT = Increase
= sensitive to temperature.

Reason: Mn2 gate voltage increases
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Effects of MN2 Channel Length

lout

20pA
18uA-
16pA- ;<o —
14pA- s |
12uA-
10pA-

SpA- : E E

4p A : : ;

T 5 S S

1 T ] T T T T T T
0.0V 05V 1.0V 15V 20V 25V 3.0V 35V 4.0V 45V 5.0V

Voo

@® In all cases, supply voltage insensitive

@® Temperature insensitivity holds for L= 2um, 3um and 4um
< Sensitive as L decreases below 2um
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Outline

 Conclusion
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Conclusion

Simple CMOS reference current sources

@® Both NMOS and PMOS types

@ Insensitive to supply voltage and temperature
@® Multiple and single peaking current sources
@ Self-biasing configuration

@ No need for large input resistor

@® Simple start-up circuit works well.

@® Resistor temperature coefficients can be
positive, zero or negative if a priori known.
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