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Research Background

a Most analog ICs require )
Reference current / voltage source

l P : Process
V : Supply voltage

Stable against PV T 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
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7135

Reserch Objective

Improved point

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

characteristics of improved circuit
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Overview of Improved Circuit

VOUT

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

louTs

M, M,

. (W/L)3|—| “,d
VGS‘S VGS4 'S

I out_total

Improved circuit

» Vpp

Peaking current characteristics

of improved circuit

(v Simple design

v Different current peaks

v Using multiple current mirror circuit

~

J




Theoretical Formula

IOUT

r 3

I out _total

IouTsa

Iinsa Iinaa Tinsa

Current equation of improved circuit

4 1

I —
N 4R K, (1 + AVpgs)

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

\ (n — 2,3,4‘,5 R’n—l — R1 + Rz RREEERNE Rn—l)

~

J

Iin2a
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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
"~ R2K;, 4R2K,
= 3x

oy
>
1

X Y \
- - ——I1n, Vop . = 1:3
Iy pEAK \ T X.: y = 1. /

/

[Establish design guideline using this ratio ]




Overview of Design Guideline

Current decrease\\= increase /"

Design process

\_

v Determine Ipyr = 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
Wilum] | 1.5 R{[kQ] | 3.3
Wo[um] | 0.42 | | R, [kQ] | 3.3
Wslum] | 1.7 R;[kQ] | 6.5
Wylum] | 6.8 R,[kQ] | 13.2
Welum] | 27.1 | | Rin[kQ]| 400
Welum] | 27.1

L = 0.35[um] in all cases

Tour[pA]

17.5

15.0

s

2.0

SPICE simulation result

Error by linear approximation and MOS model

‘ Fine adjustment

15/35
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Adjusted Parameters

Adjusted parameters ’011’:5[““] | Wider |
15.0 Iour_total
Wi[um]| 1.5 | | Ry[kQ]| 3.2
Wylum] | 0.42 | | Ry[kQ] | 3.2 _
Wylum] | 1.7 | | Rs[kQ] | 6.4 - Fourth Third
Wylum] | 6.8 R,[kQ] | 22.4 -
Wel[um] | 25.5 | | Riv[kQ]| 400
We[um] | 25.5 .

T T T T
0.0 1.0 2.0 3.0 4.0 5.0

VoplV]
SPICE simulation result

L = 0.35[um] in all cases



Fabricated Chip

Fabricated circuit parameters

17/35

TSMC 0.35um CMOS

Circuit Type

T1

T2

13

T4

T5

# of peaks

4

4

4

3

4

W/L) W/L)r1

1.5x (W/L)pq | 2x (W/L)q

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

R R,n—lTl

/ /
R n—1T1 R n—1T1

!
}en—l

/
T4 R n—1T5

v 4sets (A,..

v 5 circuit (T1,...

6 5 chips (#1,...,#9)
D) per one chip
,I5) per one side

4

20 samples per circuit type

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

H#5) /

~

SL ~ dl 1l

L.

QL ~ 41

PEACKER

Fabricated chip

TL T2 ~ T5
A

T2 ~ T5

71



Circuit Diagram of T1/T2/T3
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Circuit Diagram of T4 & T5

T4 15

3 current peaks 5 current peaks

DD
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_IE _";l:l clamp
[\ D,
[\ RD, ] ‘E ‘h} 3.3kQ
< ?
3

< 3.3k0) < ' |
‘E jh . 1":/ M,D M, M;Dpy M3D M, 4
T MZD MZ M3 M4 M4D := ﬂ -|E —Iﬁ _I$ -I
% I-ﬁ] HC dC AC -u:)'] "1 1

Rs
< RD, < RD,
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Measurement Method

-

~
v/ Output voltage Voyt = 1V, 2V, 3V
v Input voltage Viy = 0~5.0V

mmm) \easured the total output current IOUTJ

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

10 12
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E g °
54 g,
5 T2 )
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18
C Vdd[V] 16
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= e 12
< 10
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T1 T2 ~ T5 D 20 1 2 3 4 5



Loyt [HA]

Loy [1A]
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Standard Deviation of 5yt (#1)

T1-4

0 8.3[uA]
3 T1
6 I
4 0.4 [uA] <
2 =
0
2 0 1 2 3 4 5
VaalV1]
0
8 T2
6 88[Al
4 =
‘ 0.3 [uAl
0
50 1 2 3 4 5
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16
14 T5
12
I
3 6
S 4
2
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g T3
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4
2
0
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ViglV
4 aalV] 9.6 [uA]
o T4
8
6 »
4
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0
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[oyT Measurement Results (Side A) , __4y

Loy [1A]

Loye[uA]

~
[y
N
D PEACKER
l
~
U’l
[Tl T2 ~ T5

—a— Chip number #1

=l

#2
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#5

Loy [uA]

Loyt [HA]

Loy [HA]

1
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Standard Deviation of Iyt (Side A)

Loy [HA]

Loy [uA]
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8 <
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0
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16
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S 10
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56 1.5 [uA]
2
0
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Loyt [HA]

Loy [uA]

27135

Standard Deviation of All Data
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Effect of Output Voltage on Iyt

4 9 1
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Comparison of Measurement & Simulation

Circuit Type T1 T2 T3
8.1 8.7 8.8 12.4 12.8

8.7 9.3 0.8 15.2 14.6

Measured value [uA]
Simulation value [uA]

Loyt [HA]
17.5
T4 - -
- Simulation
15.0 ! —
12.5 | value Measured
value
10.0 ——L B \
! Tl
7.5 g 5
5.0
, About 5~15%
Vpp[V]

0 1.0 2.0 3.0 4.0 5.0

Simulation results of 5 circuits

$

[ Effect of process variation from typical process condition ]
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Average Variation of I, Over Iy

X 100[%]J

Circuit Type T1 T2 T3 T4 T5
Variation [%0] 2.9 1.7 1.5 5.7 1.6

. . IOUT_max B IOUT_min
Variation =
(IOUT_max + IOUT_min)/ 2

Variation of T4 iIs the worst

\ ¢

Number of peaksis 3in T4

\ 4

Larger number of peaks M more stable I,y



lout[uA]

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

14
12

10

Vin[V]

Ioyr 1IN MINIimum variation

Iyt IS constant for
supply voltage
variation
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o

Number of peaks
In design freedom

# Suppress variation

\

J




Temperature Characteristics

16

Loyt [UA]

E 14 I
312 3
10
A N 8
Variation 2
lour_n — lour 2 T1
= —= = x 100 | o
\ IOUT_T' y 1 3 4
14
—&— Room temperature ig
—o— High temperature g
= 4
<
| ik T
Use a hair dryer L 3 = 4
VaalV]

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

Variation [%] 32 33 34 37 32
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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 ——

/1/ Simple A

v Fairly stable current reference
v insensitive to wide range of

ower supply voltage variation
% P PPly g ' s




