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Research Background

Most analog ICs require

Reference current / voltage source

Stable against PVT variation

Nagata current mirror

✔ Simple

✔ Constant current for voltage variations

✔ Widely used in analog ICs

P ： Process

V ： Supply voltage

T ： Temperature
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Original Nagata Current Mirror

MOS Nagata

Current Mirror Circuit

Peaking current

characteristics

𝐼𝐼𝑁𝜆 =
1

4𝑅2𝐾1 1 + 𝜆𝑉𝐷𝑆1
𝐼𝑂𝑈𝑇𝜆 =

Τ𝑊 𝐿 2

4 Τ𝑊 𝐿 1
∙ 𝐼𝐼𝑁 1 + 𝜆𝑉𝐷𝑆2・
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Reserch Objective

Improved point

Improvement

𝑉𝐷𝐷

𝐼𝑂𝑈𝑇

Peaking current

characteristics

Peaking current characteristics 

of improved circuit

Peak vicinity is narrow Wider
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Overview of Improved Circuit

Improved circuit
Peaking current characteristics 

of improved circuit

✔ Simple design

✔ Using multiple current mirror circuit

✔ Different current peaks

𝐼𝑜𝑢𝑡_𝑡𝑜𝑡𝑎𝑙
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Theoretical Formula

IIN5λ

IOUT5λ

IIN4λ IIN3λ IIN2λ

IOUT4λ

IOUT3λ

IOUT2λ

Condition for saturation region

expression

R′n−1 <
VTH
IIN

VOUT > VDD − R IIN − VTH

IINnλ =
1

4R′n−1
2 K1(1 + λVDS1)

IOUTnλ =
ΤW L n

ΤW L 1
IINnλ(1 + λVDSn)

Current equation of improved circuit

(𝑛 = 2,3,4,5 R′n−1 = R1 + R2 +⋯+ Rn−1)

𝐼𝑜𝑢𝑡_𝑡𝑜𝑡𝑎𝑙
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Analysis of Peak Characteristics

Attention peak characteristics

𝑥: 𝑦 = 1: 3

• 𝑥 = 0~𝐼𝐼𝑁_𝑃𝐸𝐴𝐾

=
1

4𝑅2𝐾1

• 𝑦 = 𝐼𝐼𝑁_𝑃𝐸𝐴𝐾~𝐼′𝐼𝑁

= 𝐼𝐼𝑁
′ − 𝑥

=
1

𝑅2𝐾1
−

1

4𝑅2𝐾1
= 3𝑥

Collinear

approximation

Establish design guideline using this ratio
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Overview of Design Guideline

Current decrease ＝ increase

✔ Determine 𝐼𝑂𝑈𝑇 = 𝐴
✔ Determine 𝐼𝐼𝑁 of each peak

✔ Derive 𝑅, 𝑅𝐼𝑁, L , W from theoretical formula
Using the ratio (𝑥 ∶ 𝑦 = 1 ∶ 3)

Design process

4 peaks
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Parameters by Theoretical Equation

𝑊1[𝜇𝑚] 1.5

𝑊2[𝜇𝑚] 0.42

𝑊3[𝜇𝑚] 1.7

𝑊4[𝜇𝑚] 6.8

𝑊5[𝜇𝑚] 27.1

𝑊6[𝜇𝑚] 27.1

𝑅1[𝑘Ω] 3.3

𝑅2[𝑘Ω] 3.3

𝑅3[𝑘Ω] 6.5

𝑅4[𝑘Ω] 13.2

𝑅𝐼𝑁[𝑘Ω] 400

𝐿 = 0.35[𝜇𝑚] in all cases

SPICE simulation result

Parameters

Error by linear approximation and MOS model

Fine adjustment
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𝐿 = 0.35[𝜇𝑚] in all cases

Adjusted parameters

Adjusted Parameters 

𝑊1[𝜇𝑚] 1.5

𝑊2[𝜇𝑚] 0.42

𝑊3[𝜇𝑚] 1.7

𝑊4[𝜇𝑚] 6.8

𝑊5[𝜇𝑚] 25.5

𝑊6[𝜇𝑚] 25.5

𝑅1[𝑘Ω] 3.2

𝑅2[𝑘Ω] 3.2

𝑅3[𝑘Ω] 6.4

𝑅4[𝑘Ω] 22.4

𝑅𝐼𝑁[𝑘Ω] 400

𝐼𝑂𝑈𝑇[𝜇𝐴]

𝑉𝐷𝐷[𝑉]

𝐹𝑜𝑢𝑟𝑡ℎ
𝑇ℎ𝑖𝑟𝑑

𝑆𝑒𝑐𝑜𝑛𝑑

𝐹𝑖𝑟𝑠𝑡

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙

SPICE simulation result

Wider



17/35

Fabricated Chip

Circuit Type T1 T2 T3 T4 T5

# of peaks 4 4 4 3 4

Τ𝑊 𝐿 Τ𝑊 𝐿 𝑇1 1.5 × Τ𝑊 𝐿 𝑇1 2 × Τ𝑊 𝐿 𝑇1 Τ𝑊 𝐿 𝑇4 Τ𝑊 𝐿 𝑇5

R 𝑅′𝑛−1𝑇1 𝑅′𝑛−1𝑇1 𝑅′𝑛−1𝑇1 𝑅′𝑛−1𝑇4 𝑅′𝑛−1𝑇5

Fabricated circuit parameters

✔ 5 chips (#1,…,#5)

✔ 4 sets (A,…,D) per one chip

✔ 5 circuit (T1,…,T5) per one side

20 samples per circuit type 

4 ( A,…,D ) x 5(#1,…,#5)
Fabricated chip

TSMC 0.35𝜇𝑚 CMOS
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Circuit Diagram of T1/T2/T3

4 current peaks
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Circuit Diagram of T4 & T5 

T4 T5
3 current peaks 5 current peaks
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Measurement Method

✔ Output voltage VOUT = 1V, 2V, 3V
✔ Input voltage VIN = 0 ~ 5.0 V

Measured the total output current IOUT

𝑉𝐼𝑁 𝐼𝐼𝑁𝑉𝑂𝑈𝑇 𝐼𝑂𝑈𝑇

Measurement environmentPhoto of prototype chip
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IOUT Measurement Results (#1) VOUT = 3V
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Standard Deviation of IOUT (#1)
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IOUT Measurement Results (Side A)

Chip number #1

#2

#3

#4

#5
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Standard Deviation of IOUT (Side A)
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Comparison with All Data

T3
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VOUT = 3V
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Standard Deviation of All Data
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Effect of Output Voltage on IOUT
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Comparison of Measurement & Simulation

Circuit Type T1 T2 T3 T4 T5

Measured value [𝜇A] 8.1 8.7 8.8 12.4 12.8

Simulation value [𝜇A] 8.7 9.3 9.8 15.2 14.6

5.0

15.0

17.5

12.5

10.0

7.5

5.0

2.5

0 4.03.02.01.0

𝐼𝑂𝑈𝑇[𝜇𝐴]

𝑉𝐷𝐷[𝑉]

Simulation results of 5 circuits

Measured

value

Simulation

value

About 5～15％

Effect of process variation from typical process condition
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Average Variation of 𝐼𝑂𝑈𝑇 Over 𝐼𝐼𝑁

𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 =
𝐼𝑂𝑈𝑇_𝑚𝑎𝑥 − 𝐼𝑂𝑈𝑇_𝑚𝑖𝑛

Τ𝐼𝑂𝑈𝑇_𝑚𝑎𝑥 + 𝐼𝑂𝑈𝑇_𝑚𝑖𝑛 2
× 100 %

Circuit Type T1 T2 T3 T4 T5

Variation [％] 2.9 1.7 1.5 5.7 1.6

𝐼𝑂𝑈𝑇_𝑚𝑎𝑥

𝐼𝑂𝑈𝑇_𝑚𝑖𝑛

Variation of T4 is the worst

Larger number of peaks more stable 𝐼𝑂𝑈𝑇

Number of peaks is 3 in T4
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Minimum Variation of 𝐼𝑂𝑈𝑇 Over 𝐼𝐼𝑁

Circuit Type T1 T2 T3 T4 T5

Variation [％] 1.9 1.1 1.2 4.9 0.5

𝐼𝑂𝑈𝑇 in minimum variation

Number of peaks 

in design freedom

𝐼𝑂𝑈𝑇 is constant for

supply voltage 

variation

Suppress variation

Measurement result
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Temperature Characteristics

T3

T4

T5

T1

T2

Circuit Type T1 T2 T3 T4 T5

Room temp.[𝜇A] 10.0 8.7 8.6 10.2 10.9

High temp. [𝜇A] 13.2 11.6 11.5 14.0 14.4

Variation [%] 32 33 34 37 32

𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛

=
𝐼𝑂𝑈𝑇_ℎ − 𝐼𝑂𝑈𝑇_𝑟
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Conclusion

✔ Proposal of MOS reference current sources

✔ Design guidelines of proposed circuits

✔ SPICE simulation results

✔ Measurement & valuation of prototype circuits

Proposed circuits

✔ Simple

✔ Fairly stable current reference

✔ insensitive to wide range of 

power supply voltage variation

Wider

Realized by addition of multiple current peaks


