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Research Objective 

2016/10/23 

Objective 

• Development of  

    simple reference current source  

    insensitive 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. 
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Research Background 

2016/10/23 

Most analog ICs require 

Reference current / voltage source 

Bandgap reference circuit  

 Complicated 

 Large chip area. 

Stable against PVT variation  

☹ 
Nagata current mirror 

✓ Simple 

✓ Only effective for voltage variation 

P:  Process 

V:  Supply voltage 

T:  Temperature 
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Original Nagata Current Mirror 

𝑉𝐷𝐷 

𝑅 

MOS Nagata  

Current Mirror Circuit 

𝐼𝐼𝑁 

𝐼𝑂𝑈𝑇 

, 𝑉𝐷𝐷 

Peaking current characteristics 

Peak 

At  peak vicinity 

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) 

2016/10/23 

MOS Nagata  

Current Mirror 

𝐼𝐼𝑁:   𝑠𝑚𝑎𝑙𝑙 

𝑅𝐼𝐼𝑁:   𝑠𝑚𝑎𝑙𝑙 

𝐼𝐼𝑁 = 𝐼𝑂𝑈𝑇 

𝐼𝐼𝑁 

𝐼𝑂𝑈𝑇 

Current Mirror 
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Circuit Configuration and Operation(2) 

2016/10/23 

VGS2 
+ 

- M1 
M2 

MOS Nagata  

Current Mirror Circuit 

𝐼𝐼𝑁:   𝑙𝑎𝑟𝑔𝑒 

𝑅𝐼𝐼𝑁:   𝑙𝑎𝑟𝑔𝑒 

𝑉𝐺𝑆2 𝑏𝑒𝑐𝑜𝑚𝑒𝑠 𝑠𝑚𝑎𝑙𝑙𝑒𝑟  

𝐼𝐼𝑁 

𝐼𝑂𝑈𝑇 
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IIN-IOUT Characteristics 

2016/10/23 

𝐼𝐼𝑁 

𝐼𝑂𝑈𝑇 

𝐼𝐼𝑁 𝑚𝑎𝑥 

𝐼𝑂𝑈𝑇 𝑚𝑎𝑥 
narrow 

 Peak vicinity is narrow 

Improved point 

Wider 

𝐼𝐼𝑁 𝑚𝑎𝑥 =
1

4𝑅2𝐾1 1 + 𝜆𝑉𝐷𝑆1
 

𝐼𝑂𝑈𝑇 𝑚𝑎𝑥 =
𝑊 𝐿 2

4 𝑊 𝐿 1
∙

1

4𝑅2𝐾1

1 + 𝜆𝑉𝐷𝑆2
(1 + 𝜆𝑉𝐷𝑆1)

 

・・・ 1  

・・・ 2  

𝐾1 =
1

2
𝜇𝐶𝑜𝑥

𝑊

𝐿 1
 

𝜆: 
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Previous Improved Circuit 

Parallel 

 

Resistors 

Large chip 

area 

Problem 

Zachary Zehner Nosker 

Obtained Ph.D.  

from Gunma Univ. 

Kobayashi Lab.  

Inventor 

Zach’s circuit 
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Proposed MOS Reference Current Source 

2016/10/23 

Simple design 
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Proposed MOS Reference Current Source 

2016/10/23 

Multiples of Nagata current mirrors  

with different peaks and their sum. 
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MOS Reference Current Source Details 

2016/10/23 

Current source         VDD, Resistor 
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Cascode 

Cascode Configuration 

2016/10/23 

output current change 

Output voltage VOUT 

Total output current  IOUT_Total 

Change! 

Change! 

Keep  
Away 

Cascode  
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MOS Reference Current Source Operation 

2016/10/23 

total current 

𝑉𝐷𝐷 

𝐼𝑂𝑈𝑇 

Almost constant 

wide 

 Simple  

Reference Current Source  
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Advantage of Proposed Circuit 

𝐼𝑂𝑈𝑇 

𝐼𝑂𝑈𝑇 𝑡𝑜𝑡𝑎𝑙 

𝐼𝑂𝑈𝑇 2 

𝐼𝑂𝑈𝑇 3 

𝐼𝑂𝑈𝑇 4 

Proposed Original 

Narrow 

𝐼𝑂𝑈𝑇 

𝐼𝑂𝑈𝑇 5 

Wide!! 

𝑉𝐷𝐷 𝑉𝐷𝐷 
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Analysis of Proposed Circuit 

2016/10/23 

𝐼𝐼𝑁 𝑚𝑎𝑥 =
1

4𝑅𝑛−1
2 𝐾1 1 + 𝜆𝑉𝐷𝑆1

 

𝐼𝑂𝑈𝑇 𝑚𝑎𝑥 =
𝐾𝑛
4𝐾1

∙
1

4𝑅𝑛−1
2 𝐾1

1 + 𝜆𝑉𝐷𝑆𝑛
(1 + 𝜆𝑉𝐷𝑆1)

 

=
𝑊 𝐿 𝑛

4 𝑊 𝐿 1
∙ 1 + 𝜆𝑉𝐷𝑆𝑛 𝐼𝐼𝑁 𝑚𝑎𝑥 

  

(IOUT)max 

Change resistor values and MOSFET sizes 

Adjusted (IIN)max 

・・・ 3  

・・・ 4  
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SPICE Simulation Circuit 

2016/10/23 

LTspice 

TSMC 0.18um MOS model 
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SPICE Simulated Characteristics 

2016/10/23 

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙  ~ 4.56𝜇𝐴 

Constant over wide range of power supply (𝑉𝐷𝐷) 
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Influence of Resistor Variation 

2016/10/23 

𝟏𝟐. 𝟏𝒌 

𝟓𝟓𝟎𝒌 

𝟔. 𝟔𝒌 

𝟗. 𝟗𝒌 

𝟐𝟒. 𝟐𝒌 

 All resistance values :    uniformly shifted by ±10% 

450k 

5.4k 

8.1k 

9.9k 

19.8k 
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𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙 
= 4.56 𝜇𝐴 

𝐼𝑂𝑈𝑇 

Simulation Result 

2016/10/23 

𝑉𝐷𝐷 

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙 
= 4.10 𝜇𝐴 

Resistance value Variation 

  +10％ No variation   -10％ 

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙 
= 5.14 𝜇𝐴 

Resistance value Variation [％] +10 -10 

Total output current  

change rate [％] 

2.4 1.6 



27/38 

MOS Fast and Slow Models 

2016/10/23 

MOS model Threshold 𝑉  

Typical 0.369 

Fast 0.332 

Slow 0.406 

Change threshold voltage  

              by  ±10% 
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Simulation Results with Fast & Slow Models 

2016/10/23 

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙 
= 4.56 𝜇𝐴 

𝐼𝑂𝑈𝑇 
Typical Fast 

𝑉𝐷𝐷 

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙 
= 4.72 𝜇𝐴 

Slow 

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙
= 4.41 𝜇𝐴 

MOS model Fast Slow 

Total output current  

change rate [％] 

4.4 2.5 
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Proposed Bipolar Reference Current Source 

2016/10/23 



31/38 

Simulation Result 

2016/10/23 

Constant over wide range of power supply (𝑉𝐷𝐷) 
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Temperature Effect (1) 

2016/10/23 

𝐼𝑂𝑈𝑇_𝑡𝑜𝑡𝑎𝑙 

𝑉𝐷𝐷 

30℃ 
50℃ 

100℃ 

0℃ 

Proposed MOS circuit 

Proposed reference current 

source dose not consider 

temperature variation effect 

1℃  UP            about 0.023𝜇𝐴  UP 



34/38 

Temperature Effect 

2016/10/23 

Proposed Bipolar transistor circuit 

Proposed reference current 

source dose not consider 

temperature variation effect 

1℃ UP           about 0.015𝜇𝐴 UP 
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Conclusion 

2016/10/23 

Proposal of MOS & Biploar reference current sources 
                

                 Sum of multiple peaking currents 
 

 

Comparison 

Circuit Circuit 

Simplicity 

Chip 

Area 

Insensitivity 

to VDD 

Nagata Current Mirror 

Zach’s Circuit 

BandGap Reference 

Proposed Reference 

Current Source 

◎ 

◎ 

× 

○ 

○ 

◎ 

◎ 

◎ 

× 

△ 

△ 

△ 

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

温故知新 

 

Old invention by Dr. Nagata in 1966. 

                         & 

                   New idea 

 

       Very good analog circuit !! 

2016/10/23 
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Thank you for listening 

謝 謝 


