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Introduction

Many feedback circuits require an op amp with a high voltage gain.  Three or more voltage-gain stages must be cascaded to meet the desired gain.  Frequency compensation becomes complicated due to the three or more poles of multistage amplifier.
Objective: Three-stage amplifiers based on nested-Miller compensation techniques and a forward transconductance stage improves frequency response and stability.
Multi-Disciplinary Nature of the Project

I used 0.35 um TSMC process technology for HSPICE.  I got help on this project from students, Hillary Ricky, Roderick Nelson, Dr. Guturu, Taiwan Semiconductor Manufacturing Company Limited (TSMC).  The discipline of this project is in Electrical Engineering.  
Theory
Block diagram and small-signal model of a three-stage amplifiers based on nested-Miller compensation techniques and a forward transconductance stage, shown in Fig.1 and Fig.2.  Main blocks of amplifiers: tranconductance gm(1,2,3), feedforward transconductance gmf, output resistance r(1,2,3), parasitic capacitance c(1,2,3), compensation capacitance cm and cm2, and load capacitance cL.  Miller capacitance cm and cm2 performs a negative feedback path to split the poles. A transconductance gmf, provides a feedforward path to move the zero to infinity which increase the stability of OP amp
Block diagram of OP Amp
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Fig.1




A small-signal model of OP Amp
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Fig.2




Analysis of OP Amp circuits

At node V1, V2 and V3 in Fig. 2, KCL yields the following 3 nodal equations:
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3 poles
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Zero in LHP

The constant coefficient (n0) in the numerator includes negative terms only.  The coefficient (n1) of s in the numerator includes both positive and negative terms.  z=-n0/n1 <0 implies a negative value of n1 with a negative value of n0.

By properly choosing gmf, zero are in the LHP.

Pole relocation
The pole-splitting method gives the approximation value of p1,p2 and p3.  The dominant pole p1 are smaller due to the extra term with gmf.  p2 and p3 are also changed due to the added term that includes gmf.  The feedforward transconductance gmf not only moves the zero to the LHP, but makes poles more widely spaced. 

Circuit diagram
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 A circuit diagram of three-stage op amp with Nested-Miller compensation techniques and a forward transconductor is shown in Fig.3.

In the three-stage op amp, the first gain stage is realized by transistors M1-M7 with a nMOS input differential pairs.

The second noninverting gain stage and the third stage are implemented by transistors M8-M11 and M12-M13, respectively

The compensation capacitor Cm  and the forward transconductor gmf (M12) are connected between the output of the first stage and output stage, respectively. 

The second compensation capacitor Cm2 is connected between the output of the second stage and output stage.

HSPICE

*netlist :

.subckt opa vin+ vin- vdd vss vout 

MM1 1 vin- 2 vss nch W=5u L=1u

MM2 7 vin+ 2 vss nch W=5u L=1u

MM3 1 1 vdd vdd pch W=15u L=1u

MM4 7 1 vdd vdd pch W=15u L=1u

MM5 2 4 vss vss nch W=30u L=1u

MM6 4 4 vss vss nch W=30u L=1u

MM7 vdd vdd 4 vss nch W=1u L=10u

MM8 5 7 vdd vdd pch W=30u L=1u

MM9 5 5 vss vss nch W=15u L=1u

MM10 6 1 vdd vdd pch W=35u L=1u

MM11 6 5 vss vss nch W=15u L=1u

MM12 vout 7 vdd vdd pch W=200u L=1u

MM13 vout 6 vss vss nch W=22u L=1u

cm 7 vout 10p

cm2 6 vout 2p

.ends 
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 0.           -406.3858u  

   10.00000m      9.5946m  

   20.00000m     19.5956m  

   30.00000m     29.5966m  

   40.00000m     39.5976m  

   50.00000m     49.5985m  

   60.00000m     59.5994m  

   70.00000m     69.6003m  

   80.00000m     79.6012m  

   90.00000m     89.6021m  

  100.00000m     99.6029m  

  110.00000m    109.6037m 

input offset voltage = 0.4mV 

Magnitude plot 
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Phase plot (phase margin = 51.9o) [image: image11.png]*three-stage-opamp av¥
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Poles

poles (rad/sec)                         poles ( hertz)

**********************************************************************

    real              imag                 real             imag 

 -164.9788          0.                 -26.2572          0.          

  -24.7824x        61.3314x        -3.9442x         9.7612x     

  -24.7824x       -61.3314x        -3.9442x        -9.7612x     

 -967.3500x         0.               -153.9585x         0.          

   -2.7664g           0.               -440.2783x         0.          

   -4.7599g           0.               -757.5598x         0.          

   -7.1673g           0.                   -1.1407g         0. 

Zeros

zeros (rad/sec)                         zeros ( hertz)

**********************************************************************

    real              imag                    real            imag 

  -29.9495x          0.                   -4.7666x         0.          

  635.4138x         0.                 101.1292x        0.          

   -3.0973g           0.                -492.9501x        0.          

   -3.4791g          -2.9181g      -553.7236x      -464.4357x     

   -3.4791g           2.9181g      -553.7236x       464.4357x     

   -4.7420g           0.                -754.7166x         0.          

  157.2741g          0.                  25.0309g          0. 

Power dissipation 
and transfer Characteristics

total voltage source power dissipation=    4.5864m       watts

  small-signal transfer characteristics

      v(vout)/vin =  134.5257k

     input resistance at  vin   =  1.000e+20

      output resistance at v(vout) =   21.6115k 
CMRR (Common-Mode Rejection Ratio) [image: image12.jpg]Voo
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PSRR (Power Supply Rejection Ratio) [image: image14.jpg]Vas




 
PSRR+ (positive)
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PSRR- (negative)
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ICMR (Input Common-Mode Range) [image: image17.jpg]Viv
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Slew Rate
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Simulation result
[image: image23.png]spec Simulation result
Toad condition T00p £
Supply voltage (V) £25
Gffect voltage(mV) 04

DC Gain (dB) 102
CMER(dB) 75
Gain-bandwidth(MEHz) il

Phase margin (degree) 518
PSREHB) 724
PSRR-(dB) 713

TOME (V) 131207
SRHV/us) 81
SR-(Vfus) 65

Power dissipation (mW) 23
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Conclusion
Nested-Miller compensation techniques with a forward transconductance stage for three-stage amplifier, moves the zero into LHP and splits poles which results in an improvement of  the voltage gain, stability and bandwidth.

