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Abstract— A two stage op-amp topology with a class AB 

output current buffer is used with both Miller compensation and 
indirect compensation techniques. The topologies are 
characterized and the results are compared with respect to the 
slew rate, frequency response, phase margin, power 
consumption, PSRR, and CMRR of the op-amp. 
 

Index Terms—Diff Amp, Op Amp, Indirect Compensation, 
Miller Compensation, Feed Forward Compensation 
 

I. INTRODUCTION 
ONSIDER the op-amp topology shown in fig 1. An analysis 
of this circuit will show that the slew-rate is given by rs = 

Is/Cc while the unity gain crossover frequency is ωun = gm1/Cc 
[1]. In consideration of sizing the devices, if Iref is increased 
(quadrupled) with the device width held constant, gmn 
increases (doubles). Consequently, if the unity gain frequency 
is held constant, then the compensation capacitance must 
increase (double). In this case, the slew rate will increase 
(double) for an increase in current and power consumption 
(quadruple). However, if the width of the devices are 
increased with the bias voltages held constant, gmn and Iref 
increase at the same rate and the compensation capacitance 
must be increased as well to leave ωun unchanged. Thus, we 
can conclude this initial discussion by saying that the selection 
of device sizes depends on trade-offs between stability (phase 
margin), slew-rate, and power consumption.  
 

 
Fig. 1.  Folded cascode diff amp with floating current buffer output and with 
indirect compensation [2]. 
 
 
 
 

 

The TSMC 180nm mixed mode process is used in this 
paper and all of the simulations are done in Cadence. As such, 
for the fastest slew-rate, the smallest channel length of L = 1 
(180 nm) will be used, and at this length, the device is in the 
short channel regime and will require short channel 
topologies. 

The 180 nm process characterization is given in Table 1. 
There are additional W/L device ratios used, and their gm and 
ro values will be listed when used. 

 

 
Table. 1.  TSMC 180 nm device characterization. 

 

II. BIASING CIRCUIT 

i. Beta-multiplier reference (BMR) 
 

A multiplier of K = 4 was chosen so that M1 = 40/1. The 
transconductance of M1 in fig. 2 @ ID = 10 uA, is gmn = 182 
uA/V, and gives the resistance R = 1/gm = 5.5 k. Also, for ID = 
45.3 uA,  gmn = 500 uA/V for which R = 2.0 k. As it turns out, 
these latter values will give the desired slew-rate of 500V/us 
for the topology in fig 1. 

 
Fig. 2.  Beta-multiplier reference and start up circuit [2]. 
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ii. Biasing voltages 
The beta-reference voltage is fed into the biasing circuit 

shown in Fig 3. Vbias1-4 set the voltages for the current sources 
seen in Fig 1, and the Vncas and Vpcas are used for the floating 
current output buffer.   

MWS1 must be chosen so that the VGS of MWS1 is 2VDS,sat 
+ VTHN, and this corresponds to a 10/10 MWS1. The same 
applies to MWS2, for which the VSG of MWS2 should be  
2VSD,sat + TTHP, so the MWS2 is 20/10.  

 
Fig. 3.  Short channel biasing circuit. Unlabeled NMOS are 10/1 and PMOS 
are 20/1 [2]. 

 

iii. Biasing simulation results 
 

 
Fig. 4. The bias voltages are Vbias1 = 1.12V, Vbias2 = 633 mV, Vbias3 = 913 mV, 
Vbias4 = 622 mV, Vncas = 1.367 V, and Vpcas = 278 mV. These are the results for 
the BMR resistor = 2.0k. 

  
 As per the discussion in the introduction, the device sizing 

of the bias circuit is chosen to be smaller than that of the 
sizing used in the op-amp to boost the current consumption of 
the op-amp, which will have the effect of increasing the slew 
rate at the expense of increasing the power consumption. 

 

III. COMPENSATION TECHNIQUES 
Figure 1 shows the indirect compensated op-amp. The 

compensation capacitors are connected to the low impedance 
node of MC1 and MC2.  The total compensation can be 
approximated as one capacitor (Cc = Cc1 + Cc2) feeding a low 
impedance node at MC2, so the poles can be approximated by 
[1],        

 
! p1 = 1 / (gm2R1R2Cc )                  (1a)                 

 Re(! p2,3 ) =
gm2gmc
CcC1

                                                (1b) 

and the zeros are approximated by, 

! z1,2 = ±
gm2gmc
CcC1

,                                                      (1c)                            

 
where C1 ≈ CSGMF2 + CGSMF1 + CGDMC2 + CDGMC1 + CSDMF2 + 

CDSMF1,  R1 ≈ Rocasn || Rocasp, and R2 ≈ roMOP || roMON. Also, the 
low frequency gain of the topology in fig 1, is given by [1], 

 
A = gnm (Rocasn || Rocasp )(gmn + gmp )(romon || romop )     (2) 

 
The slew rate is limited by the compensation capacitance Cc 

and is Is/Cc, and the unity gain frequency is ωun = gm1/Cc. For 
the Miller compensation shown in Fig 5, the same equations 
hold for the slew rate and unity frequency. However, the non-
dominant pole (ωp2) is given by gm2/CL for Miller 
compensation [1], which is considerably lower in magnitude 
than the non-dominant pole of the indirect compensation. 
Therefore, to achieve a good phase margin, the Miller 
capacitance must be significantly larger than the indirect 
equivalent, so it is easier to achieve a faster slew rate using the 
indirect compensation method. 

 

Fig. 5. Miller compensated op-amp. Rz = 2*(1/gm2) = 500 Ω. Rz  is the RHP 
zero nulling resistance; the factor of 2 is from the two resistors being ‘in 
parallel’ . The compensation capacitance is Cc = 800f [2]. 

 
The phase margin (PM) is chosen to correspond to a second 

order approximate model with two poles in the LHP |fp1| < 
|fp2|. The optimal value of ζ = 1/√2 minimizes the settling time 
of the two pole open loop transfer function. This second order 
system approximates a more complicated transfer function as 
long as any additional poles occur to the left of fp2 and any 
zero has a frequency greater than fun. In this case, any 
frequency components that are greater than fun become 
attenuated and the system looks like a second order system. 
Consequently, the root locus as a function of the gain β ≥ 1 
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lies in the open LHP per the second order system. 
 

IV. MATLAB MODEL 
 

Using gmn = 2.4 mA/V = gm1 = gmc, ron = 17.5 k, romon = 2.33 
k, romop = 4.53 k, gmp = 2.0 mA/V, gm2 = 4.0 mA/V, and rop = 
34 k, then using the equations above, A = 79.2 dB, fp1 = 100 
kHz, fp2,3 = 1.35 GHz = ±z1,2, and C1 = 113 f. These values 
produce the following Bode plot. 

 
 

 
Fig. 6. Matlab Bode magnitude and phase plot of the transfer function model 
of the indirect topology. The phase margin is about 50o. 

 
  

Fig. 7. Matlab Nyquist plot of the transfer function model of the indirect 
topology. The system is stable because the number of enclosed poles and 
zeros is N = P = 0, and Z = 0. 

 

V. SIMULATION RESULTS 
  

i. Frequency Response 
 

Fig. 8.  Magnitude (red) and phase (blue) response of the indirect topology of 
fig 1.  

 

 
Fig. 9.  Magnitude (green) and phase (blue) response of the Miller topology of 
fig 5. The phase margin is 87.9o, and fun = 523 MHz 

 
The frequency response of the simulation of the indirect 

topology (fig 8) agrees well with the Bode plot of the 
simplified transfer function in Fig 6.  The phase margin was 
measured to be 64o from the simulation (about 50o from 
Matlab) and the unity cross-over frequency was measured to 
be 591 MHz as apposed to the fun value from the calculation of 
gm1/(2πCc) = 524.7 MHz. Also, the dc gain from simulation is 
79 dB as apposed to 79.2 dB from the equations, and the poles 
and zeros appear to be consistent as well. 

ii. Step Response 
 

 
Fig. 10.  Input (red) and output (blue) of the indirect topology subject to an 
input step of 0 V to 1.8 V. Here the a slew-rate of 500 V/us is achieved with a 
BMR resistor of 2.0 k. The input pulse duration is 40 ns. The slew-rate 
measurement can be seen in this figure on the left where the voltage is 
increasing. 
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Fig. 11. Input (red) and output (blue) of the indirect topology subject to an 
input step of 0 V to 1.8 V. Here the a slew-rate of 144 V/us is achieved with a 
BMR resistor of 5.5 k. 
 
 The two step response plots above (fig 10 & 11) illustrate 
the difference in the slew rate by using different values of R in 
the BMR circuit. The first plot corresponds to a reference 
current of 45.3 uA, and the second, to a reference current of 10 
uA. 
 

 
Fig. 12.  Input (red) and output (blue) of the indirect topology subject to an 
input step of 800 mV to 1.0 V. A BMR resistor of 2.0 k is used here. 
 

 
Fig. 13.  Input (red) and output (blue) of the indirect topology subject to an 
input step of 900 mV to 905mV. A BMR resistor of 2.0 k is used here. The 
settling error is 55.2 uV. 

 

 
Fig.  14. Input (red) and output (blue) of the Miller topology subjected to an 
input step of 100mV to 1.7V. A slew rate of 291 V/us occurs here. A BMR 

resistor of 2.0 k is used here. 
 

 
Fig.  15. Input (red) and output (blue) of the Miller topology subjected to an 
input step of 900mV to 905mV. A BMR resistor of 2.0 k is used here. The 
settling error is 15 uV. 

iii. Power Consumption 
 The op-amp (both Miller and the indirect topology) 
consumes 1.989 mA for a BMR resistor value of 2.0 k, and the 
biasing circuit uses 325.8 uA, so both the biasing circuit and 
the op-amp consume a total of 4.17 mW of power. For a BMR 
resistor value of 5.5 k, the total power consumption reduces to 
1.48 mW. 
 

iv. PSRR 
Power supply rejection ratio measures the sensitivity of the 

op-amp to variations of the power supply rails [2].  
 

 
Fig. 16 Frequency sweep of the indirect topology of the PSRR_minus. The 
low frequency limit is PSRR_minus = 75.8 dB. 

 

 
Fig. 17 Frequency sweep of the indirect topology of the PSRR_plus. The low 
frequency limit is PSRR_plus = 82.11 dB. 
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Fig. 18 Frequency sweep of the Miller topology of the PSRR_minus. The low 
frequency limit is PSRR_minus = 72.8 dB. 
 

 
Fig. 19 Frequency sweep of the Miller topology of the PSRR_plus. The low 
frequency limit is PSRR_plus = 70 dB. 
 
 

v. CMRR 
Common mode rejection ration measures the ability of  a 

diff amp (or opamp) to reject simultaneous input voltages [2]. 
 

 
Fig. 20 Frequency sweep of the indirect topology of the CMRR. The low 
frequency limit is CMRR = 71.23 dB. 
 

 
Fig. 21 Frequency sweep of the Miller topology of the CMRR. The low 
frequency limit is CMRR = 75 dB. 

 
 

VI. CONCLUSION 
 The topology of Fig 1 uses a folded cascode diff amp 
cascaded with a class AB current buffer. The folded cascode 
diff amp has the advantage to the telescopic diff amp in that it 
has better positive PSRR [2]. The lower gain of the folded 
cascode was not a concern, as the gain of the second stage is 
more than enough to exceed 60 dB.  
 The temperature dependency is dominated by the resistor in 
the BMR circuit; the current is set by that resistor, so a change 
in the temperature changes the current consumed by the whole 
opamp which changes the slew rate. 
 Indirect compensation allows for a lower Cc for a given 
phase margin, so the slew-rate of the indirect compensation is 
better (faster) than Miller compensation. Feed forward 
compensation is not limited by a compensation capacitor, so 
the slew rate can theoretically eliminated; the RC time charge 
curve of the load is still evident, however. 
 Both the Miller and indirect compensation methods are 
slew-rate limited by the capacitance Cc, and the slew-rate can 
be improved by increasing the reference current at the expense 
of increasing the power consumption. The final op-amp design 
used a bias circuit with sizing 10/1, while the op-amp used a 
sizing of 50/1, so the power consumption is high at 4.17 mW, 
but the slew rate of 500 V/us was achieved for the indirect 
compensation topology with a dc open loop gain of A = 79 
dB. 
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