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An overview of several common used frequency compensations in the CMOS operational 

amplifiers is presented. The advantages and disadvantages for each of them are given based on 

mathematical analysis. Practical circuit examples are shown as well. The work is divided in two parts. 

The first one explains the need of frequency compensation in the operational amplifiers and 

demonstrates the simplest possible implementations. The second part describes advance solutions 

suitable for special cases, where the common used technics do not work, or have low performance. 

The comparison of all frequency compensations presented in the paper is summarized together with 

some advises for their use. 
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Introduction 
The operational amplifiers (OpAmps) are widely 

used in applications like analog signal processing, 
continues-time SD ADCs, reference- and supply 
voltage generators. In general, an OpAmp is a DC 
high gain amplifier with differential input, which is 
used in circuits with negative feedback. It is well 
known, the stability of a system with negative 
feedback must be assured. This stability depends on 
both the feedback and the amplifier. The feedback can 
improve or degrade it. We assume for simplicity in 
this paper, that the feedback loop has a unity-gain 
transfer function (Fig.1) and do not impact the 
stability of the system. 
 

 
Fig.1. OpAmp in unity gain feedback loop. 

 

 
Fig.2. Operational transconductance amplifier. 

The operational transconductance amplifier 
(OTA), whose basic implementation and symbol are 
shown in Fig.2, is a DC high gain amplifier with 
differential input. It has only one dominant pole (at its 
output) and therefore can be used in circuits with 
negative feedback without concerns about the stability 
of the system. But the OTA cannot drive resistive load 
and is suitable only for circuits with capacitive 
feedback: gm-C filters, switch-capacitor circuits, 
integrators. 
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Fig.3. Two-stage amplifier. 

When a second stage in common source 
configuration is added after an OTA, the new circuit 
can already drive resistive loads. It is a DC high gain 
amplifier with differential input. The question now is, 
if it is possible to use this circuit in a close loop 
system guarantying its stability. To answer it, the 
location of the poles of the transfer function has to be 
considered. Let’s see Fig.3, where Rload and Cload 
are the resistance and the capacitance of the load, 
r_out1 and Cout1 are the output resistance and 
capacitance of the OTA, and Cin2 is the input 
capacitance of the second stage. Usually Rload << 
r_out1 and Cload >> (Cout1+Cin2) . Therefore, the 
both poles -1/(Rload*Cload) and -
1/[r_out1*(Cout1+Cin2)] are comparable. Let’s take 
an example: the ratio of the pole frequencies is 10, the 
first stage has DC gain 60dB and the second stage has 
DC gain 20dB. The Bode magnitude plot is shown in 
Fig.4. This amplifier has a phase margin (PM) of 
about 2 degrees. No high-frequency poles and positive 
zeros are taken in to account, which are always 
present and decrease the PM additionally.  
 

 
Fig.4. Bode magnitude plot of two-stage amplifier. 

To use the circuit in Fig.3 as an OpAmp, an extra 
circuit called frequency compensation must be added 
inside. The frequency compensations change the poles 
locations and some of them add negative zeros in the 
transfer function of the OpAmp. The goal is to obtain 
one dominant pole system like an OTA, or system 
with N poles and N-1 negative zeros in the gain-
bandwidth (GBW) of the amplifier (Fig.5). 
 

 
Fig.5. Bode magnitude plots of OpAmps. 

There are two additional requirements for the 
OpAmps besides the already mentioned: to have high 
input- and low output resistance. The high input 
resistance is achieved easily for CMOS OpAmps by 
using input differential stage in common source 
configuration. The low output resistance of amplifier 
with a feedback can be achieved either by building an 
amplifier with low output resistance or using the fact, 
that the high open-loop gain lowers the output 
impedance. The CMOS OpAmps with second stage in 
common source configuration uses this property at 
low frequency and most of them have local AC 
feedback, which reduces the output resistance at high 
frequencies. 

Two-stage OpAmp with Miller frequency 
compensation 

The idea of the Miller frequency compensation 
(MFC) is to make the transfer function of the OpAmp 
like this one of the OTA, with only one pole in its 
GBW. 
 

 
Fig.6. Miller frequency compensation. 

OpAmp with MFC is shown in Fig.6. А capacitor 
Cc (called compensation- or Miller capacitor) is 
connected between the input and the output of the 
second stage. Cgs2 presents the sum of the gate-
source capacitance of the output transistor and the 
output capacitance of the OTA. The gate-drain 
capacitance of the output transistor is neglected, 
because it is much smaller than Cc. If an OTA like 
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this one in Fig.2 is used here, it creates a pole and a 
zero at two times the pole frequency in the transfer 
function of the OpAmp. This is caused by the current 
mirror serving as an active load and can decrease the 
PM. Nevertheless, we will neglect these pole and zero 
and represent the OTA with a simple transfer function 
gm1, where gm1 is the gm of the input transistors of 
the OTA. We do so, because first this issue does not 
exist in full-differential implementations, which 
dominate in the low-voltage CMOS circuits. Second, 
it is usually possible to move the pole (and the zero) 
away enough from the unity-GBW of the OpAmp in 
the single-ended applications. The transfer function of 
the circuit in Fig.6 is: 

Vout/Vin = gm1*r_out1*(gm2-s*Cc)*Rload /  
[1 + s*(gm2*Rload*Cc*r_out1+Cc*r_out1+ 
Cgs2*r_out1+Cload*Rload) + 
s²*r_out1*Rload*(Cload*Cc+Cload*Cgs2+ 
Cc*Cgs2)]  

Commonly, we can choose gm1, gm2 and Cc such, 
that the both poles are very different. Then:  

the dominant pole = -1/ (gm2*Rload*Cc*r_out1+ 
Cc*r_out1+Cgs2*r_out1+Cload*Rload) 
the non-dominant pole = -(gm2*Rload*Cc*r_out1+ 
Cc*r_out1+Cgs2*r_out1+Cload*Rload) / 
[r_out1*Rload*(Cload*Cc+Cload*Cgs2+ Cc*Cgs2)] 

Usually, the gain in the second stage is > 1 and if 
Cload is not an external capacitor in µF range or 
larger, the expressions for the poles can be simplified 
to: 

the dominant pole = -1/(gm2*Rload*Cc*r_out1) 
the non-dominant pole = -
gm2*Cc/[Cload*(Cc+Cgs2)] 

The non-dominant pole has to be at higher 
frequency than the unity-GBW. The stability 
improves, when this pole frequency increases. 
Therefore, MFC operates better when Cc > Cgs2. In 
this case the non-dominant pole = -gm2/Cload 

 

 
Fig.7. Pole splitting 

a At the output of the first stage 

b At the output of the second stage 

MFC makes the frequency of the pole at the output 
of the first stage lower, and the frequency of the pole 
at the output of the second stage higher (pole 
splitting). The capacitance at the output of the first 
stage is increased with Cc*gain of the second stage 
(Miller effect), which lowers the frequency of the pole 
there (Fig.7a). The compensation capacitor shorts the 
gate and the drain of the transistor in the second stage 
at high frequencies. This diode-connected transistor 
decreases the output resistance and the pole at the 
output moves to higher frequencies (Fig.7b). Last but 
not least, interesting property of the MFC is, that if the 
gain of the second stage drops below 1, the unity-
GBW of the OpAmp drops too, which improves its 
stability. Fig.8 shows the desired Bode magnitude plot 
of OpAmp with MFC. 
 

 
Fig.8. Bode magnitude plot of OpAmp with MFC. 

Two-stage OpAmp with MFC and gm boosting 
Major limit of the MFC is the output pole -

gm2/Cload. It has to be at higher frequency than the 
unity-GBW. This demands small Cload, which is not 
always possible, or big gm2, which means high 
current consumption.  
 

 
Fig.9. Two-stage OpAmp with MFC and gm boosting. 

The idea of this frequency compensation is to 
improve the MFC by increase the gm of the output 
stage without additional current through the output 
transistor. Theoretically very attractive, it is difficult 
to achieve significant increase of gm (usually < 5). 
This practical limitation is caused by the requirement 
the inner loop (Fig.9) to be stable. Important 
disadvantage of this frequency compensation 
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compared to the MFC is that Cc is not connected 
directly to the gate of the output transistor. This 
causes high output resistance at high frequencies, 
because of the slow local feedback.  

Two-stage OpAmp with Miller frequency 
compensation and nulling resistor 

A zero = gm2/Cc appears in the transfer function 
of OpAmp with MFC, because there are two signal 
paths of different types (resistive and capacitive) from 
the output of the first stage to the output of the second 
stage. They are with opposite signs and therefore the 
zero is positive. The path with negative sign is 
through the output transistor and the path with 
positive sign is through Cc (Fig.6). If gm2 > 10*gm1, 
then the effect of the positive zero on the transfer 
function can be neglected. Else, the impact of the 
positive zero has to be reduced or removed to avoid 
decrease of the stability. One very simple and 
effective solution is the additional resistor Rz (Fig.10). 
Now, the frequency of the zero is  

gm2/[(1-gm2*Rz)*Cc]  
and can be made negative with a big enough Rz. 
 

 
Fig.10. Miller frequency compensation with nulling 

resistor. 

An additional pole = -(Cc+Cgs2)/(Rz*Cc*Cgs2) 
appears in the transfer function of the circuit. 
However, this frequency is usually very high 
compared to the unity-GBW of the OpAmp and its 
impact is negligible. 

If Rload and Cload do not change and are known, 
then a non-dominant pole at lower frequency than the 
unity-GBW of the OpAmp can be canceled with this 
zero (Fig.11). Thus, it is possible to save current in the 
output stage. If Rz is too large, then the inner loop 
could become unstable (Fig.12a). Adding a small 
capacitor as shown in Fig.12b [1] improves its 
stability. If Cload does not change and is known, the 
zero can still be used to cancel the non-dominant pole. 
In this case the frequency of the zero has to track the 

changes of the gm of the output stage. It can be 
achieved with the circuit in Fig.13 [2].  
 

 
Fig.11. Bode magnitude plot of OpAmp with MFC and non-

dominant pole inside the GBW 

a Without nulling resistor 

b With nulling resistor and negative zero equal to the non-

dominant pole. 

 

 
Fig.12. Improving stability of the inner loop in the MFC. 

 

 
Fig.13. Using a transistor as a variable resistor depending 

on the current through the output stage. 

The compensation capacitor has usually a bigger 
parasitic capacitance to the substrate than the nulling 
resistor. Additionally, this parasitic capacitance is 
quite different on both terminals, especially if MOS 
capacitors are used. The parasitic capacitor Cp affects 
less the stability ot the OpAmp, when the nulling 
resistor and the compensation capacitor are connected 
like in Fig.14a. The PM decreases more for the 
implementations in Fig.14b,c,d. 
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Fig.14. possible connections of Cc and Rz 

Using MOS transistor instead of resistor like in 
Fig.13 demands the same positioning too. 

The Miller frequency compensation with a nulling 
resistor is used much more often than the MFC, 
because of the possibility to improve the stability of 
the OpAmp by the negative zero. Therefore, it is 
usually called MFC as well.  

Two-stage OpAmp with parallel frequency 
compensation 

The idea of the parallel frequency compensation 
(PFC) is to create a zero, which cancels the dominant 
pole of the second stage. The dominant pole of the 
first stage moves thereby to lower frequency.  
 

 
Fig.15. Parallel frequency compensation. 

An OpAmp with PFC (Fig.15) has the same DC 
gain like an OpAmp with MFC, dominant pole of the 
first stage = -1/[r_out1*(Ccomp+Cgs2)] ,  
zero = -1/(Rcomp*Ccomp) , non-dominant pole = -
1/[Rcomp*Ccomp*Cgs2/(Ccomp+Cgs2)] and 
dominant pole of the second stage = -1/(Rload*Cload)  

If the dominant pole of the second stage and the 
zero are equal (Rload*Cload = Rcomp*Ccomp) , then 
the unity-GBW = gm1*(gm2*Rload)/(Ccomp+Cgs2). 

 If the pole frequency is lower, the unity-GBW 
decreases. If the pole frequency is higher, the unity-
GBW increases. The PFC needs a gain of the second 
stage times bigger compensation capacitor for the 
same GBW compared to the MFC. A solution 
allowing reduction of Ccomp is the active capacitor 
multiplier [3]. It is often difficult to track 
Rcomp*Ccomp and Rload*Cload especially for extern 
loads. Additional disadvantage of the PFC is, that the 

unity-GBW depends on the gain of the output stage. 
Because of all these reasons, the PFC is seldom used 
in the two-stage OpAmps.  
 

 
Fig.16. Two-stage OpAmp with source follower second 

stage 

a Parallel frequency compensation 

b Using a transistor as a variable resistor depending on the 

current through the second stage 

It has to be mentioned, the PFC is exclusively 
implemented in the two-stage OpAmps with source 
follower (common drain) second stage. Here 
(Fig.16a), the gain of the second stage is about 1 and 
thus the unity-GBW = gm1/Ccomp , the pole of the 
second stage = -gm2/Cload and the  

zero = -1/(Rcomp*Ccomp).  
Compared with the OpAmp in Fig.15, the 

frequency compensation is much more robust, because 
the unity-GBW does not depend on the load 
resistance. Additionally, the frequency of the zero can 
be made to track the changes of the gm of the output 
stage, which is shown in Fig.16b. However, the two-
stage OpAmp with source follower second stage is not 
suitable for the new low-voltage CMOS technologies, 
due to its limited output voltage range.  

Conclusion 
The frequency compensation ensures the stable 

operation of an operational amplifier with negative 
feedback. There are many different ways to make a 
frequency compensation for a CMOS OpAmp. The 
Miller frequency compensation with a nulling resistor 
is very simple one and needs only two relatively small 
additional components. Nevertheless, it is very robust 
and very effective in many cases. 
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