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6.1 OpAmp applications 
Typical applications of OpAmps in analog integrated circuits:  
(a) Amplification and filtering 
(b) Biasing and regulation 
(c) Switched-capacitor circuits 



The classic Two-State OpAmp 
The two-stage circuit architecture has historically been the most popular approach to 
OpAmp design.  
 
It can provide high gain and high output swing.  
 
It is an excellent example to illustrate many important design concepts that area also 
directly applicable to other designs.  
 
The two-stage refers to the number of gain stages in the OpAmp. The output buffer is 
normally present only when resistive loads needs to be driver. If the load is purely 
capacitive, it is not needed.  
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The classic Two-State OpAmp 
The load is assumed capacitive.  
 
The first stage is a pMOS differential pair with nMOS current mirrors. Second stage 
is a common-source amplifier.   
 
Shown in the diagram are reasonable widths in 0.18um technology (length all 
made 0.3um).  Reasonable sizes for the lengths are usually 1.5 to 10 times of the 
minimum length (while digital circuits usually use the minimum).  
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6.1.1 OpAmp gain 
For low-frequency applications, the gain is one of the most critical parameters. 
Note that compensation capacitor Cc can be treated open at low frequency. 

Overall gain Av=Av1*Av2 
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Example 6.1 (page 244) 

It should be noted again that the hand 
calculation using the approximate equations 
above is of only moderate accuracy, especially 
the output resistance calculation on rds. 
Therefore, later they should be verified by 
simulation by SPICE/SPECTRE. 
 
However, the benefit of performing a hand 
calculation is to give an initial (hopefully good) 
design and also see what parameters affect the 
gain.  
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6.1.2 Frequency response: first order model 
At frequencies where the comp. capacitor Cc has caused the gain to decrease, but 
still at frequencies well below the unity-gain frequency of the OpAmp. This is 
typically referred to as Midband frequencies for many applications.  
 
At these frequencies, we can make some simplifying assumptions. First, ignore all 
other capacitors xcept Cc, which typically dominates in these frequencies. Second, 
temporarily neglect Rc, which has an effect only around the unity-gain freq. of the 
OpAmp.  The resulting simplified circuit is shown below.  
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6.1.2 Frequency response: first order model 

Ceq 

Using the above equation, we can approximate the 
Unity-Gain frequency as follows:  

For a fixed wta, power consumption is minimized by 
small ID, therefore small Veff1.  
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6.1.2 Frequency response: second order model 
In the second-order model, it is assumed that any parasitic poles in the first stage are at frequencies much higher 
than the wta and can therefore be ignored (except at the node V1).  

Cgd2 and Cgd4 may be included 

Cgd6 may be included (Cgd7 may be lumped to Cc) 

Assume Rc=0 at first, then 

Assume that the two poles are widely separated, 
then the denom. of Av(s) is  



Chapter 6 Figure 05 

6.1.2 Frequency response: second order model 

From the two poles, increasing gm7 is good to separate them more; also increasing Cc 
makes wp1 smaller. Both make the OpAmp more stable.   
However, a problem arises from the zero, as it gives negative phase shift in the transfer 
function, which makes stability difficult.  Making Cc large does not help as wz will reduce 
too. Increasing gm7 helps at the cost of power. Wta<0.5wp2 for 65 degrees of phase margin.  



Chapter 6 Figure 06 

6.1.3 Slew rate 
The maximum rate at which the output of an OpAmp can change is limited by the finite 
bias current.  
 
When the inputs change too quickly the OpAmp’s output voltage changes at its maximum 
rate, called slew rate. In this case, the OpAmp’s response is nonlinear until it is able to 
resume linear operation without exceeding the slew rate. 
 
Such transient behavior is common in switched-capacitor circuits, where the slew rate is a 
major factor determining the circuit’s setting time.  
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Example 6.4 (page 249) 

=0.2V 

Case 1:  

Case 2:  note that linear settling starts 
when output Vo reaches 0.8V. Initially 
slew rate for (1-0.2)/SR=0.8us, then it 
needs another                                 time 
constants.  So total  If no slew rate limiting  



6.1.3 Slew rate 

(In fact, it requires the ID6>ID5) 

From first 
order model 
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6.1.4 nMOS or pMOS input stage? 
The choice depends on a number of tradeoffs.  
 
First, the gain does not seem to be affected much to first order.  
 
Second, have pMOS input stage allows the second stage be nMOS common-source 
amplifier to that its gm can be maximized when high frequency operation is important, as 
both wp2 and wta are proportional to gm. (gm of nMOS is larger under the same current and 
size).  
 
Third, if the third stage of source follower is needed, then an nMOS version is preferable as 
this will have less voltage drop. (but it is not used when there is only capacitive load).  
 
Fourth, noise is a concern. Typically, pMOS helps reduce the noise.  
 
In summary, when using a two-stage OpAmp, the pMOS input stage is preferred to 
optimize wta and minimize noise.  



6.1.5 Systematic offset voltage 
When designing two-stage OpAmp, the sizes of transistor has to be carefully set to avoid 
inherent or systematic input offset voltage.  
When input differential voltage is 0, VGS7 should be what is required to make ID7 equal to 
ID6.  

Also, note that 

Also 

Finally 

By meeting these constraints, one can achieve a smaller offset voltage (it may still exist 
due to mis-match of transistors).   
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6.2 OpAmp compensation 
Optimal compensation of OpAmps may be one of the most difficult parts of design.  Here a 
systematic approach that may result in near optimal designs are introduced that applies to 
many other OpAmps.  
 
Two most popular approaches are dominant-pole compensation and lead compensation.  
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A further increase in phase 
margin is obtained by lead 
compensation which introduces 
a left half plane zero at a 
frequency slightly greater than 
the unity gain frequency wt.  If 
done properly, this has minimal 
effect on wt but gives an 
additional 20-30 degrees of 
phase margin.  



6.2.2. Dominant pole compensation 
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Especially if the load capacitor CL dominants so that the second pole wp2 

is relatively constant when Cc changes (see slide 10).   



6.2.2. Lead compensation 

This results in a number of design opportunities:  
1.  
2. One can make Rc larger so that wz cancels the non-dominant pole (pole-zero 
canceling), this requires: 
 
 
3. The third way is to take Rc even larger so that it is slightly larger than the unity gain 
frequency that would results if the lead resistor were not present. For example, if the 
new wz is 70% higher than wt                  ,  it will introduce a phase lead of  



6.2.2. Lead compensation 
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6.2.2. Summary of Lead compensation 

This make wt smaller while wp2  
relatively constant if CL dominates 





Example 6.7 (page 258) 

Or we can simply estimate wp1 equal to wt’/A0=3.5kHz 



Example 6.7 (page 258) 



6.2.3 Making compensation independent of 
process and temperature 

In a typical process, the ratios of all gms remain relatively constant over 
process and temperature variation since the gms are all determined by the 
same biasing network. (μn/μp is relatively constant tool) 
Also, mostly the capacitors also track each other or remain relatively 
constant.  

So then we need to make sure that                  is independent of process and 
temperature variations. It may be made constant by deriving VGS9 from the same 
biasing network used to derive VGS7. (see the circuit in next slide)  
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First, we need to make Va=Vb, which is possible is Veff13=Veff7, i.e.  

Also note  

The note that once Va=Vb, then VGS12=VGS9, which mean Veff12=Veff9,  

So finally, we have 
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6.3 Advanced current mirrors: wide-swing 
As MOS technologies migrate to shorter lengths, it becomes difficult to achieve large as rds 
is smaller due to short channel length.  
One way to cope with that is to use cascode current mirrors to have a large impedance, but 
conventional ones reduce the signal swing, which may not be acceptable in low-voltage 
applications.  
One circuit proposed is the wide-swing cascode current mirror that does not limit the 
signal swing as much as the conventional one. The basic idea is to bias the drain source 
voltages of transistor Q1 and Q3 to be close to the minimum possible without going to 
triode region.  
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6.3 Advanced current mirrors: wide-swing 
Q3 and Q4 acts like a single-diode connected transistor to create the gate source voltage 
for Q3. Including Q4 helps lower the Vds3 so that it matches Vds2. Other than that, Q4 has 
little effect on the circuit’s operation.  

Assume ID2=ID3=ID5 

VGS1=VGS4 

If n=1 

Also we need 
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6.3 Advanced current mirrors: wide-swing 
In most applications, it is desirable to make (W/L)5 smaller than that given in the Figure so 
that Q2 and Q3 can be biased with a slightly larger Vds. This would help counter the body 
effect of Q1 an Q4, which have their Vt increased.  
 
To save power consumption, Ibias and Q5 size can be scaled down a little bit while keeping 
the same gate voltage.  
 
Also, it may be wise to make the length of Q3 and Q2 larger than the minimum and that of 
Q1 and Q4 even larger since Q1 often sees a larger voltage Vout. This helps reduce short-
channel effects. 
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6.3.2 Enhanced output impedance CM and 
Gain boosting 
The basic idea is to use a feedback amplifier to keep the drain-source voltage across Q2 
as stable as possible, irrespective of the output voltage.  
From small-signal analysis, Ix=gmvgs+(Vx-Vs)/rds1, Vgs+Vs=A(0-Vs), Vx=Ix*rds2 

 
 
 

Note that the stability of the feedback loop comprised of A and Q1 must be verified.  
 



6.3.2 Enhanced output impedance CM and 
Gain boosting 
This technique can also be applied to increase the Rout of a cascode gain stage (the 
small signal current –gm2vin must go through Rout and CL).  
 
 
 
Comparing the DC gain only, it can be seen that it is a factor of (1+A) larger than the 
conventional cascode amplifier discussed in Chapter 3.  
 
To realize this gain, note that the Ibias current source must be similarly enhanced to 
achieve comparable output impedance as Rout.  
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6.3.2 Sackinger’s design 
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The feedback amplifier in this case is realized by transistor Q3 and Q1. Note that Q3 is a CS 
amplifier, therefore the gain is gm3rds3/2 if IB1 has an output impedance of rds3.   
 
So the total output impedance from the drain of Q1 is: 
 
The circuit consisting of Q4, Q5 and Q6, Iin and IB2 operates likes a diode-connected 
transistor, but its main purpose is to match those transistors in the output circuitry so that 
all transistors are biased accurately and Iout=Iin.  
 
One major limitation is that the signal swing is significantly reduced due to Q2 ad Q5 being 
biased to have drain-source voltages much larger (                                           ) 
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6.3.3. Wide-swing current mirror with 
enhanced output impedance 

Such a circuit is very similar to the Sachinger’s design, except that diode-connected 
transistors used as level shifters Q4 have been added in front of the CS amplifiers.  
 
The current density of most transistors (except Q3 and Q7) are about the same, Veff, and 
that of Q3, Q7, 2Veff.  So  
 
 
 
Two issues with this circuit: 1. power consumption may be large, 2 additional poles 
introduced by the enhanced circuitry may be at lower frequencies.  
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6.3.3. Wide-swing current mirror with 
enhanced output impedance 

A variation of the previous circuit is shown below. It reduce the power, but matching is 
poorer.  
 
Note that Q2 in previous circuit is split to Q2 and Q5 in this circuit.  
 
It is predicted that this current may be more used when power supply voltage is smaller or 
larger gains are desired.  
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6.3.4 Summary of improved current mirrors 
When using the OpAmp-enhanced current mirrors, it may be necessary to add local 
compensation capacitors to the enhancement loops to prevent ringing during transients. 
 
Also, the settling time may be increased (to tradeoff with large gain). 
 
Many other current mirrors exist, each having its own advantages and disadvantages.  Which 
one to use depends on the requirements of the specific application.  
 
OpAmps may be designed using any of the current mirrors, therefore we can use the 
following symbol without showing the specific implementation of the current mirror.   

Just one specific 
implementation 
of the current 
mirror in (a) 



6.4 Folded-cascode OpAmp 
Many modern OpAmps are designed to drive only capacitive loads. In this case, it is not 
necessary to use a voltage buffer to obtain a low output impedance. So it is possible to 
realize OpAmps with higher speeds and larger signal swings than those that drive resistive 
loads.  
 
These OpAmps are possible by having only a single high-impedance node at the output. 
The admittance seen at all other nodes in these OpAmps are on the order of 1/gm, and in 
this way the speed of OpAmp is maximized.  
 
With these OpAmps, compensation is usually achieved by the load capacitance CL. As CL 
gets larger, these OpAmps gets more stable but also slower.  
 
One of the most important parameters of these modern OpAmps is gm (ratio of output 
current over input voltage), therefore they are sometimes referred to as Operational 
Transconductance Amplifiers (OTA). 
 
A simple first order small-signal model for an OTA may be shown below:  
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Folded-cascode OpAmp 
A differential-input single-ended output folded-cascode OpAmp is shown below. The 
current mirror in the output side is a wide-swing cascode one, which increases the gain. 
 
The basic idea of the FC-OpAmp is to apply cascode transistors to the input differential pair 
but using transistors opposite in type from those used in the input stage. (i.e. Q1, Q2 nMOS 
and Q5, Q6 pMOS). This arrangement allows the output to be the same as the input bias 
voltage.  
 
The gain could be large due to large output impedance. If even larger gain is desired, one 
can use gain-enhancement techniques to Q5-Q8 as described in 6.3.2.  
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Folded-cascode OpAmp 
The single-ended output FC-OpAmp can be 
converted to a fully-differential one (to be 
detailed later).  
 
A biasing circuit can be included to replace 
Ibias1, Ibias2 and connect to VB1 and VB2.  
 
The two extra transistors Q12 and Q13 can 
increase slew rate performance and prevent 
the drain voltages of Q1 and Q2 from having 
large transients thus allowing the OpAmp to 
recover faster following a slew rate 
condition.  
 
The compensation is realized by the load 
capacitor CL (dominant pole compensation). 
When CL is small, it may be necessary to add 
additional capacitor in parallel with the load. 
If lead compensation is to be used, then a 
resistor is in series with CL.  

DC biasing: note 
ID3/4=ID1/2+ID5/6 



Chapter 6 Figure 20 

6.4.1 Small-signal analysis 
In small-signal analysis, the small-signal current from Q1 goes directly from source to drain 
and to CL, while that of Q2 indirectly through Q5 and current mirror of Q7-Q10 to CL. 
(assuming 1/gm5/6 much larger than rds3 and rds4).  
 
Note that these small-signal currents go through different path to the output, therefore 
their transfer function are different (due to the pole/zero caused by the current mirror for 
small-signal current of Q2). However, usually, these pole/zero are much larger than the 
unity-gain frequency of OpAmp and may be ignored.  
 
So an approximate gain transfer function is:  

ZL is the parallel of impedance at drain of Q6, 
Q8, and CL.  
 
At high frequencies, Av is approximated as  



Chapter 6 Figure 20 

6.4.1 Small-signal analysis 
The first-order model shows close to 90 degrees of phase margin.  
 
To maximize bandwidth, it is desirable to increase gm by using nMOS transistors, which 
means larger DC current on Q1/2 (Having large gm for Q1/2 also help reduce noise). Smaller 
currents on Q5/6 helps increase rout, which increases the DC gain. (the current ratio between 
them has a practical limit of 4 to 5.) 
 
For more detailed analysis, the second pole is associated with the time constants at the 
source terminals of Q5/Q6.  At high frequencies, the impedance is on the order of 1/gm5/6, 
which in this case is relatively large due to smaller current. (so one can have larger currents 
in order to push this  pole away and minimizing the capacitance is important too).  
 

C.  Lead compensation 
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6.4.2 Slew rate 
Diode-connected transistors Q12/13 are turned off during normal operation (as Vgd3/4<Vtp) 
and have almost no effect on the OpAmp. However, they improve the operation during slew 
rate limiting.  
 
If they are not present, then when slew rate occurs, all bias current of Q4 go to Q5 and out 
of CL through the mirror (at the same time Q6 conducts zero current in most cases). 
 
At this time, since all Ibias2 is diverted through Q1 and it is usually larger than ID3, both Q1 and 
Ibias2 go into triode region, causing Ibias2 to decrease  until it is equal to ID3. As a result, the 
drain voltage of Q1 approaches ground. When OpAmp is back to normal operation, drain 
voltage of Q1 must slew back to the original biasing voltage, and this additional slewing 
increases distortion and transient delay.  
  

If Q12/13 were included, then when slew rate 
occurs (as the above case), Q12 conducts extra 
current from Q11 and also the current on Q3/4 
increases, which eventually makes the sum of 
ID12 and ID3 equal to Ibias2. On the other hand, ID3/4 
increment also make the slew rate larger.  



Example 6.9 (page 272) 

Pre-set to maximum in 
order to maximize gm 

Derived from Q3/4 

Arbitrarily set equal to 
Q11/12 





Example 6.10 (page 274) 
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6.5 Current mirror OpAmp 
Another popular OpAmp when driving only on-chip capacitive loads is the current-mirror 
OpAmp.  Note that at the Q2 side, more current mirrors needs to be used to provide 
current KID2=KID1.  
 
Also, it can be seen that all internal nodes have low impedance except the output node. By 
using proper current mirrors with high output impedance, good gain can be achieved.  
 
The overall transfer function of this OpAmp closely approximate dominant-pole operation.  
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It can be seen that larger K increases the unity-gain frequency assuming the load 
capacitor dominates the time constants.  Larger K also increases the gain. A typical 
upper limit for K is 5.  
 
A detailed analysis reveal important nodes for determining the non-dominant poles, at 
the drain of Q1 first and drain of Q2 and Q9 secondly.  Larger K increases the 
capacitances at these nodes while also increases the resistance (assuming a fixed Itotal), 
which reduce the non-dominant poles. In this case, then CL has to be increased to 
maintain a large phase margin.  So, K should not be too large, i.e. K<=2 usually. 
 
During slew rate, all of the bias current Ib of the first stage is diverted through Q1/2 and 
amplified by the current mirror gain to the output. The total current to 
charge/discharge the load is KIb. So the slew rate is 
 
Due primarily to the larger unity-gain frequency and slew rate, the current-mirror 
OpAmp may be preferred over the folded-cascode OpAmp. However, one has to be 
careful that the current-mirror OpAmp has larger input noise as well, as its input stage 
is biased at a lower portion of the total bias current and therefore a relatively smaller gm 
given the same power consumption.   



Example 6.11 (page 277) 

Veff1 can be estimated to be about 51mV so that 
gm1=3.14mA/V is sort of maximized. 

Comparing to the previous example on FC-OpAmp with the same power and load, the 
current-mirror OpAmp can have better bandwidth and SR if K is made larger.  



If 75 degrees of phase margin is used, the unity-gain frequency must be 0.27 times of 
or 126MHz , so the CL must be increased from 2.5pF to 5pF to reduce from 255MHz to 
126MHz.  
 
If lead compensation is used, then unity-gain frequency can be designed to be 0.7 times of        
        so that 55 degrees of phase margin is achieved.  Then, lead compensation can be used 
to achieve another 20 to 30 degrees of phase margin. Also, no additional load capacitance 
is necessary reducing the circuit area.  



6.6 Linear settling time revisited 

Recall from Chapter 5 the 3db bandwidth of the closed loop amplifier is the unity-gain 
frequency of the loop gain, which is β times the unity-gain frequency of the OpAmp, i.e.  
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6.6 Linear settling time revisited 

recall from Chapter 5 on negative feedback 
 
 
The load capacitance is more complicated. Treating 
the inverting terminal of OpAmp open, the 
effective CL is more than just Cload and Cc, but  

This can be verified using the loop gain method introduced in Chapter 5: we can find out 
the loop gain first and directly find the unity-gain frequency of the loop gain: 
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Example 6.12 (page280) 
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6.7 Fully differential amplifiers 
The main difference between single-ended amplifiers and fully-differential versions is 
that a current mirror load is replaced by two matched current sources in the later.  Notice 
the power dissipation and slew rate is the same.  
 
However, the voltage swing in fully-differential version is twice that of the single-ended 
version, because they use the differential voltage at two circuit nodes instead of one. 
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One of the main driving forces behind the use of fully differential amplifiers is to help 
reject common-mode noise. The common-mode noise, ncm, appears identically on both 
half signals and is therefore cancelled when the difference between them is taken.  
 
Many noise sources, such as power supply noise, bias voltage noise and switches noise 
act as common mode noise and can therefore be well rejected in fully-differential 
amplifiers.  
 
Ni1 and ni2 in the figure represent random noise sources added to the two outputs, and 
the overall signal-to-noise ratio is still better than the single-ended version.  
 
 

Why Fully differential amplifiers? 
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Fully –differential amplifiers have another benefit that if each output is distorted 
symmetrically around the common-mode voltage, the differential signal will have only 
odd-order distortion, which are often much smaller.  
 
With the above mentioned advantages, most modern analog circuits are realized using 
fully differential structures.  
 
One major drawback of using fully-differential OpAmp is that common-mode feedback 
circuit (CMFB to be discussed later) must be added to establish the common-mode 
output voltage. Another minor overhead is that in practice fully-differential OpAmp 
may need some additional power consumption due to CMFB and to produce the two 
outputs.  

Why Fully differential amplifiers? 
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6.7.1 Fully differential folded-cascode OpAmp 
Compared to the singled-ended version, the n-channel current mirror has been replaced by 
two cascode current sources of Q7/8 and Q9/10.  
Also, a CMFB circuit is introduced. The gate voltage Vcntrl is the output of the CMFB.  
Note that when OpAmp is slewing  the maximum current for negative slew rate is limited by 
the bias current of Q7 or Q9 (as there is no current mirror like the singed-ended one). So, 
fully-differential is usually designed with bias current in the output stage equal to the bias 
currents in the input transistors.  
Note that each signal path now consists of only one node in addition to the output nodes, 
which is the drain nodes of Q1/2. These nodes are responsible for the second pole.  

When load capacitance is relatively small 
so it is important to push the second pole 
away, then one can consider using pMOS 
for Q1/2 and nMOS for Q5/6, as the 
impedance at the drain of Q1/2 would be 
larger that way, resulting in smaller time 
constants.  However, the tradeoff is DC 
gain may be smaller.  
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6.7.2 Alternative fully differential OpAmps 
The previous singled-ended current mirror OpAmp can be converted to a fully-differential 
one as below.  
 
Similarly, the complementary design using pMOS at input stage is possible. Which one to use 
depends on whether the load capacitance or second pole are limiting the bandwidth and 
whether DC gain or bandwidth is more important. (in the former case, then nMOS input is 
preferred. ) 
 
For a general-purpose amplifier, this design with large pMOS transistors, a current gain of 
K=2 and wide-wing enhanced output-impedance cascode mirrors and  current sources may 
be a good choice compared to other designs.  
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One limitation for fully differential OpAmp seen so far is that the maximum current at the 
output for singled-ended slewing is limited by fixed current sources. It is possible to modify 
the design to get bi-directional drive capability at the output.  
 
In the revised circuit, the current mirrors at the top have been replaced by current mirrors 
having two outputs. The first output has a gain of K and goes to the output of the OpAmp as 
before. The second output has a gain of one and goes to a new current mirror that has a 
current gain of K, where it is mirrored the second time and then goes to the opposite 
output.  
 
In this OpAmp, when slewing (suppose a very large input voltage), then the current going to 
Vout+ is Kibias, whereas the current sinked from Vout- is also Kibias.  

This OpAmp has an improved slew rate at the 
expense of slower small-signal response due to 
addition of extra current mirrors. But it may be 
worthwhile in some applications.  
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Another alternative design to have bi-direction driving capability is to use two singled-ended 
output OpAmps with their inputs connected in parallel and each of their output being one 
output side of the fully-differential version.  
 
The disadvantage is the additional current mirrors and complexity. (note in the figure, the 
CMFB loop is not shown).  
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6.7.3 Low supply voltage OpAmps 
Low supply voltage complicates the OpAmp design. For the folded-cascode OpAmp, the 
input common-mode voltage must be large than Vgs1+Veff in order to keep the tail current 
source device in active mode (a typical value is 0.95V which is difficult for 1.2 power supply).  
 
The low-voltage design shown below(CMFB circuit is not shown) makes use of both nMOS 
and pMOS in the two differential input pairs. When the input common-mode voltage range 
is close to one of the power supply voltages, one of input differential pairs turns off while 
the other one remains active. To keep the OpAmp gain relatively constant, the bias currents 
of the still-active pair is dynamically increased.  

For example, when input common-mode 
voltage is close to Vdd, Q3/4 turns off and Q6 
conduct all of I2 so that the bias current of I1 is 
increased.  
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Another challenge of low supply voltage designs is that the signal output swing is very 
small, especially for the single-stage folded-cascode OpAmp (referring to the OpAmp in 
Fig 6.28, it can be shown that the signal swing is as small as 0.3V if Veff=0.2V).  
 
One possible design to alleviate that problem is an enhanced two-stage OpAmp with a 
folded-cascode first stage and a common-source second stage.  The first stage can 
provide high gain (small voltage swing for first stage output is not an issue) and the 
second stage can provide relatively large signal swing.  (note CMFB is not shown and also 
the lead compensation is used.) 



6.8 Common-mode feedback circuits 

From B. Razavi, “Design of Analog CMOS Integrated Circuits”, McGrawHill, 2000.  



6.8 Common-mode feedback circuits 

From B. Razavi, “Design of Analog CMOS Integrated Circuits”, McGrawHill, 2000.  
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6.8 Common-mode feedback circuits 



6.8 Common-mode feedback circuits 
Typically, a CMFB circuit should have three operations:  
1. Sense the common-mode voltage level of the differential output; 
2. Compare the common-model voltage to a reference voltage (the desired voltage); 
3. Return the error to the amplifier’s bias network to adjust the current and eventually 

the output voltage.  
 
The following circuit illustrates the idea. 

CMFB circuit design may well be the most difficult part of the OpAmp design.  
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6.8 Common-mode feedback circuits 

The one shown below is a continuous one. To illustrate, assume CM output voltage, Vout,CM, 
equal to reference voltage Vref,CM, and that Vout+ is equal in magnitude but opposite in sign to 
Vout-. Also, assume the two differential pairs Q1/2 and Q3/4 have infinite CMRR (i.e. output 
of them depend only on their differential voltage).  
Since two pairs have the same differential voltages, current in Q1 is equal to current in Q3 
and that in Q2 equal to Q4. Denoting the current in Q2 as                            and current in Q3 
is                               and the current in Q5 is   

In the nominal case, when Vout,CM=Vref,CM, 
then there will no voltage change for Vcntrl 
stays constant.  
If Vout,CM>Vref,CM, then the differential voltage 
across Q1/2 increases while that for Q3/4 
decreases, so the current in Q2 and Q3 will 
be larger than before, which increases the 
voltage Vcntrl.  



6.8 Common-mode feedback circuits 
Now this voltage Vcntrl can be the bias voltage that sets the current levels in the nMOS 
current sources at the output of the OpAmp (see below), which will bring down the 
common-mode output voltage, Vout,CM to decrease toward the nominal Vref,CM.  
 
So, as long as the common-mode loop gain is large enough, and the differential signals are 
not so large as to cause either differential pair Q1/2 or Q3/4 to turn off, Vout,CM can be kept 
very close to Vref,CM. The later requires that we maximize the Veff for these transistors.  
 
Finally, the IB should be high output impedance cascode current sources to ensure good 
CMRR.  
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Another CMFB 
This circuit generates the senses the common-mode voltage of the output signals (minus a 
DC level shift) at node VA. This voltage is then compared to a reference voltage, Vref, using 
a separate amplifier.  
 
One limitation is that the voltage drop across Q1/2 may severely limits the differential 
signals that can be processed, which is important in lower supply voltage applications.  
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Design considerations of CMFB loop 
One important design consideration is that CMFB is part of the negative feedback loop, and 
therefore must be well compensated if needed, otherwise the injection of common-mode 
signal can cause output ringing and even unstable. Thus, phase margin (break at Vcntrl to 
find loop gain from Chapter 5) and step response (giving Vref a step input) of the common-
mode loop should be checked.  
 
Often, the common-mode loop is stabilized using the same capacitors used to compensate 
the differential loop (for example by connecting two comp. or load capacitors from outputs 
to ground).  
 Also, it is important to maximize the speed 

of CMFB loop by having as few nodes in 
the design as possible (to prevent high 
frequency common-mode noise). For this 
reason, the CFMB output is usually used to 
control current sources in the  output 
stage of the OpAmp. For the same reason, 
the CM output of each stage in a multi-
stage amplifier is individually 
compensated (for example the on in Fig 
6.33. ).  
 
This is an active research area. 
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Switch-capacitor CMFB circuit 
In this approach, Capacitors Cc generates the Vout,CM, which is then used to create control 
voltages Vcntrl. The bias voltage Vbias is designed to be equal to the difference between the 
desired Vref,CM and the desired Vcntrl used for OpAmp current sources.  
 
This CMFB circuit is mostly used in switched-capacitor circuits since they allow a larger 
output signal swing.  


