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Introduction 
The second most widely used circuit block are comparators after OpAmps.  
 
They are used extensively in A/D converters and other signal processing applications.  



10.1.1 Input offset and noise 
The input offset voltage of a comparator is the input voltage at which its output changes 
from one logic level to the other. It may be caused by device mismatch or may be inherent 
to the design of a comparator.  
 
Random circuit noise can cause the output to change from one logic level to the other, even 
when the comparator input is held constant. Hence, in order to measure the input offset 
voltage in the presence of circuit noise, one would look for the input voltage that results in 
the output stage of the comparator being high and low with equal likelihood.  
 
The input referred noise is then observed by changing the input around this value using 
output statistics assuming for example Gaussian distributions. 
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10.1.2 Hysteresis 

Recall the Schmitt Triggers discussed in E2 course. 
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10.2 Using OpAmp as a comparator 
A simple approach to realize a comparator is use an open-loop OpAmp. The main 
drawback of this approach is the slow response due to the slew rate of OpAmp.  
 
Also, this approach has a resolution limited to the input offset voltage of the OpAmp, 
which might be in the order of 1 to 5mV for typical MOS process, and this may be 
inadequate for many applications.  
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An alternative design that can resolve signals with accuracies much less than the input 
offset voltage of OpAmps is to use switched capacitors with clocks.  
 
 

Clock         is a slightly advanced version of  



Chapter 10 Figure 04 

Example 10.2  
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One possible way to speed up the comparison is to disconnect the compensation capacitor 
during the comparison phase. (in the circuit shown below, Q1 is used to achieve lead 
compensation).  This improves the speed to tens of kHz range, still slow for some 
applications. 
 
One superior aspect of the previous circuit is that the input capacitor C is never charged or 
discharged during operation. This approach minimizes the charge required from the input 
when Vin changes.  
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10.2.1 input offset voltage errors 

This techniques also remove low 
frequency 1/f noise, which can 
be large in CMOS circuits.  



10.3 Charge injection errors 
Perhaps the major limitation on the resolution of comparators is due to charge injection, 
also called clock feed-through. This error is due to unwanted charges being injected into 
the circuit when the transistor turns off.  
 
Suppose the switches are realized by nMOS transistors. When they are on, they operate in 
triode region and have zero drain-source voltages. When they turn off, charge errors occur 
by two mechanisms.  
 
This first one is due to channel charge, which must flow out from the channel region of 
the transistor to drain and source junctions.  The channel charge of a transistor with zero 
Vds voltage is  
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10.3 Charge injection errors 
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This formula ca be applied to the previous circuit. Assuming clock signal changes from 
Vdd to Vss, the change in V’’ due to overlap capacitance  is  



Example 10.3 
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10.3.1 Making charge injection signal 
indepedent 

Charge injection due to Q1/2 may cause temporary glitches, but have much less effect than 
Q3 if Q2 turns off slightly after Q3.  This is why the clock of Q3 is in advance of Q2.  
 
When Q2 turns off, its charge injection causes a negative glitch at V’, but not any change in 
the charge stored on C since right hand side of C is open circuit.  
 
Later, when Q1 turns on, the voltage V’ will settle to Vin regardless of the charge from Q2 and 
the voltage across C is unaffected.  The charge injection of Q1 has no effect either as again 
the right hand side of C is connected to an open circuit.  

Non-overlapping clocks are needed. 
One circuit is shown here. 
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10.3.2 Minimizing charge injection errors 
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Consider the time that Q1 turns off and introduces charge injection error, as shown 
below in the equivalent circuit. Q injects charge into both the inverting input and output 
of the first stage through overlap capacitors. For the OA1 output, it causes only a a 
temporary glitch (as C2 is connected to GND). The OA1 inverting terminal becomes 
negative by the amount calculated using the method before.   
 
After the OA1 inverting terminal become negative, the OA1 output becomes positive by 
an amount equal to gain of OA1 multiplied by the negative change. However, at this time 
Q3 is still on, so the second stage is still being rest and C2 is charged up to the output 
error caused by the injection error of the first stage, thereby eliminating its effect.  

Q3 

Similarly, when Q3 turns off and the second stage 
goes from closed-loop reset mode to open-loop 
comparison mode, the third stage is still in reset 
mode and the charge error of the second stage is 
stored on the coupling capacitor C3.  

Finally, when the third stage 
turns off, its charge error is not 
cancelled, but the error it 
causes in resolving an input 
voltage to all three stages is 
small (divided by the gain 
when referred to the input). 



Example 10.4 
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10.3.3 Speed of multi-stage amplifiers 

The circuit below shows a cascade of first-order uncompensated Common-source 
amplifiers. It can be estimated that the time constant of the cascade stage is 
approximately equal to 3 times the time constant of a single stage, usually must faster 
than an OpAmp.  
 
So, to design high speed comparators, one should make Veff of each stage large. 
However, this tradeoff with W/L, which should be relatively large given a fixed current 
in order to have large gm so that input referred noise is small. 
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Modern high-speed comparators typically have one or two stages of pre-amplification 
followed by a track-and-latch stage, as the one shown below.  
 
The rationale : the preamplifier is used to obtain higher resolution and to minimize the 
effects of kickback (explained later). The output of preamplifier, though larger than the 
comparator input, is typically still much smaller than needed to drive digital circuits. So then 
the track-and-latch stage further amplifiers this signal during the track phase and then 
amplifies it again during the latch phase. 
 
Positive feedback is usually used in the latch phase to amplify the signal to full-scale digital 
output. The track-latch stage minimizes the number of gain stages needed, thus improve 
the feedback compared to the multiple stage approach discussed before.  

10.4 Modern track-and-latch comparators 
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The pre-amplifier typically has some gain, say between 2 to 10, but not larger than 10 as 
otherwise its time constant may be too large  so as to limit its speed. One or two simple 
resistively-loaded differential amplifiers are often suitbale.  
 
Note also that the input offset and noise of the track-and-latch stage  are attenuated by the 
gain of the pre-amp when referred to the input, so the pre-amp’s noise and offset mostly 
dominates.  
 
It is not good practice to eliminate the pre-amp since kickback into the driving circuitry will 
then result in very limited accuracy. Kickback denotes the charge transfer either into or out 
of the inputs when the track-and-latch stage goes from track mode to latch mode.  

This charge transfer is caused by the 
charge needed to turn the transistors in 
the positive feedback circuit on and by 
the charge that must be removed to 
turn transistors in the tracking circuit 
off.  Without a pre-amp, this kickback 
will enter the driving circuitry and cause 
very large glitches.  
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In high-resolution applications, capacitive couplings and reset switches are also included to 
eliminate any input-offset voltage and clock feedthrough errors, similar to what is discussed 
before.  
 
One very important consideration for comparators is to ensure that no memory is 
transferred from one decision cycle to the next, so as to cause hysteresis.  
 
To minimize hysteresis, one can reset the different stages before entering tracking mode for 
next cycle. This may be achieved by connecting internal nodes to power supplies or by 
connecting differential nodes together using switches before entering track mode.  (see the 
circuit below using Vitch signal to reset nodes to VDD and GND). This actually helps speed up 
the operation for next cycle’s comparison, especially for small amplitude signals.  

Gain in track mode should not be too 
large either, as this may limit the 
speed.  
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10.4.1 Latch-mode time constant 
The time constant of the latch when in positive feedback may be found by analyzing a 
simplified circuit consisting of two back-to-back inverters.  
 
If we assume that the output voltages of the inverters are close to each other at the 
beginning of the latch phase and that the inverters are in their linear range, then each 
inverter can be modelled by a voltage-controlled current source driving  an RC load.  
 
It can be estimated that to reach ∆Vlogic  with an initial ∆V0, it takes (see page 428 for 
detail)  

So, we want small length for inverter, relatively large 
Veff for fast operation.  
 
When, ∆V0 is too small, an issue called meta-
stability may occur as it takes too long to get to the 
desired logic level ∆Vlogic. 
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10.4.2 Latch offset 
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The example circuit uses additional Vref 
voltages to counteract the inbalance of 
the latch.  
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10.5 Some examples of comparators 
This one below has the positive feedback of the second stage always enabled.  
 
The pre-amp is implemented using diode-connected transistors, which gives small gain in 
order to maximize speed while still buffering the kickback away from the input circuitry.  
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This design also uses diode-connected loads to keep all nodes at low impedances to speed 
up operation.  
 
It also uses pre-charging to eliminated any memory from the previous decision that might 
lead to hysteresis.  
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This design eliminates any input offset voltage 
from both the first and second stages by using 
capacitive coupling.   
 
It also has common-mode feedback circuitry for 
the first pre-amp stage. Here the CMFB is not 
critical as in fully-differential OpAmps, as we 
only need to resolve the sign of the signal and 
nonlinearity is not a major issue.  
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Comparators designed using BiCMOS and Bipolar technologies are popular too.  
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When realizing very accurate CMOS comparators, an error mechanism that must be 
considered is charge trapping in the gate oxide of the input transistors.  
 
For example, when nMOS transistors are stressed with large positive gate voltages, 
electrons become trapped via a tunneling mechanism but only get released after a long 
time in the order of milli-seconds. During this time, the effective transistor threshold 
voltage is increased, which leads to a comparator hysteresis on the order of 0.1 to 1mV in 
today’s technology.  
 
In fact, this effect correlates well with 1/f noise and is much smaller for pMOS.  
 
So, use pMOS when realizing very accurate comparators. An alternative approach is to 
flush the input transistors after each cycle where the junctions and wells of nMOS are 
connected to a positive power supply whereas the gate connected to a negative power 
supply. This effectively eliminates the trapped electrons.  
 
In addition, one can use two input stages for the comparator, one for large signals and 
one for small signals.  

10.5.1 Input transistor charge trapping 


