
 
Figure 1.    First Baseline Comparator: A Two-stage CMOS Amplifier 

with Output Inverter. 
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Abstract―We compare designs of low-power CMOS comparators 

with programmable hysteresis. We chose two baseline 

comparators: a two-stage CMOS op-amp with output inverter and 

a folded-cascode op-amp with output inverter. To these baseline 

circuits, we add programmable hysteresis using two methods.  The 

first method uses positive feedback to unbalance the input 

differential pair.  The second method uses positive feedback to 

steer current through a fixed-value resistor.  The comparators were 

implemented in a 0.5-µm CMOS process and operate with ±1.25V 

supplies.  For an input voltage that is 10mV beyond the switching 

point, the propagation delays of the two-stage comparator with 

programmable hysteresis are measured as 932ns for the first 

method biased at 3.1µA and 672ns for the second method biased at 

4µA. 

Index Terms―Comparators, Programmable Hysteresis. 

I. INTRODUCTION 

Comparators estimate the difference between two analog input 
signals, and evaluate a digital signal level based on the polarity 
of this difference. Comparators are widely used in decision-
making and control circuits, such as temperature protection and 
power management circuits [1].  In effect, the comparator can be 
viewed as a one-bit analog-to-digital converter [2] and it serves 
as the front-end circuit of most analog-to-digital converters, as in 
[3]. A synchronous high speed comparator can be designed by 
the use of a differential input pair and latches, accompanied by 
non-overlapping clocks [4].    

The challenge in comparator design arises when the 
difference between the two analog input signals approaches zero.  
In this case, small amounts of noise on the input signals may 
cause spurious switching of the digital output.  Additionally, the 
input signal could be slowly-varying, such that the difference 
voltage remains near zero for a long time.  In either case, fast 
transitions in the digital output may occur, consuming 
unnecessary power and possibly interfering with subsequent 
stages of signal processing.   

In these circumstances, it may be useful to add hysteresis to 
the comparator’s transfer characteristic. Hysteresis is the quality 
of the comparator in which the input threshold changes 
depending on whether the input is rising or falling. Hysteresis is 
defined as the difference between the input signal level for which 
the output switches high and the input signal level for which the 
output switches low.  

We are interested in exploring methods of varying the 
amount of hysteresis after fabrication. A comparator with 
programmable hysteresis is a versatile building block. No 

redesign is necessary if the only change in specification from one 
comparator to the next is simply a change in the amount of 
hysteresis. The method of introducing hysteresis into a 
comparator described in [5] utilizes a cross-coupled diode-
connected load.  The designer can specify the amount of 
hysteresis by the choice of aspect ratios in the cross-coupled 
load.  However, once fabricated, the amount of hysteresis is not 
programmable and thus restricts the reuse of the comparator. 

Numerous approaches have been employed to achieve 
programmable hysteresis. In [6] and [7], a second differential 
pair with feedback from the output voltage is used to unbalance 
the input differential pair.  Switching between multiple current 
sources makes the amount of hysteresis programmable [2]. In 
[1], the desired hysteresis voltage is fed back to the second 
differential pair through a set of switches. In [8], cascoded 
flipped voltage followers, a resistive divider, and a voltage-
controlled current source are used to program the amount of 
hysteresis. The authors of [9] adopt the method of feedback 
voltage variation by the use of an op-amp and a programmable 
resistive divider to obtain the required amount of hysteresis.  
Finally, in [10], the output voltage is fed back to steer a 
programmable amount of current through a fixed-value resistor.  

In our work, we optimized comparators for high-speed 
operation, under the constraints of high gain, low power 
consumption, and low input offset voltage.  Several test methods 
that we adopted are derived from [5].   Section II describes the 
two baseline comparator circuits (Figs. 1 and 2) and the two 
methods of programmable hysteresis we employed.  Sections III 
and IV contain simulation and chip measurement results, 
respectively.  We conclude with a discussion of our results. 
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Figure 2.    Baseline Comparator: A Folded-Cascode Amplifier with 

Output Inverter. 

Figure 4.    DC Sweep of the Two-Stage Amp plus Output Inverter 

with an Unbalanced Differential Pair.  IBIAS = 1µA, IHYST = 47nA. 

 

Figure 3.    Hysteresis Method 1:  an Unbalanced Differential Pair. 

II. CIRCUIT DESCRIPTION 

A.  Baseline Comparator Circuits 

The first baseline comparator circuit is the two-stage CMOS 
amplifier with an output inverter, as shown in Fig. 1. The first 
stage is a differential amplifier, the second is a common-source 
amplifier, and the third is an inverting buffer stage. The two 
analog input voltages, Vip and Vim, are attached to the differential 
pair.  We increased the widths of the input differential pair, M1-
M2, so as to increase the gain of the first stage and lower the 
input offset voltage.  The area of the common-source transistor, 
M7, was reduced in order to reduce the parasitic capacitance at 
the gate of M7 and, hence, reduce the propagation delay.  The 
third stage, which consists of a CMOS inverter, adds modest gain 
and greatly enhances the slew-rate of the comparator. In this 
circuit, the input bias current is designed for 1µA. This current is 
mirrored to the first two gain stages, yielding a total bias current 
of 3µA.   

The second baseline comparator is the folded-cascode 
amplifier with an output inverter, as shown in Fig. 2.  This 
comparator has two stages.  The first stage is an NMOS 
differential amplifier with a folded-cascode load.  The second is 
an inverting buffer stage. We decreased the size of the cascoding 
transistors, M15-M18, in order to reduce the propagation delay.  As 
before, the inverter stage is primarily used to improve the 
comparator’s slew-rate.  The input bias current of this amplifier 
is set to 1µA. In all, 3µA of current is used in the bias circuitry, 
2µA in the amplifier itself, plus 1µA at the input, for a total bias 
current of 6µA. Note that, in a multi-comparator system, it is 
possible to share the bias circuitry and so reduce the total bias 
current per comparator. 

B. Hysteresis Method 1:  An Unbalanced Differential Pair 

In Fig. 3, programmable hysteresis using an unbalanced 

differential pair is added to the comparator consisting of a 

CMOS two-stage amplifier with an output inverter.  A second, 

smaller differential pair, M11-M12, unbalances the input 

differential pair, as reported in [7].  The gates of the second 

differential pair are tied to the output signals in such a way as to 

introduce positive feedback and, hence, hysteresis. Transistors 

M13- M14 form a current mirror that provides a hysteresis bias 

current for the second differential pair. The amount of hysteresis 

is programmed by varying this hysteresis current, as done in [2]. 

If M1 and M2 are operating in strong inversion, from [7], the 

amount of hysteresis VTH – VTL can be calculated using 
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If M1 and M2 are operating in weak inversion, 
 

��� � ��� � 4"#� tanh�(	)*+,- )./0,⁄ � 
 
     An explanation of the operation of this circuit follows.  Let 
the output node, Vout, be initially at VSS.  As the input voltage Vip 
increases above Vim, the voltages at nodes VO1 and Vout begin to 
increase, whereas the voltage at node VO2 decreases. As VO2 
moves toward VSS and Vout moves toward VDD, transistor M12 is 
turned on and transistor M11 is turned off.  The effect is that the 
hysteresis bias current flows into node VO1, resulting in a still 
further increase in the voltage at that node. The increase in VO1 
gives rise to a similar increase in Vout.  This regenerative process 
continues until the output saturates at VDD. In this state, the input 
differential pair becomes unbalanced by the hysteresis bias 
current.  In order for the output to move back toward VSS, Vip 
must drop below Vim by an amount large enough to overcome 
this unbalance.  

Hysteresis is added to the folded-cascode comparator in a 
similar manner.  Fig. 4 shows the voltage transfer characteristic 
of the two-stage amplifier plus output inverter comparator with 
an unbalanced differential pair.  The hysteresis bias current is 
47nA and the input bias current is 1µA.  The input voltage is 
varied first from -20mV to +20mV, and then from +20mV down 
to -20mV.  The output high-to-low threshold, VTL, is measured as 
-5.2mV. The output low-to-high threshold, VTH, is measured as 
+5.0mV. The amount of hysteresis is 10.2mV.   

(1) 

(2) 
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Figure 5.  Hysteresis Method 2:  a Resistor and Current-Steering Circuit. 

 

Figure 6.    Transient simulation of Folded-Cascode plus Output Inverter 

Comparator with an Unbalanced Differential Pair.  VDD = 1.25V, VSS =     -

1.25V, Vim = 0V, IBIAS = 1µA, IHYST = 52nA. 

Note that device sizes of the second differential pair are kept 
small, so as to introduce only a little parasitic capacitance to the 
input differential amplifier. 

C. Hysteresis Method 2: A Fixed-Value Resistor and  Current-

Steering Circuit 

In this method, hysteresis is added to the two stage amplifier 
plus output inverter comparator using a fixed-value resistor and a 
current steering circuit, as shown in the Fig. 5.  The effect is to 
move the negative input terminal voltage by an amount equal to 
the hysteresis bias current times the fixed-value resistor.  
Hysteresis is programmable via the hysteresis bias current.  The 
amount of hysteresis is linear in the bias current.  This method of 
programmable hysteresis is based on [10]. The amount of 
hysteresis can be calculated as,                                                                                             

��� � ��� � 22)*+,-  

The circuit uses a current source, a differential amplifier and 
a fixed-value resistor to obtain hysteresis. Transistors M15- M16 
mirror the hysteresis bias current to a secondary differential pair, 
M11-M12.  Transistors M13-M14 are the active load of the 
secondary differential pair. The polarity of the current leaving the 
differential amplifier at the drains of M11 and M13 is controlled by 
the digital output voltage Vout. For example, if Vout is VSS, then the 
hysteresis bias current is leaving the differential amplifier.  The 
current gets multiplied by the fixed-value resistor to determine 
the output high-to-low threshold voltage, VTL.  And if Vout is VDD, 
the current across the resistor is reversed in polarity, such that 
VTH = –VTL. 

This method of hysteresis requires that the reference voltage 
attached to Vim be able to comfortably sink and source the 
hysteresis bias current.  Depending on the application, this 
condition may or may not be easy to satisfy.  In addition, we 

selected a relatively low fixed-value resistor of 10kΩ, so that the 
area penalty is not severe.  A larger resistor value would allow 
smaller hysteresis bias currents. 

Programmable hysteresis can be added to the folded-cascode 
comparator in much the same way.  

III. SIMULATION RESULTS 

The circuits have been simulated using +/-1.25V power 
supplies.  We attached a reference voltage, in this case 0V, to the 
negative input, Vim. Table I demonstrates how the hysteresis is 
programmable.  We note that the hysteresis method using a 
fixed-value resistor is indeed linear with respect to the hysteresis 
bias current.  On the other hand, the hysteresis method using an 

unbalanced differential pair is at least monotonic and appears to 
require less total bias current. 

Measurements of hysteresis, offset, and gain are done using 
simulations such as the one shown in Fig. 4.  The gain is the 
slope of Vout versus Vip when Vout=0V. The offset is computed as 
the middle, or average value, of VTL and VTH. 

In Fig. 6, we show how propagation delay is measured.  The 
input Vim is attached to ground.  The input Vip switches from VSS 
to a voltage that is equal to VTH + 10mV.  The propagation delay 
when the output is rising, tPLH, is the time from when Vip crosses 
VTH to the time when the output voltage crosses 0V.  Sometime 
later, the input switches from VDD to a voltage equal to VTL – 
10mV.  The propagation delay when the output is falling, tPHL, is 
the time from when Vip crosses VTL to the time when the output 
voltages crosses 0V.  

TABLE I.  SIMULATED PROGRAMMABLE HYTERESIS 

Amt. 

of 

Hyste-

resis 

Hysteresis Bias Current [nA] 

2-Stage with 

Unbalanced 

Diff. Pair 

Folded with 

Unbalanced 

Diff. Pair 

2-Stage with 

Current and 

Resistor 

Folded with 

Current and 

Resistor 

10 mV 47 52 500 500 

20 mV 91 92 1000 1000 

30 mV 132 137 1500 1500 

40 mV 175 180 2000 2000 

Table II summarizes the simulation results for the two 
baseline comparators with and without programmable hysteresis.  
The amplifiers all have IBIAS = 1µA.  The hysteresis bias current 
was adjusted to obtain a hysteresis voltage of 10mV.  Looking at 
Table II, we see that the baseline comparators have a low-
frequency gain of at least 20kV/V.  In addition, their propagation 
delays are on the order of 800ns. The effect of programmable 
hysteresis on these two comparators is that the gain is increased 
to approximately 60kV/V.  For the two-stage amplifier plus 
output inverter comparator, adding hysteresis increased the 
propagation delay slightly, whereas adding hysteresis to the 
folded-cascode plus output inverter comparator had little effect 
on the delay.      

(3) 
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Figure 7.  Mircophotograph of comparator chip.   

TABLE II.  SIMULATED GAIN AND PROPAGATION DELAYS 

Type of 

Comparator 

Performance Characteristics of Comparators 

Total Bias 

Current [uA] 

Hysteresis 

[mV] 

Gain 

[kV/V] 

tPLH 

[ns] 

tPHL 

[ns] 

2-Stage with 

no hysteresis 

3 -- 34 866 664 

2-Stage with 

Unbalanced 

Diff. Pair 

3.1 10 62.5 1203 729 

2-Stage with 

Current and 

Resistor 

4 10 61.8 910 684 

 Folded with 

no hysteresis 
6 -- 20 880 799 

Folded with 

Unbalanced 

Diff. Pair 

6.1 10 61.1 606 913 

Folded with 

Current and 

Resistor 

7 10 60 899 937 

 

IV. EXPERIMENTAL RESULTS 

All six types of comparators were laid out using the common-
centroid technique for all differential pairs and mirrors, so as to 
achieve low random input offset voltage.  Two of each type of 
comparator were placed on the chip.  A microphotograph of the 
chip is shown in Fig. 7. 

The chips were tested first for hysteresis and offset using a 
slow DC sweep.  Next the chips were tested for propagation 
delay using the same method as that described in Section III.  
Table III shows the chip measurement results, compares them to 
the simulated values, and also gives the layout dimensions. The 
single measurement of propagation delay is computed as the 
average of tPLH and tPHL. 

TABLE III.  SIMULATED AND MEASURED DELAYS AND AREA 

Type of  

Comparator 

Simulated  

Delay  

[ns] 

Measured 

Delay 

 [ns] 

%  

change 

Area 

[µm2] 

2-Stage with no 

hysteresis 

765 632 -17% 1540 

2-Stage with 

Unbalanced Diff. Pair 
966 932 -4% 2153 

2-Stage with Current 

and Resistor 
797 672 -16% 2453 

Folded with no 

hysteresis 
840 652 -22% 3762 

Folded with 

Unbalanced Diff. Pair 
760 832 10% 4224 

Folded with Current 

and Resistor 
918 932 2% 4623 

 

V. DISCUSSION AND CONCLUSIONS 

In measurements of offset voltage, we noticed a large 
difference between the offset of the comparators made with a 
two-stage amplifier plus output inverter, versus the comparators 
made with the folded-cascode amplifier plus output inverter.  
Therefore, we took as many measurements as possible to 
characterize the offset voltage for the various comparator types.  
A summary is given in Table IV.  We note that, for the same area 
devices and for similar layout technique, the random offset 
voltage range of the folded-cascode amplifier is approximately 
two times that of the two-stage amplifier. 

TABLE IV.  STATISTICS OF MEASURED OFFSET VOLTAGES, N = 13 

Type of Comparator 
Input Offset Voltage 

Mean 
[mV] 

Max 
[mV] 

Min 
 [mV] 

Range 
[mV] 

2-Stage with no 

hysteresis 

1.8 10.1 -6.8 16.9 

2-Stage with Unbalanced 

Diff. Pair 
1.4 5.7 -8.4 14.1 

2-Stage with Current and 

Resistor 
-1.1 5.0 -7.0 12.0 

Folded with no 

hysteresisa 
-5.5 12.9 -23.7 36.6 

Folded with Unbalanced 

Diff. Pair 
-3.29 15.5 -19.5 35 

Folded with Current and 

Resistor 
4.01 16.2 -8 24.2 

a. N = 12 for this comparator 

   This paper has dealt with the design of low voltage 
comparators with and without programmable hysteresis. We 
conclude that the two-stage amplifier plus output inverter 
comparator is superior in several ways:  higher gain, lower 
random offset, low power consumption, and reduced area. As to 
methods of hysteresis, the unbalanced differential pair is simple, 
occupies a small amount of area, and has very little power 
consumption.  On the other hand, if linearity in the amount of 
hysteresis is of primary concern, hysteresis with a resistor and 
current steering circuit is the best.   
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