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Preface 
"…And say, 'My Lord, increase me in knowledge.'" 
(Qur'an 20:114) 

Engineering is not merely a collection of equations, formulas, or 
electronic components. It is a disciplined way of thinking, a process of 
observing, analyzing, understanding, and finally transforming ideas into 
practical solutions. 

Among the many fundamental building blocks of analog electronics, 
the comparator occupies a special place. Although LM393 is one of the 
simplest and most widely used comparator integrated circuits, its 
behavior in hysteresis mode is often introduced in a way that appears 
mathematically complicated or disconnected from practical design. As 
a result, many students learn the equations without fully 
understanding the engineering principles behind them. 

This handbook was written to bridge that gap. 

Rather than presenting mathematics as an end by itself, every 
equation in these pages is introduced only after the underlying 
engineering concept has been established. In this way, mathematics 
becomes what it is meant to be precise language for describing 
engineering decisions and verifying design choices. 

The approach adopted throughout this handbook follows a consistent 
philosophy. Each topic begins with the practical problem that must be 
solved, continues with the theoretical explanation required to 
understand it, develops the necessary mathematical relationships, and 
finally applies those relationships in a complete engineering design. In 
this manner, the reader is guided not only toward obtaining the 
correct answer, but also toward understanding why that answer is 
correct. 
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Special attention has been given to the practical aspects of circuit 
design. Component selection, threshold calculation, resistor-value 
considerations, common design mistakes, and troubleshooting 
techniques are discussed alongside the theoretical analysis. The 
objective is not simply to explain how an LM393 comparator works, 
but to help the reader develop the habits of thought that characterize 
sound engineering practice. 

This handbook is intended for engineering students, technicians, 
hobbyists, and practicing engineers who wish to gain both a clear 
theoretical understanding and practical confidence in designing 
comparator circuits with hysteresis. 

If, after reading these pages, the reader feels more confident in 
analyzing circuits, making design decisions, and approaching 
engineering problems logically and systematically, then this handbook 
will have fulfilled its purpose. 

I pray that Allah places benefit in this work and makes it a source of 
useful knowledge for everyone who studies it. 

 

Engineer 

   Khalid Basyouni  
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Chapter 1 
Introduction 

Electronic circuits are expected to produce stable and predictable 
outputs, even when their input signals contain noise, small 
fluctuations, or slow transitions. In practice, however, real-world 
signals are rarely ideal. Electrical noise, interference, and 
measurement uncertainties can cause an input voltage to oscillate 
around a decision level, leading to unstable circuit operation if no 
preventive measures are taken. 

A comparator is one of the simplest devices used to determine 
whether an input voltage is above or below a reference level. Under 
ideal conditions, its output changes state precisely when the input 
crosses the reference voltage. In practical applications, however, this 
ideal behavior can become a disadvantage. When the input voltage 
changes slowly or contains electrical noise, the comparator may switch 
repeatedly between its two output states, producing unwanted 
oscillations and unreliable operation. 

The solution to this problem is hysteresis. 

By introducing positive feedback, hysteresis creates two different 
switching thresholds instead of one. One threshold determines the 
output transition when the input voltage is rising, while the other 
determines the transition when the input voltage is falling. This small 
but powerful modification greatly improves circuit stability and 
immunity to noise. 

Understanding hysteresis is therefore not merely a matter of learning 
another circuit technique. It is an excellent example of an important 
engineering principle: a well-designed system anticipates 
imperfections instead of reacting to them. 
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This handbook explains how hysteresis is implemented using the 
LM393 comparator, beginning with the engineering concepts before 
moving to mathematical analysis and practical circuit design. Each 
chapter builds upon the previous one, allowing the reader to develop 
both theoretical understanding and practical design skills in a logical 
and progressive manner. 

 

1.1 Why Hysteresis? 

Imagine a comparator whose reference voltage is exactly 5.00 V. 

If the input voltage rises steadily from 4.90 V toward 5.10 V, an ideal 
comparator would switch once when the input reaches 5.00 V. 

Unfortunately, practical signals are rarely perfectly smooth. 

Suppose that electrical noise of only a few millivolts is superimposed 
on the input signal while it is near the switching point. Instead of 
crossing the threshold cleanly, the input voltage may move slightly 
above and below the reference several times within a very short 
period. 

As a result, the comparator output repeatedly changes state. 

This phenomenon is commonly known as output chatter, and it can 
lead to serious problems in practical circuits, including: 

 False triggering of digital logic.  

 Relay or switch instability.  

 Multiple counts in digital counters.  

 Unstable sensor outputs.  

 Oscillating control systems.  
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Clearly, the comparator itself is not malfunctioning. It is responding 
correctly to every tiny variation in its input. The real problem is that 
the circuit treats every small fluctuation as though it were a 
meaningful signal. 

Hysteresis solves this problem by introducing memory into the 
switching process. 

Instead of using a single threshold voltage, the comparator operates 
with two different thresholds: 

 Upper Threshold (UT): The input voltage required to change 
the output from LOW to HIGH.  

 Lower Threshold (LT): The input voltage required to change 
the output from HIGH to LOW.  

Because these thresholds are separated by a finite voltage difference, 
small fluctuations around either threshold no longer cause repeated 
switching. The input must move a significant distance before the 
output changes state again. 

This simple concept dramatically improves noise immunity and 
switching stability, making hysteresis one of the most valuable 
techniques in analog and mixed-signal circuit design. 

Engineering Insight 

A comparator with hysteresis does not ignore noise; it distinguishes 
between noise and a genuine change in the input signal. Good 
engineering often depends more on making intelligent decisions than 
on increasing circuit complexity. 
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1.2 Why the LM393? 

 

Among the many comparator integrated circuits available, LM393 has 
earned a reputation as one of the most practical and versatile devices 
for both educational and industrial applications. 

Its popularity is not accidental. 

The LM393 combines simplicity, reliability, low power consumption, 
wide supply-voltage capability, and open-collector outputs, making it 
suitable for a wide range of analog and digital interface circuits. 

From an educational perspective, it offers another important 
advantage. 

Its internal operation is straightforward enough that the designer can 
focus on understanding the behavior of the external circuit rather than 
becoming distracted by unnecessary internal complexity. This makes 
the LM393 an ideal platform for learning the principles of comparator 
design and positive feedback. 

LM393 contains 2 separate comparators instead of one. 
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Throughout this handbook, the LM393 will serve not merely as an 
electronic component, but as a practical example through which 
broader engineering principles can be explored. Once these principles 
are understood, they can be applied to many other comparator 
devices with only minor modifications. 

 

About Mathematics 

You will notice that this chapter contains no equations. 

This is intentional. 

Engineering design should begin with understanding the problem 
before introducing the mathematics used to describe it. Equations are 
valuable tools, but they become meaningful only after the physical 
behavior of the circuit is clearly understood. 
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In the chapters that follow, every mathematical relationship will be 
introduced only after its engineering purpose has become evident. 

 

Think Like an Engineer 

When a circuit behaves unexpectedly, resist the temptation to ask, 

"What equation did I use incorrectly?" 

Instead, ask, 

"What behavior is the circuit trying to tell me?" 

Measurements describe what a circuit is doing. 

Understanding explains why it is doing it. 

The best engineers learn to interpret both. 

 

Transition to Chapter 2 

Now that we understand why hysteresis is necessary and why the 
LM393 is an excellent device for implementing it, the next step is to 
understand how the comparator operates internally and how positive 
feedback creates two distinct switching thresholds. 

This foundation will prepare us for the mathematical analysis and 
practical circuit designs presented in the following chapters. 
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Chapter 2 
Operating Principles 

Understanding a circuit begins long before any calculations are 
performed. Before selecting resistor, or deriving equations, an 
engineer should first understand how the circuit behaves. Once the 
behavior becomes clear, mathematic operations become a natural 
description rather than a collection of unrelated formulas. 

The LM393 comparator is an excellent example of this principle. 
Although its operation is fundamentally simple, the addition of positive 
feedback transforms it from an ordinary comparator into a circuit 
capable of making stable and reliable decisions in the presence of 
noise and slight varying in input signals. 

This chapter explains the operating principles that make hysteresis 
possible and establishes the physical understanding upon which all 
subsequent mathematical analysis will be built. 

 

2.1 The Comparator as a Decision-Making Device 

There are two ways a comparator can be used. That is the inverting 
comparator and the non-inverting comparator. The main difference 
between an inverting and a non-inverting comparator lies in where the 
input signal is connected, which reverses their output behavior. In an 
inverting comparator, the input goes to the negative pin, and the 
reference goes to the positive pin. In a non-inverting comparator, the 
input goes to the positive pin, and the reference goes to the negative 
pin. 

A comparator continuously compares two input voltages. 

 The non-inverting input (+) receives one voltage.  
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 The inverting input (–) receives another.  

Its output simply indicates which voltage is greater. 

When the voltage at the non-inverting input exceeds the voltage at the 
inverting input, the output changes to one state. When the opposite 
condition exists, the output changes to the other state. 

Unlike a linear amplifier, the comparator is not concerned with how 
much the two voltages differ. It is only interested in which one is 
larger. 

For this reason, a comparator can be regarded as an electronic 
decision-making device. 

 

 

 

2.2 The Limitation of a Single Threshold 

An ordinary comparator has only one switching threshold. 
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Whenever the input voltage reaches that value, the output changes 
state. 

At first glance this seems ideal. 

However, practical signals rarely move cleanly through the threshold 
voltage. Electrical noise, sensor ripple, supply disturbances, and 
electromagnetic interference cause the input voltage to fluctuate 
continuously. 

If these fluctuations occur near the switching point, the comparator 
repeatedly changes state. 

The comparator is not making incorrect decisions. 

It is making too many correct decisions. 

Every tiny fluctuation is interpreted as a new input condition. 

This repeated switching is known as output chatter, and in many 
practical systems it is unacceptable. 

 

2.3 Positive Feedback Changes the Rules 

The solution is remarkably elegant. 

Instead of keeping the reference voltage fixed, a small portion of the 
output voltage is fed back to one of the comparator inputs through a 
resistor network. 

This arrangement is known as positive feedback. 

Unlike negative feedback, which attempts to reduce changes in circuit 
behavior, positive feedback reinforces the present output state. 

Consequently, the reference voltage is no longer constant. 
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It depends upon the current output state of the comparator. 

Whenever the output changes, the switching threshold also changes. 

Therefore, the circuit no longer operates with one threshold. 

It operates with two. 

 

 

2.4 Two Thresholds Instead of One 

The introduction of positive feedback creates two distinct switching 
levels. 

 Upper Threshold Voltage (UT): 
The input voltage required to change the output from LOW to 
HIGH.  

 Lower Threshold Voltage (LT): 
The input voltage required to change the output from HIGH to 
LOW.  
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The voltage difference between these two thresholds is called 
hysteresis width. 

As long as the input voltage remains between these two limits, the 
output retains its previous state. 

In effect, the comparator acquires a simple form of memory. It 
remembers its last output until the input changes by a sufficiently large 
amount. 

This memory is what makes hysteresis so effective in rejecting 
unwanted noise. 

 

 

 

2.5 Understanding the Circuit Behavior 

At first encounter, many students assume that positive feedback 
somehow makes the comparator "more sensitive." 
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The opposite is true. The comparator becomes more selective. 

Small input variations are ignored because they are insufficient to 
force the input voltage across the opposite threshold. Only a genuine 
change in the input signal produces a change in output state. 

This distinction is fundamental. The purpose of hysteresis is not to 
increase sensitivity. Its purpose is to improve decision quality. 

 

About Mathematics 

No mathematical derivations have been introduced in this chapter. 

This is intentional. 

Before equations can be used correctly, the engineer must first 
understand what the circuit is doing physically. 

In the next chapter we shall convert these operating principles into 
mathematical relationships that allow the switching thresholds to be 
calculated accurately. 

The equations will therefore become a natural consequence of the 
circuit behavior rather than isolated mathematical expressions. 

 

Engineering Insight 

Many successful engineering designs are based on a simple principle: 

Do not allow a system to react to insignificant changes. 

Whether designing an electronic comparator, a motor controller, or an 
industrial automation system, introducing an appropriate decision 
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margin often produces a system that is more stable, more reliable, and 
easier to troubleshoot. 

Hysteresis is one practical implementation of this universal engineering 
principle. 

 

Think Like an Engineer 

When analyzing any electronic circuit, always ask two questions: 

1. What determines the present state of the circuit?  

2. What event is capable of changing that state?  

If you can answer these two questions, mathematical analysis usually 
becomes straightforward. 

Good engineers learn to understand the behavior first and derive the 
equations afterward. 

 

Transition to Chapter 3 

Now that we understand how positive feedback creates two switching 
thresholds and why hysteresis improves circuit stability, we are ready 
to examine a practical implementation using LM393. 

In the next chapter we will analyze the non-inverting comparator with 
hysteresis, derive the design equations step by step, and develop a 
systematic procedure for selecting component values to meet any 
required switching thresholds.  
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Chapter 3 
Configuration 1: Non-Inverting Comparator with Hysteresis 

3.1 Mathematical Analysis 

The operation of the non-inverting comparator with hysteresis can 
now be translated into mathematical relationships that allow the 
circuit to be designed accurately. 

As explained in the previous chapter, the comparator has two distinct 
switching thresholds. The upper threshold determines the voltage at 
which the output changes from LOW to HIGH, while the lower 
threshold determines the voltage at which the output returns from 
HIGH to LOW. 

The purpose of this analysis is to derive the equations that describe 
these two thresholds and to determine how the resistor values 
influence the hysteresis width. 

Circuit Conditions 

The circuit must be analyzed under two operating conditions. 

Case 1 – Output LOW 

When the output is LOW, the feedback voltage is approximately zero. 
The switching threshold is therefore determined by the reference 
voltage together with the resistor network. 

This condition produces the Upper Threshold Voltage (VUT). 

Case 2 – Output HIGH 

When the output becomes HIGH, a portion of the output voltage is fed 
back through the feedback resistor. This additional voltage shifts the 
switching threshold. 
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This condition produces the Lower Threshold Voltage (VLT). 

The difference between these two threshold voltages is called 
hysteresis width. 

Final Design Equations 

 

𝑉௎் =  𝑉ோாி  . ൬1 +  
𝑅ଵ

𝑅ி
൰ 

The upper threshold VUT is the input voltage that must be exceeded 
before the comparator output changes from LOW to HIGH as VIN rises. 

𝑉௅் =  𝑉ோாி . ൬1 +
𝑅ଵ

𝑅ி
൰ −  𝑉஼஼  . ൬

𝑅ଵ

𝑅ி
൰ 

The lower threshold VLT is the input voltage below which the 
comparator output changes from HIGH to LOW as VIN falls. 

Δ𝑉ு௒ௌ =  𝑉௎் −  𝑉௅் =  𝑉஼஼  . ൬
𝑅ଵ

𝑅ி
൰ 
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The hysteresis width depends on the supply voltage and the feedback 
resistor ratio. The reference voltage determines the position of the 
switching window, whereas the resistor ratio determines its width. 

 

3.2 Practical Design Procedure 

Once the required switching thresholds have been specified, the circuit 
can be designed using the following sequence. 

1. Determine the required Upper Threshold Voltage.  

2. Determine the required Lower Threshold Voltage.  

3. Calculate the required hysteresis width.  

4. Select the desired reference voltage.  

5. Calculate the resistor ratio using the design equations.  

6. Choose the nearest preferred resistor values.  

7. Verify the resulting threshold voltages.  

8. Construct and test the circuit.  

This systematic procedure avoids trial-and-error design and ensures 
that the completed circuit satisfies the original specification. 

 

Practical Design Notes 

When selecting resistor values, remember the following recommendations: 

 RPU value is usually chosen from 1 to 10 KΩ. 

 RF Should be >> RPU So, the pull up drop is negligible. Ex: RF = 
50 → 100 RPU 
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 Avoid excessively small resistor values, as they increase current 
consumption unnecessarily.  

 Avoid excessively large resistor values, since they increase the 
effect of leakage currents and electrical noise.  

 Select standard resistor values whenever possible.  

 Verify the calculated thresholds after rounding resistor values 
to the nearest preferred values.  

 Whenever practical, confirm the final design by measurement 
before incorporating it into a larger system.  

 

Common Design Mistakes 

The following mistakes are frequently encountered during comparator 
design. 

 Choosing resistor values before defining the required 
thresholds.  

 Ignoring the effect of resistor tolerances.  

 Assuming the comparator output reaches the exact supply 
voltage.  

 Forgetting that the LM393 requires an external pull-up 
resistor.  

 Omitting verification measurements after construction.  

Avoiding these common mistakes greatly increases the likelihood of 
obtaining the required switching characteristics on the first prototype. 
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Think Like an Engineer 

Successful engineers rarely begin a design by selecting components. 

They begin by defining the required performance. 

The circuit is then designed to satisfy those requirements. 

Whenever a design problem appears to be difficult, first define the 
desired behavior clearly. 

Only then begin the mathematical calculations. 

Engineering is not the process of solving equations. 

Engineering is the process of solving problems. 

 

Chapter Summary 

In this chapter, the mathematical relationships governing the non-
inverting hysteresis comparator have been established. 

The design equations provide a direct method for determining the 
resistor values required to obtain any specified switching thresholds. 

The next chapter applies the same engineering philosophy to the 
inverting comparator configuration, demonstrating how a different 
circuit arrangement leads to a different set of design equations while 
preserving the same principles of hysteresis operation. 
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Chapter 4 
Configuration 2: Inverting Comparator with Hysteresis 

4.1 Introduction 

The non-inverting comparator discussed in the previous chapter 
demonstrated how positive feedback creates two distinct switching 
thresholds, thereby improving noise immunity and eliminating output 
instability around the reference voltage. 

The same principle can also be applied to the inverting comparator 
configuration. Although the circuit arrangement differs, the objective 
remains the same: to produce a well-defined hysteresis window with 
predictable switching thresholds. 

This chapter explains the operation of the inverting configuration, 
develops the corresponding design equations, and presents a 
systematic design procedure suitable for practical engineering 
applications. 

 

4.2 Circuit Description 
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In this configuration, the input signal is applied to the inverting input 
of the LM393 comparator, while the reference voltage and the positive 
feedback network are connected to the non-inverting input. R1 & R2 act 
as a voltage divider to adjust the reference voltage required at IN+. 

The positive feedback resistor causes the reference voltage at the non-
inverting input to change according to the output state. As a result, the 
comparator switches at two different input voltages depending on 
whether the output is presently HIGH or LOW. 

This behavior creates the hysteresis window required for stable 
switching. 

 

4.3 Principle of Operation 

The circuit operates in two stable conditions. 

Case 1 – Output LOW 

When the output is LOW, the feedback voltage is also LOW. 

The reference voltage therefore assumes its lower value. 

As the input voltage falls below this level, the comparator output 
switches HIGH. 

 

Case 2 – Output HIGH 

When the output switches HIGH, positive feedback raises the 
reference voltage. 

The input voltage must now rise above this new threshold before the 
output returns LOW. 
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The difference between these two threshold voltages is the hysteresis 
window. 

 

4.4 Mathematical Analysis 

The mathematical derivation of the switching thresholds is presented 
below. 

 Upper Threshold Voltage (VUT) occurs when the output is HIGH 
(≈ VCC), putting RF effectively in parallel with R1 

𝑉௎் =  𝑉஼஼  . ൬
𝑅ଶ

(𝑅ଵ  ∥  𝑅ி) +  𝑅ଶ
൰ 

Where the parallel resistance (𝑅ଵ  ∥  𝑅ி) = ோభ . ோಷ

ோభା ோಷ
 

 

 Lower Threshold Voltage (VLT) occurs when the output is LOW 
(≈ 0 V), putting RF effectively in parallel with R2. 

𝑉௅் =  𝑉஼஼  .  ቆ
(𝑅ଶ  ∥  𝑅ி)

𝑅ଵ +  (𝑅ଶ  ∥  𝑅ி)
ቇ 

Where the parallel resistance (𝑅ଶ  ∥  𝑅ி) = ோమ . ோಷ

ோమା ோಷ
 

 

 Hysteresis width: 

Δ𝑉ு௒ௌ =  𝑉௎் −  𝑉௅் 
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4.5 Practical Design Procedure 

Design the circuit according to the following sequence. 

1. Specify the required Upper Threshold Voltage.  

2. Specify the required Lower Threshold Voltage.  

3. Calculate the required hysteresis width.  

4. Select the reference voltage.  

5. Determine the resistor ratio using the design equations.  

6. Select the nearest preferred resistor values.  

7. Verify the calculated threshold voltages.  

8. Construct and test the circuit.  

Following this sequence minimizes design errors and avoids 
unnecessary trial-and-error calculations. 

 

Practical Design Notes 

 Choose resistor values that provide an appropriate 
compromise between current consumption and noise 
immunity.  

 RF should be >> RPU. 

 Use preferred resistor values whenever practical.  

 Recalculate the thresholds after rounding resistor values to 
standard values.  

 Consider resistor tolerances where “switching accuracy” is 
important.  
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 Verify the completed circuit experimentally before final 
installation.  

 

Common Design Mistakes 

 Confusing the upper and lower switching thresholds.  

 Reversing the comparator inputs.  

 Ignoring resistor tolerances.  

 Forgetting the LM393 pull-up resistor.  

 Failing to verify the final switching voltages experimentally.  

 

Think Like an Engineer 

The circuit configuration may change, but the engineering method 
does not. 

Always begin by defining the required switching behavior. 

Then derive the necessary resistor values. 

Finally, verify that the completed circuit satisfies the original design 
specification. 

A successful engineer cares about performance first in designs and 
selects components second. 
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Chapter Summary 

This chapter introduced the inverting LM393 comparator with 
hysteresis and demonstrated how positive feedback produces two 
distinct switching thresholds. 

Although the circuit configuration differs from that of the non-
inverting comparator, the same design philosophy applies. By following 
a systematic design procedure, predictable switching characteristics 
can be achieved with confidence. 

Now it is time to clarify something that relates to both chapters three 
and four.   What is the Difference between non-inverting and inverting 
configurations? When to use any? Well, in non-inverting configuration, 
Vin is fed to the IN+ of the comparator. In hysteresis mode, this 
configuration makes output LOW when: 

1- Vin is lower than VTH1 and, 
2- Vin is between (VTH1 and VTH2) if Vin started LOW. 

This configuration on the other side, makes output HIGH when: 

1- Vin is higher than VTH2 and, 
2- Vin is between (VTH1 and VTH2) if Vin started HIGH. 

While in inverting mode, Vin is fed to the IN- of the comparator. In 
hysteresis mode, this configuration makes output HIGH when: 

1- Vin is lower than VTH1 and, 
2- Vin is between (VTH1 and VTH2) if Vin started LOW. 

This configuration on the other side, makes output LOW when: 

1- Vin is higher than VTH2 and, 
2- Vin is between (VTH1 and VTH2) if Vin started HIGH. 

 

The next chapter presents a complete worked design example, 
illustrating how the principles developed in the previous chapters are 
applied to solve a practical engineering problem. 
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Chapter 5 
Complete Worked Design Example 

5.1 Introduction 

The previous chapters established the operating principles and 
mathematical design equations for both the non-inverting and 
inverting comparator configurations. In this chapter, these principles 
are brought together in a complete engineering design example. 

Rather than studying individual equations in isolation, the reader will 
follow the same sequence used by practicing engineers: beginning with 
a design specification and progressing systematically toward a finished 
circuit. 

The purpose of this chapter is not only to obtain the correct resistor 
values, but also to demonstrate an organized design methodology that 
can be applied to future engineering projects. 

 

5.2 Design Specification 

Assume that a comparator circuit is required to monitor an analog 
voltage with the following design specifications: 

 Supply Voltage: (𝑉஼஼ = 15 𝑉)  

 Upper Threshold Voltage: (𝑉௎் = 7.25𝑉)  

 Lower Threshold Voltage: (𝑉௅் = 6𝑉)  

The objective is to determine suitable resistor values that satisfy these 
requirements. 

 

  



 
35 

5.3 Step 1. Select Circuit Topology 

To generate independent thresholds using a single supply source 
without relying on an external reference voltage generator, deploy the 
Inverting Comparator with Hysteresis topology because it allows the 
reference voltage to be determined using voltage divider resistors. 

 The input voltage VIN connects to the inverting pin IN-. 

 A fixed divider network R1 and R2 powered by VCC sets the 
reference, and the feedback resistor Rf alters the reference 
node at the non-inverting pin IN+. 

 

Fig 5 - 1 

 

5.4 Step 2 – Determine RPU & RF 

 Select RPU first: Pick a value like 4.7 KΩ or 10 KΩ to keep the 
output sink current well within the LM393’s safe limits (< 5 
mA). 
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 Keep feedback resistor much larger than pull up resistor: 
choose RF value in the range of 100 to 1000 KΩ. This will 
minimize the loading effect on the open-collector output 
network. 

 Account for input limits: Ensure your input signals and VREF do 
not exceed the common-mode input voltage limit, which is (VCC 
– 1.5V) for standard operations. 

 

5.5 Step 3 – Calculations for Finding resistors 

When the comparator output is HIGH, the output is pulled to VCC via 
RPU. Because RF >> RPU, we can safely approximate the output as VCC, 
putting RF in parallel with R1. So... 

𝑉௎் =  𝑉஼஼  . ൬
𝑅ଶ

(𝑅ଵ  ∥  𝑅ி) +  𝑅ଶ
൰ 

When the comparator output trips LOW, the output stage conducts to 
ground (0 V), Putting RF in parallel with R2. So... 

𝑉௅் =  𝑉஼஼  .  ቆ
(𝑅ଶ  ∥  𝑅ி)

𝑅ଵ +  (𝑅ଶ  ∥  𝑅ி)
ቇ 

By simultaneously solving these equations with a goal of matching 
standard commercial E24 series components (with a tolerance of 1%), 
we find optimal balance of power efficiency and signal accuracy: 

 R1 (Pull-up divider resistor) = 39 K Ohm. 
 R2 (Pull-down divider resistor) = 30 K Ohm. 
 RF (Positive feedback resistor) = 180 K Ohm. 
 RPU (Output Pull-up resistor) = 4.7 K Ohm. 

So, 
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For a (15 V) power supply (VCC), an Inverting Schmitt Trigger 
configuration delivers your exact thresholds using highly standard E24 
resistor values: (R1 = 39 k Ohm), (R2 = 30 K Ohm), and (RF = 180 k 
Ohm). Pair these with a standard (RPU = 4.7 k Ohm) pull-up resistor on 
the open-collector output of the LM393 comparator to secure an 
upper switching threshold (VUT) of (7.25 V) and a lower switching 
threshold (VLT) of (5.96 V). 

 

5.6 Step 4 – Verify the Design 

Substitute the selected resistor values into the threshold equations to 
verify the design. 

(𝑅ଵ  ∥  𝑅ி) =  
39 𝐾 . 180 𝐾

39 𝐾 + 180 𝐾
 ≅ 32.05 𝐾𝑂ℎ𝑚 

𝑉௎் = 15 𝑉 . ൬
30 𝐾

32.05 𝐾 + 30 𝐾
൰ ≅ 7.252 𝑉 

(Error = 0.03%) Totally accepted. 

(𝑅ଶ  ∥  𝑅ி) =  
30 𝐾 . 180 𝐾

30 𝐾 + 180 𝐾
 ≅ 25.71 𝐾𝑂ℎ𝑚 

𝑉௅் = 15 𝑉 . ൬
25.71 𝐾

39 𝐾 + 25.71 𝐾
൰ ≅ 5.960 𝑉 

(Error = 0.66%) Totally accepted. 

Confirm that the calculated switching thresholds satisfy the original 
design specification. 

If necessary, adjust the resistor values and repeat the verification until 
the desired performance is achieved. 
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5.7 Practical Considerations 

To successfully deploy the LM393 with hysteresis, positive feedback 
must be routed back to the non-inverting input while explicitly 
including a pull-up resistor on the output pin to overcome its open-
collector limitation. 

After completing the mathematical design, several practical 
considerations should be evaluated before constructing the circuit. 

 Component tolerances.  

 Supply voltage variations.  

 Electrical noise.  

 Temperature effects.  

 Measurement accuracy.  

Considering these factors during the design stage increases the 
reliability and stability of the completed circuit. 

 

Think Like an Engineer 

A successful design is not achieved when the calculations are 
complete. 

A successful design is achieved when the completed circuit performs 
exactly as intended. 

Mathematics predicts circuit behavior. 

Practical testing confirms it. 

Professional engineering always relies on both. 
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Chapter Summary 

This chapter demonstrated a complete design procedure for an LM393 
comparator with hysteresis. 

Beginning with a set of design specifications, the required resistor 
values were determined, verified, and evaluated using a systematic 
engineering approach. 

The next chapter concludes this handbook by presenting practical 
implementation recommendations, troubleshooting techniques, and 
design guidelines that help engineers obtain reliable and repeatable 
results in real-world applications. 
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Chapter 6 
Analytical View to The Circuit Design 

6.1 Used circuit description 

Fig. 6.1 shows the same circuit used in the example of chapter 5. For 
more flexibility and more control purposes, one tiny modification was 
made. The input voltage Vin is not directly fed into IN-. Instead, it’s fed 
to a voltage divider and a percentage part of it is fed to IN-. This allows 
us to use a potentiometer to control the inverted input too. So, 
variables in this situation are: 

 R1 & R2, pullup and pulldown divider resistors to IN+ 
 RF, Positive feedback resistor 
 R%, percentage of the pullup part of the resistor that feeds IN- 

and gives %age part of Vin to IN- 

 

Fig 6-1 
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Studying this situation enables us to see the effect of each factor (R1, 
R2, RF, R%, and VCC) on the thresholds individually. It will give us the 
following resulted graphs from which we can obtain some very 
important relations as will be clarified hereunder. These relations will 
help us decide to increase/decrease which factor to: 

 Increase/decrease VTH1 alone 
 Increase/decrease VTH2 alone 
 Increase/decrease Both VTH1 and VTH2 
 Increase/decrease the gap between VTH1 and VTH2 that means 

(enlarge/reduce hysteresis window) 

This is a full control process. 

Fig. 6-2, shows the relation between R1 and (VUT and VLT). This figure 
tells us that the effect of R1 on both thresholds goes with an inverse 
relationship. Also, the rate of VLT drop is slightly more than it is in VUT 
with the increase in R1. 

Fig. 6-3, shows the relation between R2 and (VUT and VLT). This figure 
tells us that the effect of R2 on both thresholds goes with a direct 
relationship. Also, the rate of VUT rise is slightly more than it is in VLT 
with the increase in R2. 

Fig. 6-4, shows the relation between RF and (VUT and VLT). This figure 
tells us that the effect of RF on VLT goes with a direct relationship, while 
it goes with an inverse relationship with VUT. Also, its effect fades when 
RF is too high in value. 

Fig. 6-5, shows the relation between VCC and (VUT and VLT). This figure 
tells us that the effect of VCC on both thresholds goes with a direct 
relationship. Also, the rate of VUT rise is slightly more than it is in VLT 
with the increase in VCC. This means that the gap between the two 
thresholds increases with the increase in VCC. 
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Fig. 6-6, shows the relation between R% and (VUT and VLT). This figure 
tells us that the effect of R% on both thresholds goes with an inverse 
relationship. Also, the rate of VLT drop is slightly less than it is in VUT 
with the increase in R%. The two curves meet at 100% ratio. In fact, the 
gap between the two thresholds (hysteresis window) is almost 
negligible at 15% or more. 
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Fig 6 - 2 
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Fig 6 - 6 



 
48 

Chapter 7 
Practical Design Guidelines and Troubleshooting 

7.1 Introduction 

A mathematically correct design does not always guarantee 
satisfactory performance in a practical circuit. Component tolerances, 
electrical noise, PCB layout, power supply quality, and environmental 
conditions all influence the behavior of a comparator. 

This chapter summarizes the practical considerations that should be 
taken into account when implementing LM393 comparator circuits 
with hysteresis. It also presents common troubleshooting techniques 
that help identify and correct problems during testing and 
commissioning. 

 

7.2 Good Design Practices 

The following recommendations should be considered regarding every 
comparator design. 

Use Stable Reference Voltages 

The switching thresholds are directly related to the reference voltage. 
Any variation in the reference voltage shifts both switching thresholds. 

Whenever high accuracy is required, use a stable, low-noise reference 
source. 

 

Choose Resistor Values Carefully 

Select resistor values that provide an appropriate balance between 
power consumption and noise immunity. 
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Very low resistance values increase current consumption un-
necessarily, while excessively high resistance values make the circuit 
more susceptible to leakage currents, input bias current errors, and 
electrical interference. 

 

Use Clean Power Supplies 

Noise present on the supply voltage can influence the comparator 
inputs and affect the switching thresholds. 

Place a bypass capacitor as close as possible to the LM393 supply pins 
to reduce supply noise and improve circuit stability. 

 

Keep Signal Paths Short 

Long PCB traces can collect electrical noise and increase the possibility 
of false switching. 

Keep comparator input connections short and route sensitive analog 
signals away from high-current and high-frequency conductors. 

 

7.3 Troubleshooting Guide 

If the circuit does not perform as expected, verify the following items 
before modifying the design. 

Symptom: Output Oscillates Near the Switching Point 

Possible Causes 

 Insufficient hysteresis.  
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 Excessive electrical noise.  

 Poor PCB layout.  

 Unstable reference voltage.  

Recommended Action 

Increase the hysteresis width if appropriate. Verify the stability of both 
the reference voltage and the power supply. 

 

Symptom: Incorrect Switching Thresholds 

Possible Causes 

 Incorrect resistor values.  

 Wiring errors.  

 Component tolerance.  

 Calculation errors.  

Recommended Action 

Measure each resistor, verify all wiring connections, and compare the 
measured switching thresholds with the calculated values. 

 

Symptom: Output Does Not Switch 

Possible Causes 

 Missing pull-up resistor.  

 Incorrect supply voltage.  

 Faulty comparator.  
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 Input voltage outside the intended operating range.  

Recommended Action 

Verify the pull-up resistor, supply voltage, and input signal before 
replacing any component. 

 

7.4 Practical Verification Procedure 

Before approving the final circuit design, perform the following 
verification steps. 

1. Verify the supply voltage.  

2. Verify the reference voltage.  

3. Measure the upper switching threshold.  

4. Measure the lower switching threshold.  

5. Compare the measured values with the calculated values.  

6. Verify stable operation in the presence of small input 
disturbances.  

7. Confirm reliable operation over the expected operating 
conditions.  

Documenting these measurements provides confidence that the 
completed circuit satisfies the original design objectives. 

 

7.5 Final Design Recommendations 

Before placing the circuit into service, ensure that: 

 The measured thresholds agree with the calculated values.  
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 Preferred resistor values have been used whenever practical.  

 The power supply is properly decoupled.  

 The PCB layout minimizes electrical noise.  

 The circuit has been tested under its intended operating 
conditions.  

A few additional minutes spent verifying the completed circuit can 
prevent many hours of troubleshooting after installation. 

 

Think Like an Engineer 

A good engineer is not judged by how quickly a circuit is designed. 

A good engineer is judged by how reliably that circuit performs after it 
leaves the workbench. 

Theory provides understanding. 

Mathematics provides prediction. 

Testing provides proof. 

Professional engineering requires all three. 

 

Chapter Summary 

This handbook has presented the LM393 comparator as a practical 
engineering tool rather than simply an electronic component. 

Beginning with the concept of hysteresis, progressing through circuit 
operation and mathematical design, and concluding with practical 
implementation and troubleshooting, the objective has been to 
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provide a complete engineering methodology for designing reliable 
comparator circuits. 

Although the examples focused on the LM393, the engineering 
principles discussed throughout this handbook can be applied to many 
other analog and mixed-signal designs. 

Readers are encouraged to use these methods as a foundation for 
further study, experimentation, and practical circuit development. 
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Chapter 8 
Common Mistakes and Frequently Asked Questions 

8.1 Introduction 

Even when the mathematical design is correct, practical 
implementation errors can prevent a comparator circuit from 
operating as intended. Many of these problems result from simple 
oversights rather than complex design errors. 

This chapter summarizes the most common mistakes encountered 
when designing and testing LM393 comparator circuits with hysteresis. 
It also answers practical questions frequently raised by students and 
engineers. 

 

8.2 Common Design Mistakes 

Mistake 1 – Designing Before Defining the Requirements 

One of the most common mistakes is selecting resistor values before 
determining the required switching thresholds. 

A successful design always begins by defining the required circuit 
behavior. 

Only after the design objectives have been established should the 
component values be calculated. 

 

Mistake 2 – Ignoring Hysteresis 

Some designers omit positive feedback because the comparator 
appears to operate correctly during initial testing. 
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However, even a small amount of electrical noise can produce unstable 
switching if hysteresis is not provided. 

Whenever the input signal changes slowly or is subject to electrical 
noise, hysteresis should be considered an essential part of the design. 

 

Mistake 3 – Assuming Ideal Comparator Behavior 

Practical comparators differ from ideal mathematical models. 

Supply voltage limitations, output saturation voltage, propagation 
delay, input offset voltage, and resistor tolerances all influence circuit 
performance. 

Design calculations should always be confirmed by practical 
measurements. 

 

Mistake 4 – Poor PCB Layout 

An excellent circuit design can perform poorly if implemented with an 
unsuitable PCB layout. 

Keep signal paths short, separate sensitive analog signals from noisy 
switching circuits, and place the supply bypass capacitor as close as 
possible to the LM393. 

 

8.3 Frequently Asked Questions 

Why does the output oscillate near the switching point? 

This behavior is usually caused by insufficient hysteresis, excessive 
electrical noise, or an unstable reference voltage. 
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Increasing the hysteresis width and improving the circuit layout 
generally eliminate this problem. 

 

Can hysteresis be made too large? 

Yes. 

Increasing hysteresis width improves noise immunity but reduces 
switching sensitivity. 

The hysteresis width should therefore be selected according to the 
requirements of the intended application. 

 

Should resistor values always be as large as possible? 

No. 

Large resistor values reduce power consumption but increase the 
influence of leakage currents, input bias current, and electrical noise. 

A balanced design usually provides the best overall performance. 

 

Is simulation sufficient to verify the design? 

Simulation is an excellent engineering tool, but it cannot replace 
practical measurements. 

Component tolerances, temperature variations, and environmental 
conditions often produce effects that are not fully represented by 
simulation models. 
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Think Like an Engineer 

Good engineers learn from mistakes before making them. 

Study unsuccessful designs as carefully as successful ones. 

Every problem discovered during testing provides an opportunity to 
improve future designs. 

Engineering experience is built one lesson at a time. 

 

Chapter Summary 

This chapter reviewed common design mistakes and answered 
practical questions frequently encountered during comparator design. 

Understanding these issues enables engineers to avoid unnecessary 
troubleshooting and develop reliable comparator circuits more 
efficiently. 

The next chapter concludes this handbook with a concise engineering 
reference that summarizes the key principles presented throughout 
this work. 
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Chapter 9 
Quick Reference 

9.1 Introduction 

The preceding chapters have developed the concepts, mathematical 
foundations, and practical design procedures required for 
implementing LM393 comparator circuits with hysteresis. 

This final technical chapter provides a concise reference to the most 
important principles presented throughout the handbook. It is 
intended to serve as a practical guide that can be consulted during 
future circuit designs without rereading the complete text. 

 

9.2 Design Workflow 

For every new comparator design, follow the sequence below. 

1. Define the application requirements.  

2. Specify the upper switching threshold.  

3. Specify the lower switching threshold.  

4. Calculate the required hysteresis width.  

5. Select the reference voltage.  

6. Determine the required feedback resistor ratio.  

7. Select the nearest preferred resistor values.  

8. Verify the calculated switching thresholds.  

9. Construct the circuit.  

10. Measure and verify the actual switching thresholds.  
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Following this procedure significantly reduces design errors and 
minimizes troubleshooting during testing. 

 

9.3 Practical Design Checklist 

Before approving a completed design, verify the following items. 

□ ApplicaƟon requirements are clearly defined. 

□ Upper and lower switching thresholds specified. 

□ Hysteresis width calculated. 

□ Standard resistor values selected. 

□ Pull-up resistor included. 

□ Power supply adequately decoupled. 

□ PCB layout reviewed. 

□ Switching thresholds verified experimentally. 

□ Circuit tested under intended operaƟng condiƟons. 

Completing this checklist before releasing a design greatly improves 
reliability and reduces commissioning problems. 
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9.4 Quick Troubleshooting Guide 

Observed Problem Most Likely Cause Recommended Action 

Output oscillates 
near threshold 

Insufficient hysteresis 
Increase hysteresis or 
reduce electrical noise 

Incorrect switching 
thresholds 

Incorrect resistor 
values 

Verify resistor values and 
calculations 

Output remains 
HIGH 

Input never crosses 
threshold 

Verify the input voltage 
range 

Output remains 
LOW 

Wiring or reference 
voltage error 

Inspect wiring and 
reference voltage 

Unstable operation 
Poor supply 
decoupling or PCB 
layout 

Improve bypassing and PCB 
layout 

 

9.5 Key Engineering Principles 

Throughout this handbook, several engineering principles have been 
emphasized. 

 Start every design by defining the required circuit behavior.  

 Use mathematics as a design tool rather than as the design 
objective.  

 Positive feedback improves switching stability and noise 
immunity.  
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 Select practical component values instead of mathematically 
perfect values.  

 Verify every design experimentally.  

 Learn from every prototype and every test result.  

Applying these principles consistently leads to more reliable designs 
and stronger engineering judgment. 

 

Think Like an Engineer 

Engineering knowledge becomes valuable only when it is applied. 

The purpose of equations is not memorization. 

The purpose of theory is not examination. 

The purpose of engineering is to solve practical problems safely, 
efficiently, and reliably. 

Never stop asking why a circuit behaves as it does. 

Understanding remains the engineer's most valuable instrument. 

 

Chapter Summary 

This chapter presented a concise reference to the design methods, 
practical recommendations, troubleshooting techniques, and 
engineering principles developed throughout this handbook. 

It is intended to remain a practical companion during future 
comparator designs, allowing the reader to review the essential 
concepts quickly whenever required. 
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The following Conclusion closes this handbook by reflecting on the 
engineering philosophy that guided its preparation and by encouraging 
readers to continue developing their practical design skills. 
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Conclusion 
Engineering is far more than the application of formulas or the 
selection of electronic components. It is a disciplined process of 
observation, analysis, design, verification, and continuous 
improvement. 

Throughout this handbook, the LM393 comparator has been 
used as a practical example to demonstrate that process. 
Beginning with the concept of hysteresis, progressing through 
circuit operation, mathematical analysis, practical design 
procedures, troubleshooting, and engineering guidelines, the 
objective has been to develop not only an understanding of a 
specific circuit, but also a method of thinking that can be applied 
to many engineering challenges. 

A recurring theme throughout these pages has been that 
successful design begins with clearly defining the required 
behavior. Mathematics then becomes a powerful tool for 
achieving that objective, while practical testing confirms that the 
design performs as intended under real operating conditions. 

Readers are encouraged to experiment with the circuits 
presented in this handbook, modify the design examples, 
evaluate the results, and continue building their own engineering 
experience. Every successful prototype increases confidence, 
while every unexpected result provides an opportunity for 
deeper understanding. 

Although this handbook focuses on the LM393 comparator 
operating with hysteresis, the engineering principles discussed 
here extend well beyond a single integrated circuit. The same 
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systematic approach can be applied to many analog, mixed 
signals, and control system designs. 

Finally, remember that engineering is a lifelong journey of 
learning and improvement. Technology continues to evolve, but 
the value of careful analysis, sound design practice, and 
intellectual curiosity remains constant. 

May this handbook serve not only as a technical reference, but 
also as an encouragement to approach every engineering 
challenge with confidence, discipline, and a desire to understand. 

Keep learning. 

Keep experimenting. 

Keep building. 
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This Book 
Purpose & Audience: This handbook by Engineer Khalid Basyouni is a concise, practical guide for 
engineers, students, technicians, and hobbyists seeking to understand and design LM393 comparator 
circuits with hysteresis. It bridges the gap between theory and real-world application, emphasizing 
logical engineering thinking over rote memorization of formulas. 
Key Concepts: 

 Comparator Basics: The LM393 is a widely used comparator IC. Comparators determine if an input 
voltage is above or below a reference, but in noisy environments, this can cause unstable outputs 
(chatter). 

 Hysteresis Principle: Adding positive feedback creates two switching thresholds (upper and lower), 
giving the circuit memory and greatly improving noise immunity and stability. This is essential for reliable 
analog-to-digital interfacing. 
Design Approach: 

 The book introduces both non-inverting and inverting comparator configurations with hysteresis, 
explaining their operation, mathematical analysis, and practical design steps. 

 Design Workflow: 

 Define application requirements and switching thresholds. 

 Calculate hysteresis width and select reference voltage. 

 Use provided equations to determine resistor values. 

 Choose standard resistor values, verify calculations, and test the circuit. 

 Worked Example: A step-by-step design is provided, showing how to select resistor values for specified 
thresholds using standard components, and how to verify the design experimentally. 
Practical Guidance: 

 Emphasizes the importance of stable reference voltages, careful resistor selection, clean power supplies, 
and good PCB layout. 

 Includes troubleshooting tips for common issues (e.g., output oscillation, incorrect thresholds, missing 
pull-up resistor). 

 Offers a quick reference checklist and troubleshooting table for rapid design and debugging. 
Engineering Philosophy: 

 Start with clear requirements, use mathematics as a tool, and always verify designs experimentally. 

 Learn from mistakes and focus on understanding circuit behavior, not just calculations. 
Conclusion: The handbook is both a technical reference and a guide to disciplined engineering thinking. 
It encourages readers to experiment, verify, and continuously improve their designs, applying these 
principles beyond the LM393 to broader engineering challenges. 

  

 


