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My goal for this project was to build a radar gun designed for baseball. Specifically, the 

goal was to determine the characteristics of a baseball’s flight, like velocity and spin rate. The 
end result of the project is a radar gun with no casing (meaning that it is not portable) that can 
determine velocity and spin rate. Its estimates of velocity are accurate to within plus or minus 
three miles per hour, and it was not possible to determine the exact accuracy of the spin rate 
functionality. 
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Introduction 

In the current state of sports, analytics play a big role. Athletes are constantly using 
different metrics to find weak points in their game and to improve. This applies very strongly to 
baseball. Spin rate, spin axis, velocity, and flight path are useful metrics for baseball players 
because they allow players to gauge the effectiveness of a pitch, a swing, or a throw. Of course, 
most of these metrics can be observed to some extent with the naked eye, but the effects of small 
changes in a player’s pitch delivery or swing are generally much harder to observe, so having a 
tool to directly measure different metrics is extremely useful. On top of this, most radar guns 
only measure velocity, but this project aims to provide more metrics that will render the radar 
gun more useful than most that are currently on the market. I was motivated to do this project 
because most decent radar guns cost hundreds if not thousands of dollars, and they only tell you 
velocity. I wanted to try to make an accurate radar gun that provides multiple useful metrics for a 
low price. 

Most radar guns make use of the Doppler effect (discovered by Christian Doppler in 
1842) by sending out a constant sound wave and measuring the frequency at which the signal 
returns (“Radar Speed Gun”). Other radar guns use Lidar to measure the time it takes for a light 
beam to return in order to determine the distance. But because this project is using the Doppler 
effect, this paper will focus on that approach to radar guns. 

The Doppler radar gun was invented by John L. Barker Sr. and Ben Midlock for military 
applications during World War II (“Radar Speed Gun”). They were originally approached by the 
military to help with landing gear systems of aircraft. They created the first Doppler radar 
module from tin cans soldered shut to act as resonators. They placed this unit on runways to 
measure the vertical velocity of aircraft to minimize landing gear damage. Shortly after the war, 
police began using Doppler radar for measuring the speed of vehicles. Gradually, the technology 
has made it into many applications that involve speed measurement. 
 
Theory 
 
The Doppler Effect 

When a sound source is stationary relative to a person, the person hears the frequency 
emitted by the source undistorted. However, when a sound source moves relative to a person, the 
signal will be distorted due to the Doppler shift (Russell). This is most commonly observed when 
ambulances and firetrucks drive by. Because the relative velocity of the sound source observed 
by someone on the side of the road is constantly changing, the observed frequency of the siren 
will be distorted. The Doppler shift occurs because a moving object is catching up to its own 
soundwaves, meaning that if a sound source is moving toward a receiver, the receiver will 
observe a higher pitch than the pitch emitted by the sound source (Smale). The difference 
between the frequency of the emitter and the frequency observed by the receiver is called the 
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Doppler shift. This effect does not only apply to sound waves; it applies to all types of waves 
(they do not necessarily have to be sinusoidal). Another place where the Doppler shift is 
observed has to do with astronomy. Because the universe is expanding, the color of stars 
observed by astronomers is “red shifted,” meaning that the observed light frequency is lower 
than the true frequency emitted by the star. 

 
Figure 1: Sound waves created by a stationary sound source (Russell). 

 
Figure 2: Sound waves created by a sound source moving to the right. A receiver to the right of 

this sound source would observe a higher frequency than the emitted frequency (Russell). 
 

This concept applies to radar guns because an object’s Doppler shift is directly 
proportional to its velocity (“X-Band Microwave Motion Sensor Module Application Note”):  

 cosθF Dopp = c
2V F t  

Where V  is the speed of the object relative to the receiver, Ft is the frequency of the transmitted 
frequency, c is the speed of light, and  is the angle between the target moving direction and theθ  
axis of the module. If one knows FDopp , Ft , and , one can calculate the velocity of the object.θ  
The module I am currently using is the HB100 microwave sensor. It contains a transmitter 
(10.525GHz), a receiver, and a mixer that subtracts the received signal from the transmitted 
signal. To determine the relationship between output from this sensor (which represents the 
Doppler shift signal) and velocity of the object, we can rearrange the previous equation 
(assuming that  is 0 because I currently have no way of measuring it):θ  
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.032 mphV = 2F t

F cDopp* = 21.05GHz
F 3 10 m/sDopp* * 8

= F Dopp * 0  

This means that an increase in 1 mph corresponds to roughly 31.4Hz. The other metric 
that can be determined with the Doppler signal is spin rate. Bouncing waves off of spinning 
objects (that are not perfect spheres) creates harmonics above and below the frequency that 
correspond to the object’s velocity because different parts of the object will be moving at 
different speeds relative to the receiver (“US Patent for TrackMan”). These harmonics are spread 
evenly above and below the velocity frequency. The spacing between harmonics corresponds 
exactly to the spin frequency of the ball, which can then be converted to RPM (“US Patent”).  
 
Amplification of the HB100 Signal 

Because the raw output signal of the HB100 is in the microvolt to millivolt range, the 
signal must be amplified in order to accurately observe the output. One way to achieve this 
amplification is by using an operational amplifier, or op-amp. An operational amplifier is an IC 
chip that takes in a signal and amplifies it by a factor of R2/R1 (see figure 3). It also uses 
negative feedback and differential input, which are techniques used to reduce noise and 
instability of the output signal (“Operational Amplifier”). Because of their versatility and 
simplicity, they are used in a vast variety of applications. 

 
Figure 3: LM741 circuit diagram (“LM741 Operational Amplifier”) 

 
Fast Fourier Transform and the Arduino 

In order to actually analyze the signal from the HB100 in real time, a Fast Fourier 
transform must be performed. A Fourier transform is a way to represent a sinusoidal wave in 
terms of an infinite sum of other sinusoids (personal communication, Lauren Lax). This is 
helpful in determining which frequencies are most dominant in the signal being analyzed.  
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To implement this algorithm with an Arduino, we need to make sure we have the correct 
sampling rate and number of samples. The Nyquist-Shannon Sampling Theorem says that the 
maximum frequency that can be detected is half of the sampling frequency, which means that the 
results will essentially be limited to how fast the Arduino can call analogRead() (“What Is FFT 
and How Can You Implement It on an Arduino?”). Also, the higher the number of samples, the 
higher the resolution and the slower the algorithm is. Because I am aiming to detect speeds of up 
to 100 mph, the sampling rate of the Arduino must be approximately 6000Hz because the 
maximum detection frequency is around 3000Hz (see “Doppler Effect” section for more 
information about how to convert frequency to mph). This is possible in theory because one 
analogRead() call takes around 100 microseconds, meaning that the maximum sampling 
frequency is 10000Hz (“What Is FFT”). However, other operations will slow this down. 

I will be using a library called arduinoFFT by the user kosme on GitHub. This particular 
implementation uses bins to store how much of each frequency is present in the signal. Each bin 
represents a frequency range, like a histogram. The larger each bin, the lower the resolution of 
the FFT. The number of bins is half of the number of samples. For example, let’s say we have 
128 samples and a sampling rate of 1000Hz. This means that our frequency range would be from 
0 to 500Hz, and we would have 64 bins. Each bin would then be roughly 8Hz, so we would have 
a resolution of 8Hz, which corresponds to a resolution of 0.25mph. 

 
Figure 4: Results of an FFT on a 75Hz square wave. The x-axis is the bin number and the y-axis 

is how much of the frequency is present. There are 64 bins because there were 128 samples 
taken. The sampling rate is 1000Hz, so the frequency range is 0 to 500Hz. The spike at bin 0 is 

from the DC offset, which is ignored (“What is FFT”). 
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Filtering 
To minimize the effect of noise and unwanted signals, filtering must be used. There are 

two basic types of filters: high-pass and low-pass. A high-pass filter allows frequencies above a 
certain cutoff frequency to pass through while it blocks frequencies lower than the cutoff 
frequency. Below the cutoff frequency, the amplitude increases linearly, and above the cutoff 
frequency the amplitude is constant. A low-pass filter does the opposite. To compound the effect 
of filters, one can connect them in series. 

The primary sources of noise in the case of this radar gun are people moving around and 
lights, which generally produce low frequency signals. The frequency of somebody walking is 
around 100 Hz. It also happens that we do not care about measuring ball speeds that low, so we 
can filter them out using a high-pass filter. We want the cutoff frequency to be around 700 Hz, so 
the lower frequency noise is sufficiently filtered out. The formula for the cutoff frequency for 
passive high-pass and low-pass circuits (see figures 5 and 6) is as follows (“High-Pass Filter”) . 
 

f c = 1
2πCR  
 

Where is the cutoff frequency, C is the capacitance, and R is the resistance. If we want thef c  
cutoff frequency to be 700 Hz, we need the product  to be equal to  = 0.000227.C * R 1

2π 700*
 

Any resistance and capacitance values that meet this requirement will work.  
In the case of this radar gun, however, just one filter was not enough because too much 

noise was still able to get through. To increase the dropoff, one can put multiple filters in series. 
Filtering on the already filtered signal allows for a much cleaner end result. However, the 
formula for the resistor and capacitor values, I found, does not work as well with multiple filters. 
The formula was useful for determining ballpark values, but honing in the perfect cutoff 
frequencies took a lot of experimenting (see figure 7 for the full circuit diagram). A compounded 
low-pass filter was used in addition to the high-pass filter to reduce any unwanted 
high-frequency noise. The combination of a high-pass and low-pass filter creates a band-pass 
filter (meaning that it only lets a certain range of frequencies through) that is optimized for the 
range of frequencies expected to be generated by the ball signal. See figure 14 for a graph of the 
amplitude vs. frequency curve created by the filtering.  
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Figure 5: Passive High-Pass Filter Circuit Diagram (“High-Pass Filter”) 

 

 
Figure 6: Passive Low-Pass Filter Circuit Diagram (“Low-Pass Filter”) 
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CAD and Circuit Diagram 
 

 
 
 

Figure 7: Amplification and filtering for the HB100 signal. 
 

The HB100 sensor is the input to the circuit above, but for testing purposes I sometimes 
used the frequency generator as input. The circuit consists of 3 inverting operational amplifiers 
to provide a gain of around one million. The first produces a gain of 1000, the second produces a 
gain of 10, and the third produces a gain of 100. Ideally all of these gain values would be the 
same for each op-amp, but I had a limited number of resistors, so this was the only way to 
achieve a gain of one million. In theory this gain could be achieved with just one amplifier, but I 
found that trying to go above a gain of 1000 with just one op-amp caused excess noise and poor 
performance, so the gain was split across 3 different op-amps. The other component of the circuit 
is the filtering, which is explained in more detail in the theory section and figure 7. The low-pass 
filter comes after the last op-amp because for an unknown reason, there was high frequency 
noise produced when it was in between the high-pass filter and the third op-amp. The filtering 
happens towards the end of the circuit because the raw signal of a baseball is so small (too small 
to see even on the oscilloscope) that the filters may not do a good job of actually reducing the 
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amplitude of such a small signal. Aside from that, the order of these components are mostly 
arbitrary. 

 
Figure 8: Prototype of casing for the radar gun. Inside of the chamber will be the HB100 sensor, 
Arduino, circuit board, and batteries. The transmitter and receiver of the HB100 will be lined up 
with the tube going out of the radar gun so as to focus the signal. There is also a display and a 

power button. 
 
Explanation of Code 

First, samples from the amplified HB100 signal are taken with a given sampling 
frequency (6000Hz in this case, because I want to detect up to 3000Hz). The number of samples 
must be a power of 2 for the FFT to work. After the samples are taken and stored in an array, the 
samples are run through the Windowing(), Compute(), and ComplexToMagnitude() functions 
from the ArduinoFFT library. At this point, the FFT is completed. Next, the MajorPeak() 
function from the FFT library is called in order to compute the most dominant frequency. I could 
just loop through the array and find the frequency with the highest amplitude, but the true peak is 
likely somewhere in between two indices in the array. The MajorPeak() function does some extra 
computations to give a more accurate estimate of the peak frequency. 

After the peak is computed, we can convert that frequency into miles per hour by 
dividing it by 31.36. Then, I call the spinRate() function. The basic purpose of this function is to 
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find the peak frequency to the left of the primary ball signal. The distance from the left peak to 
the primary signal represents a harmonic sideband created by the spin of the baseball. The 
distance between this harmonic and the ball frequency represents the spin frequency, which can 
be converted from Hz to RPM. For the full code, see Appendix I. 
 
Results 

Based on data collected from throws of a baseball, the radar gun generally underestimates 
the true velocity of a ball by a few miles per hour. It is impossible to determine how accurate the 
spin rate functionality is without a high speed camera or another device that we know can 
accurately find spin rate. However, based on my knowledge of the correlation between velocity 
and RPM, the radar gun is consistently in the ballpark range. 

To obtain this data, I set up the radar gun in my garage facing a net, with the PocketRadar 
on a tripod behind me. I threw baseballs into a net and measured the speed with both my radar 
gun and the PocketRadar. See figure 9 below. The main issue with my setup was the amount of 
room I had. It was very difficult to make sure the ball went through the radar gun’s beam 
consistently, so I did not get a reading every time. I also couldn’t test high velocities because I 
didn’t want to break anything and I didn’t have much room to throw. Another likely source of 
error was the fact that the PocketRadar and my radar gun may have been interfering with each 
other. They both send and receive microwave signals, so there was undoubtedly a small amount 
of interference. I noticed that when I had both radar guns going, my radar gun struggled more to 
find the spin rate compared to when the PocketRadar was off. But they both gave reasonable and 
consistent readings with regards to velocity, so this may not have skewed the results much. 
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Figure 9: Testing setup in my garage. The phone-shaped object on the tripod is a PocketRadar 
radar gun that is, according to the manufacturer, accurate to within plus or minus 1 mph. The 
small silver square on top of the power supply is the HB100 sensor pointed towards the net. 



Lord 11 

 
Based on data from figure 10, the radar gun consistently underestimates the velocity of 

the pitch by a few miles per hour. To adjust for the fact that the radar gun is underestimating the 
velocity, the multiplier to convert from frequency to velocity could be increased. At the moment, 
the multiplier is 1/31.36, which is what it theoretically should be considering the transmit 
frequency of the HB100 sensor at 5V. However, the transmit frequency does fluctuate slightly 
and it depends on the input voltage to the sensor. A potential cause for the error is that the power 
supply may not have been at exactly 5V. If the multiplier was adjusted based on the power 
supply voltage, the radar gun would be consistently within plus or minus three miles per hour. 
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As expected, a linear increase in velocity causes a more or less linear increase in spin rate 

(see figure 12 above). However, the correlation is not perfect, at least according to the radar gun. 
This could be because the resolution of the Arduino’s Fourier Transform (about 12Hz) is not 
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good enough. If the resolution were higher, the Arduino would be able to determine the 
secondary peaks much more accurately, meaning that it would be able to calculate the distance 
between the primary signal and the spin signal with less guesswork. However, even the Arduino 
Mega only has enough space for 512 samples, so a lot of guesswork is required to estimate where 
the peaks in the signal are. 

A typical 90 mph four-seam fastball has a spin rate of around 2500 RPM, and spin rate 
generally increases with velocity. The data from the radar gun matches fairly well with those 
facts. It is difficult to determine the accuracy of the spin rate data because there is nothing to 
corroborate it with other than general trends that we know exist, but my baseball intuition tells 
me that the radar gun was overestimating the spin rate because it gave spin rates of 2500 RPM at 
only 60-70 mph. The data does seem to match the general relationship that we know is true for 
most pitchers, though, which suggests that the method used to determine spin rate is viable. 

If I had access to the lab, I would use my radar gun to measure the RPM of a motor. To 
corroborate the radar gun’s measurement, I would hook up a Hall chip to measure the true RPM 
of the motor and compare the two measurements. But since I do not have access to that 
equipment or any other equipment that would allow me to find the true spin rate of an object, the 
best I can do at the moment is speculate on how accurate my radar gun is. 
 

 
Figure 13: Picture of the oscilloscope during a throw. The wave has a frequency of 1500 Hz and 

an amplitude of 1V. 
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Another aspect of the radar gun that is worth noting is the filtering. Figure 14 above 

shows the amplitude vs. frequency curve of the output from the filtering circuit. To determine 
this curve, a frequency generator was used as input instead of the HB100 sensor. I started at 
30Hz and incremented up to 5kHz, observing the amplitude of the wave on the oscilloscope. The 
frequency generator in combination with an oscilloscope was extremely useful for tuning the 
gain and filtering of the circuit because it allows one to directly measure the amplitude for a 
given frequency. 

As described in the theory section, a band-pass filter consisting of two high-pass filters 
and two low-pass filters connected in series was used to achieve the filtering seen in figure 14. 
The frequency with the highest amplitude is around 1kHz, which is close to the middle of the 
range of frequencies I want to be able to measure with the radar gun. The amplitude sharply 
decreases moving to the left of the peak, and it decreases more gradually after the peak. Figure 
14 suggests that the filtering works as designed. 

 
Conclusion 

I am happy with the way this project turned out despite the current situation with the 
virus. I did not have the resources to build the casing at my house, but I achieved the main goal 
of my project: to build a radar gun that detects velocity and spin rate. It is reasonably accurate 
and consistent at least with regards to velocity, and my method of determining spin rate is viable, 
although it may be inaccurate to some degree. The coolest part about this project for me is the 
fact that only the most advanced systems (like TrackMan, and other systems used in MLB 
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stadiums) are able to find spin rate, yet I was able to find a way to do it with a $5 sensor and an 
Arduino. 

I learned a lot about what it is like to tackle tough engineering problems and the 
perseverance it often takes to push through. I also learned that it is often the problems you 
thought would be easy that end up taking the most effort to solve. For example, I thought it 
would be simple to get the HB100 sensor up and running, but it ended up taking weeks. I also 
gained a lot of valuable experience in the field of signal processing. 

 
 
Next Steps 

Because I did not make an actual radar gun that is portable, I would like to finish it when 
I get the chance. Hopefully things open up by the summer and I will be able to get my hands on 
the equipment I need. Specifically, I need to build the casing (likely out of wood), solder the 
circuit together, make a battery pack, and find a way to supply a negative voltage (the op-amps 
use +5V, ground, and -5V). 
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Appendix I: Code 
The following is the code for the radar gun. It is explained in the design section. This code is 
loosely based on code from https://www.norwegiancreations.com/2017/08/what-is-fft-and- 
how-can-you-implement-it-on-an-arduino/. 
 
#include "arduinoFFT.h" 
  
#define SAMPLES 512             //Must be a power of 2 
#define SAMPLING_FREQUENCY 6000 //Hz, must be less than 10000 due to ADC 
  
arduinoFFT FFT = arduinoFFT(); 
  
unsigned int sampling_period_us; 
unsigned long microseconds; 
  
double vReal[SAMPLES]; 
double vImag[SAMPLES]; 
  
void setup() { 
    Serial.begin(115200); 
    analogReference(INTERNAL1V1); 
    sampling_period_us = round(1000000*(1.0/SAMPLING_FREQUENCY)); 
} 
  
void loop() { 
  
    /*SAMPLING*/ 
    for(int i=0; i<SAMPLES; i++) 
    { 
        microseconds = micros();    //Overflows after around 70 minutes! 
  
        vReal[i] = analogRead(A4); 
        vImag[i] = 0; 
  
        while(micros() < (microseconds + sampling_period_us)){ 
        } 
    } 
  
    /*FFT*/ 

https://www.norwegiancreations.com/2017/08/what-is-fft-and-how-can-you-implement-it-on-an-arduino/
https://www.norwegiancreations.com/2017/08/what-is-fft-and-how-can-you-implement-it-on-an-arduino/
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    FFT.Windowing(vReal, SAMPLES, FFT_WIN_TYP_HAMMING, FFT_FORWARD); 
    FFT.Compute(vReal, vImag, SAMPLES, FFT_FORWARD); 
    FFT.ComplexToMagnitude(vReal, vImag, SAMPLES); 
    double freq; 
    double amp; 
    FFT.MajorPeak(vReal, SAMPLES, SAMPLING_FREQUENCY, &freq, &amp); 
  
    if (freq > 1000) 
    { 
       Serial.print(String(freq/31.36) + "mph: "); 
       Serial.println(amp);  
       spinRate(freq); 
    } 
} 
 
void spinRate(double majorPeak) 
{ 
    // Determine spin rate by finding the secondary peak to the left of the primary peak. 
    // The distance from the primary peak is the spin frequency. 
    int indexOfPeak = indexOfMax(vReal, SAMPLES/2); 
 
    double leftSide[SAMPLES/2]; 
    for (int i = 0; i < SAMPLES/2; i++) 
    { 
      if (i >= indexOfPeak) 
      { 
        leftSide[i] = 0.0; 
      } 
      else 
      { 
        leftSide[i] = vReal[i]; 
      } 
    } 
 
    double leftPeak = FFT.MajorPeak(leftSide, SAMPLES, SAMPLING_FREQUENCY); 
 
    double leftDistance = majorPeak - leftPeak; 
  
    double spin = leftDistance * 60; 
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    if (spin < 4000 and spin > 0) 
    { 
      Serial.print("Spin rate: "); 
      Serial.print(leftDistance*60); 
      Serial.println(" RPM"); 
      Serial.println(""); 
    } 
    else 
    { 
//      Serial.println("Not found"); 
      Serial.println(""); 
    } 
} 
 
int indexOfMax(double *a, int len) 
{ 
  double m = 0.0; 
  int index = 0; 
  for (int i = 8; i < len; i++) 
  { 
    if (a[i] > m) 
    { 
      m = a[i]; 
      index = i; 
    } 
  } 
 
  return index; 
} 
 


