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ABSTRACT 
 

A flexible system has been designed to accurately measure and average the outgoing laser energy of 
a micro-pulse LIDAR unit (MPL). This system incorporates specifically designed analog 
measurement circuitry interfaced with a microcontroller, allowing researchers to manage 
experiments from a personal computer. The final system produces a linearly proportional response 
between an incident laser energy input and the analog and digital circuitry’s output, accurate to 
within 0.1%.  Custom designed algorithms allow the system to average the energy measured in a 
series of pulses.  Each series can range on the order of tens of thousands of pulses. 
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INTRODUCTION 
  

A micro-pulse LIDAR unit can be used to gather information about Earth’s atmosphere by 
comparing outgoing laser energy from the unit to the backscattered laser energy from the 
atmosphere. This requires energy measurement systems for both the departing and returning laser 
pulses.  An outgoing energy measurement system was previously developed at the University of 
Arizona and used in MPL units [1].  However, with the use of faster and more precise analog 
circuitry, a higher resolution analog to digital converter, and a high-speed microcontroller, a new 
laser energy data acquisition system was designed with characteristics of high flexibility, enhanced 
user friendliness, extreme accuracy, and the improved capability to handle more data points. 
 
The laser energy measurement system was designed, built, and tested in three main stages.  The first 
stage consisted of analog circuitry designed to acquire and measure the incident laser energy. The 
second stage was comprised of digital circuitry and software, which was used for averaging the 
outgoing laser energy measurements and controlling each experiment.  The third stage consisted of 
software developed to run on the user’s computer, providing a simple user interface to the system.   
 



 

 
ANALOG DESIGN PROCEDURE AND RESULTS 

 
The primary function of the analog circuitry was to take an incoming laser pulse and output a 
voltage that could then be used to determine the energy contained in that pulse.  In order for this to 
be accomplished, a linear relationship between the incoming energy and the output voltage had to be 
established.   
 
To acquire an electric reading from a laser pulse, it was necessary to use an extremely precise 
photodiode to convert the laser pulse to a current pulse.  The model of photodiode used for this task 
was the DET210, chosen mainly for its responsivity at the frequencies of the MPL.  The standard 
frequency of pulse emissions was set to be 2500 Hz, and the expected width of each pulse was on the 
range of nanoseconds and microseconds.  This resulted in individual pulse frequencies ranging from 
megahertz to kilohertz.   
 
Next, it was observed early on in the design process that the incoming signal from the photodiode 
needed to be decreased in amplitude in order to stay within the operating range of the following 
stages.  Therefore, a simple voltage divider circuit was set up at the output of the photodiode to bring 
the voltage down from approximately 10V to 840mV.  To implement the voltage divider a 98-ohm 
resistor was placed in series with a 9-ohm resistor.  The input was taken in front of the 98-ohm 
resistor, while the output of the voltage divider was the node connecting the two resistors.  Figure 5 
displays the voltage divider as the first portion of the analog circuitry. 
 
After the initial voltage divider stage, the subsequent analog circuitry was required to integrate, peak 
detect, and buffer the input signal.  Therefore, the logical solution was to divide the analog circuitry 
into three stages.  Each stage was connected in series and performed one of the three tasks. 
   
In order to determine the energy contained within an incoming pulse, it was necessary to integrate 
the pulse. This served the purpose of both slowing the signal down to a more manageable speed for 
successive stages, and maintaining a linear relationship between output voltage and input energy by 
measuring the voltage area under each pulse.  This was accomplished using an active integrator 
design.  The basic design for this circuit is well known as the Miller integrator and can be found in 
most circuit design textbooks [2], [4].  However, the correct type of operational amplifier, the 
resistor values, and the capacitor value for this application needed to be chosen.   
 
A LM6362 operational amplifier was decided upon, due to its ability to operate up to 100MHz 
range, which is higher than the frequency of the incoming signals.   
 
The capacitor for the integrator was selected mainly through trial and error.  A programmable pulse 
generator, capable of generating signals well above the megahertz range, was used to drive the 
circuit with test pulses similar to the signals expected from the MPL.  Due to the low energy content 
of each input pulse, the capacitor had to be small enough to allow the charge across it to build up.  
However, if the capacitor was too large it could not store all of the charge for each signal, which 
would cause the output to no longer correspond to the input linearly.  The negative pulse in Figure 1 
displays this problem.  One can notice that as the pulse duration extends, the voltage across the 
integrating capacitor tapers off, causing non-linearity. This is because the capacitor is becoming 



 

saturated with incoming charge.  The capacitor is beginning to maximize its charge towards the end 
of the input signal duration, causing non-linearity.  Eventually, a value of 690 picofarads was 
decided upon.  As displayed in Figure 3, the integrated signal had a very linear correlation to the 
input signal. 
 
The resistor values for the integrator were chosen to increase the gain of the integrating stage. A  
220-ohm resistor was chosen for the input, and a 2190-ohm resistor was chosen for the feedback 
loop.  The final schematic of the active integrator, with values included, can be viewed in Figure 5. 
 
 

 
 

Figure 1  – Effect of too Small of an Integrating Capacitor. 
 
 

 
 

Figure 2  – Display of Correct Integrating Capacitor Effect. 
 
 
The next operation the analog circuitry needed to perform was to place the signal within the range of 
the ADC and detect and hold the peak of the integrated signal. This was accomplished using an 
active peak-detector design.  Once again, the basic schematic can be found in most circuit design 
textbooks [2], [4].  However, it was again necessary to choose the correct type of operational 
amplifier, the correct type of diode, the resistor values, and capacitor value for this specific 
application. 
 
The width of the integrated signal coming into the peak-detector stage was much larger than that of 
the initial input signal to the analog circuitry, which would have allowed us to use a slower 
operational amplifier.  However, for uniformity, another LM6362 operational amplifier was used.  



 

This active portion of the peak-detector served to prevent the signal from decaying after passing 
through the diode.  The input resistor of this operational amplifier was chosen to be 993-ohms and 
the feedback resistor was chosen to be 5940-ohms.  This provided some gain to the signal, which 
served to increase the signal level to the maximum range of the analog to digital converter.  As 
desired, the signal was not amplified above the range of the converter, which was 0V to 10V. 
 
The MUR 130 diode was selected for the peak-detection circuit due to its “Ultrafast” rectifying 
characteristics described on its datasheet.  This allows the diode to turn off during the downswing of 
each signal nanoseconds after the peak of the signal.   
 
Similar to the active integrator capacitor, the capacitor for the peak-detector was selected through 
trial and error.  To select an accurate capacitor, the circuit was driven directly by the MPL unit, 
instead of by the programmable pulse generator.  The auto-store function on the oscilloscope served 
to display a range of values that the MPL would produce during operation. If the capacitor was too 
small, the non-linearity caused by a small time constant was observed in the output signals, as shown 
in Figure 3.  If the capacitor was too large, the charge would stay on the capacitor for too long and 
actually over-write subsequent pulses, as shown in a zoomed out oscilloscope plot in Figure 4.  The 
final capacitor value decided upon was 1 nanofarad.  The schematic of this stage, with values 
included, can be viewed in Figure 5. 
 

 
 

Figure 3 – Effect of too Small of a Peak-Detecting Capacitor. 
 

 
 

Figure 4  – Effect of too Large of a Peak-Detecting Capacitor. 



 

 
Figure 5  –  Final Analog Circuit Schematic. 

 
Towards the end of the testing process, the analog circuitry was connected to the analog to digital 
converter for final testing.  For accurate analog to digital conversion, a simple buffer was added 
between the peak-detecting circuitry and the ADC.  An OPA627 operation amplifier was readily 
available and configured as a unity-gain buffer. This stage is seen in Figure 5. 
 
The final test for the analog circuitry was to input a very controlled range of values from the pulse 
generator and graph the output of the total circuit against the inputs.  This step was to verify that the 
analog circuitry actually produced a linear response to the range of inputs, and to determine the 
constant of proportionality relating the output voltage back to the input energy.  The graph found by 
this test is shown in Figure 6.  As displayed, the relationship was found to be linear with less than 
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Figure 6 – Input Pulse Area [V*ns] vs. Analog Output 
Voltage. 



 

0.1 percent error.  As input energy increased, the slope of decay on the peak-detecting capacitor was 
found to increase linearly as well, shown in Figure 7.  Therefore, the entire system produced an 
output voltage linearly proportional by some constant to the energy in the laser.  Because LIDAR 
geometry, laser configurations, and photodiode responsivity could change from MPL unit to unit, it 
was left as a task to the researchers to use a calorimeter to calibrate the hardware and find the correct 
constant of proportionality. 
 

 
DIGITAL DESIGN PROCEDURE 

 
Digital circuitry was necessary to acquire and average results from the analog circuitry.  It was 
required to be accurate, high speed, re-programmable, and have enough memory to hold many 
minutes worth of data.  These problems were solved with a combination of hardware and software. 
 
First, a high-speed 16-bit resolution analog digital converter was selected, the Texas Instruments 
ADS7807.  This ADC was capable of sampling at 40 KSPS, while allowing both serial and parallel 
outputs.  
 
Next, a high-speed microcontroller was selected.  Because laser pulses were occurring every 400us, 
the microcontroller was required to have a speed that would allow it to perform several complex 16-
bit calculations in less than 400 µs time.  Motorola HC11/HC12 microcontrollers were first broadly 
selected, but a specific microcontroller and speed needed to be chosen.  After further analysis, a 16-
bit HC12 microcontroller running at 8 to 16 MHz was estimated to perform the necessary 
calculations in much less time than 400us.  Therefore, a Motorola MC9S12DP256 (HC12) 
microcontroller was used for this project.  Cost was an issue here; a microcontroller development 
board is usually very expensive.  Our team was able to locate a small development board, the 
MiniDragon+, for only $90. 
 

Figure 7 – Output Voltage vs. Decaying Peak-Detecting 
Capacitor Voltage Slope. 
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The microcontroller was programmed in C using a free CodeWarrior HC12 development studio 
demo.  To upload compiled .S19 files, any serial communications program would have sufficed.  For 
our application, a program called MiniIDE was downloaded and used.  The microcontroller had 
Motorola’s D-bug12 monitor installed and running upon powering up the device.  This acted as an 
initial interface between the developer and the microcontroller through the serial communications 
software. 
 
One issue raised early on in the design phase was how the analog digital converter would know 
when to convert.  Knowing the Q-switch produced both the laser pulses as well as a synchronized 
TTL clock pulse, the falling edge of this TTL clock was initially used to signal the ADC to start a 
conversion.  However, because the analog circuitry and ADC had similar amounts of delay 
associated with each, the ADC was converting at a time when the analog signal had not settled.  
Analog circuitry has a tendency to display some ringing effects when an impulse is applied, as 
depicted in Figure 8.  Taking maximum error into account, this ringing was measured to settle 
sometime before 4 µs.  Therefore, it was necessary to add a 4 µs delay to the ADC between the 
falling edge of the Q-switch TTL clock and the nominal conversion point.  
 

 
To create an accurate 4 µs delay invariable to temperature effects, software developers programmed 
interrupts into the microcontroller to take in the Q-switched TTL clock, wait for 4 µs, and produce 
the delayed clock output.  This delayed clock was responsible for driving accurate ADC conversions.   
 
An ADC can take a variable amount of time to perform a conversion, so an interrupt on the 
microcontroller was programmed to wait for the ADC’s ^BUSY line to drop before allowing the 
microcontroller to attempt to acquire data.  This ensured that the data read by the microcontroller 
was precise. 
 
On the microcontroller, many functions were programmed to form the backbone of the system.  A 
custom library was developed to support functions such as printing characters, strings, and more to 
the developer’s computer screen from the microcontroller, obtaining and parsing input from the user, 
and performing string manipulations on data such as toLowerCase, intToStr, and strToInt.  The main 
program file contained functions that allowed a computer or human operator to run experiments and 
other miscellaneous tasks.  When turned on and programmed, the microcontroller would present a 

Figure 8 – Observed ringing after an impulse at the input 



 

user interface on the developer or researcher’s computer screen, allowing the user to navigate a 
menu to run the correct experiment configurations.  The most basic required menu options included 
the specifying the number of LIDAR pulses to acquire, beginning an experiment, and viewing results 
from the previous experiment.  Several other functions were added to this list as part of a testing, 
debugging and development suite, including an ADC calibration function, and a simple digital logic 
analyzer capable of analyzing and debugging logic lines. 
 
The primary concern when developing software was creating a completely optimized core algorithm 
for running an experiment.  To average incoming laser energy information, the running average 
calculation described in Equation (1-1) was chosen because it avoids many software memory 
problems inherent in summing an indefinite amount of data. When laser pulse data is available on 
the ADC output, the microcontroller must gather and execute a time-critical algorithm on the new 
information. This algorithm must not only average the incoming data with previous data, it must also 
keep track of memory usage in order to prevent running out of space for new data.  These procedures 
must be executed in less than 400 µs.  Therefore, once the core algorithm is triggered by the external 
unsynchronized signal, it is critical that the microcontroller focus any available clock cycles to 
computing and not be disturbed by any external problems.  The best solution to this was to place the 
core algorithm code in an interrupt.  Upon entering the interrupt, the microcontroller immediately 
disables all other interrupts to avoid conflicts.  When this core algorithm was not being executed 
while an experiment was running, the microcontroller was set to perform an infinite loop of non-
critical background calculations on the data and memory, utilizing a variable amount of excess clock 
cycles.   

 
 

 
 

 
Where:  

EN = Average Energy after Pulse N 
N = Iteration Number 
R = Current Energy Measurement 

 
Memory was the next concern.  The incoming laser pulses were occurring at 2.5 kHz.  For each laser 
pulse, the running average algorithm needed to be executed, and the variable N in Eq. (1-1) needed 
to be incremented.  On the HC12, the largest standard variable was 16-bits wide.  This meant that N 
would be maximized after 65,535 acquired pulses, or 26.214 seconds.  To solve this, a large array 
containing the results of many 65,535 sets of averages was created.  This extended the running time 
of any experiment to at least 22 minutes, and was easily extendable by adding more array indices.  
To bring the various energy average results together at the end of an experiment, a final running 
average would be performed on this array of averages and any other averaging information 
remaining in the system. All information was weighted properly to produce an accurate final result.  
The output from the microcontroller could be kept as a floating-point number, or rounded to a simple 
16-bit number for further processing by the researchers’ computer.  The design of the memory 
management system in the software allowed the system to be flexible enough to meet more than the 
basic needs of the researcher, who would normally be using the system to average only a few 
minutes’ worth of laser energy data. 
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Equation (1-1). Running average equation performed on 
the incoming data 



 

 
Testing was a critical part of the design process.  The microcontroller software was testing in many 
ways.  Certain test functions were built in and optionally compiled into the software using C 
preprocessor commands, preventing those tests from being compiled into a real application where 
clock cycles were vital.  The software was also simulated in Java, algorithms were tested for 
accuracy, and the ADC was tested for precision on its own.   
 
To test the timing in the core algorithm, a specific function was designed to drive a pin high on the 
microcontroller when the core algorithm interrupt was entered, and drop it low when the core 
algorithm had completed.  By viewing the state of this pin from the microcontroller on an 
oscilloscope and comparing it to the Q-switch TTL clock signal, it was possible to visually see how 
much time the core algorithm was taking between clock pulses.  The optimized core algorithm 
actually completed with a significant amount of time left over between each laser pulse.  In fact, by 
using a square wave frequency generator instead of the MPL’s Q-switch TTL clock, it was found 
that the microcontroller could keep pace in the range of 0 – 10 kHz. 
  
Finally, the ADC’s accuracy needed to be tested and calibrated through software.  No external 
hardware calibration was done on the ADC, so the microcontroller software was intended to correct 
data from the ADC in its core algorithm.  To measure a constant of proportionality between the 
measured ADC output and the actual input, a variety of DC sources were applied to the inputs of the 
ADC and the running average algorithm was performed on 50,000 samples of the incoming DC data.  
The final average was converted back to a voltage through calculations, and this voltage was 
compared to the measured DC voltage.  After many trials, the ADC was found to have an average 
error of only 0.4448 bits. This was very little error, so no actual software calibration was needed to 
correct the ADC any further. 
 
 

COMPUTER SOFTWARE DESIGN PROCEDURE 
 
The final step in the design process was to create a simple user-interface that would link a personal 
computer to the microcontroller. This was accomplished using the software LabView on the 
researcher’s machine, creating an easy to use interface utilizing serial communications between the 
PC and the microcontroller.  LabView took care of all of the connectivity, setting up the experiments 
by sending commands to the interface on the microcontroller through the serial port.   
 
At the end of each experiment, it was the computer’s job to relate the number from the 
microcontroller to the actual average laser energy using the constant of proportionality measured by 
the calorimeter.  When converting the microcontroller value to actual laser energy, LabView could 
also take into account the amount of voltage lost on the peak-detecting capacitor before the ADC 
was able to acquire the signal, as seen by the increasing slope vs. input voltage area in Figure 7.  By 
using an oscilloscope to measure precisely where the ADC was obtaining the peak-detected signal, it 
was possible to write an equation to correct for the losses on the peak-detecting capacitor, as shown 
in Equation (1-2). The time delay between the nominal voltage point and the ADC measured voltage 
was 7380 ns. 

       
 7380

101 60 ⋅






⋅

+= out
out

V
VV Equation (1-2). Nominal output voltage corrected for losses 

in the decaying peak-detector capacitor 



 

CONCLUSIONS 
 
An accurate data acquisition system for measuring outgoing energy from the MPL was needed to 
allow researchers to ascertain information about the Earth’s atmosphere. The high speed, precision 
analog circuitry followed by a digital processing sub-system led to an adaptable solution yielding the 
greatest performance with the most efficient budget.   
 
The analog circuitry produced a linear relationship between the output voltage and the input energy.  
The digital circuitry controlled experiments and allowed researchers to connect to the system, 
control input settings, and run experiments through LabView. The software used on the 
microcontroller circuitry was developed in the C programming language to yield the optimal results.  
 
The system had the capability of providing the average energy contained in a series of pulses to a 
researcher, with error below 0.1%.  This system could fit within an MPL unit, easily interface with a 
researcher through a computer, and was versatile enough to capture and measure a wide range of 
laser energy magnitudes. 
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