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ABSTRACT 

 Laser radars or lidar’s have been used extensively to remotely study winds within 

the atmospheric boundary layer and atmospheric transport. Lidar sensors have become an 

important tool within the meteorology and the wind energy community. For example, 

Doppler lidars are used frequently in wind resource assessment, wind turbine control as 

well as in atmospheric science research. A Time of Flight based (ToF) direct detection 

lidar sensor is used in vehicles to navigate through complex and dynamic environments 

autonomously. These optical sensors are used to map the environment around the car 

accurately for perception and localization tasks that help achieve complete autonomy. 

  This thesis begins with a detailed discussion on the fundamentals of a Doppler lidar 

system. The laser signal flow path to and from the target, the optics of the system and the 

core signal processing algorithms used to extract velocity information, were studied to get 

closer to the hardware of a Doppler lidar sensor. A Doppler lidar simulator was built to 

study the existing signal processing algorithms to detect and estimate doppler frequency, 

and radial velocity information. Understanding the sensor and its processing at the 

hardware level is necessary to develop new algorithms to detect and track specific flow 

structures in the atmosphere. For example, the aircraft vortices have been a topic of 

extensive research and doppler lidars have proved to be a valuable sensor to detect and 

track these coherent flow structures. Using the lidar simulator a physics based doppler lidar 

vortex algorithm is tested on simulated data to track a pair of counter rotating aircraft 

vortices. 
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 At a system level the major components of a time of flight lidar is very similar to 

a Doppler lidar. The fundamental physics of operation is however different.  While doppler 

lidars are used for radial velocity measurement, ToF sensors as the name suggests provides 

precise depth measurements by measuring time of flight between the transmitted and the 

received pulses. The second part of this dissertation begins to explore the details of ToF 

lidar system. A system level design, to build a ToF direct detection lidar system is 

presented. Different lidar sensor modalities that are currently used with sensors in the 

market today for automotive applications were evaluated and a 2D MEMS based scanning 

lidar system was designed using off-the shelf components.  

 Finally, a range of experiments and tests were completed to evaluate the 

performance of each sub-component of the lidar sensor prototype. A major portion of the 

testing was done to align the optics of the system and to ensure maximum field of view 

overlap for the bi-static laser sensor. As a laser range finder, the system demonstrated 

capabilities to detect hard targets as far as 32 meters. Time to digital converter (TDC) and 

an analog to digital converter (ADC) was used for providing accurate timing solutions for 

the lidar prototype. A Matlab lidar model was built and used to perform trade-off studies 

that helped choosing components to suit the sensor design specifications.  

The size, weight and cost of these lidar sensors are still very high and thus making 

it harder for automotive manufacturers to integrate these sensors into their vehicles. 

Ongoing research in this field is determined to find a solution that guarantees very high 

performance in real time and lower its cost over the next decade as components get cheaper 

and can be seamlessly integrated with cars to improve on-road safety. 
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      CHAPTER 1 

DOPPLER LIDAR BASICS 

 

1.1  LIDAR SYSTEM COMPONENTS 

 Our goal is to measure and map the wind field over a given region with some known 

degree of spatial and temporal resolution. Traditionally we have been using anemometers 

to make point measurements (measurement at a given point as a function of time) at various 

heights within the atmospheric boundary layer. Using the Taylor’s frozen turbulence 

hypothesis [84] assumption, we convert the temporal statistics to the required spatial 

statistics, which is valid if the spatial structure of an eddy that is being measured remains 

unperturbed over the duration of observations made by the anemometer. With a remote 

sensing instrument like a RADAR or LIDAR, no such assumption is required to obtain the 

spatial statistics. These ranging instruments not only have a very large spatial coverage, 

but also scan the area for measurements over a short duration providing us the required 

spatial and temporal resolution respectively. This is one of the biggest advantages these 

machines possess, which will help us make more accurate measurements within the 

atmospheric boundary layer.   

 Now we investigate the details of this remote sensing instrument. LIDAR or Light 

Detection And Ranging is an optical device that produces laser pulses with wavelength 

within the Infra-red regime of the Electro-Magnetic Spectrum. Usually the choice of 

wavelength is above 1.4 micrometers, which is eye-safe for acceptable levels of average 

pulse energy and peak power. The optical system includes a laser oscillator that produces 
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these laser pulses. It is directed through the transmitter optics and finally transmitted 

through a telescope into the atmosphere. The return signal with the required information 

embedded in it is collected through a receiver telescope and directed through the receiver 

optics onto a photodetector for detection and subsequent signal processing steps. 

    Lidar systems can be broadly classified as either being ‘Mono-Static’ or a ‘Bi-Static’ 

system. For a ‘Mono-Static’ system the transmitter and the receiver are one and the same, 

but for a ‘Bi-Static’ system we would have two separate telescopes. One of them would 

serve as the transmitter and the other as a receiver, separated by a fixed distance. A simple 

block diagram as shown below (Figure 1.1), describes the basic setup and the major 

components in a Lidar system (Mono-Static configuration).  

1.2 PULSE CHARACTERISTICS  

The pulses produced by the Master Oscillator is directed into the atmosphere through 

a telescope depending on our choice of azimuth and elevation angle. These parameters are 

usually fed as input to the system depending on the type of scan to be performed, for 

example, if we perform a Plan Position Indicator (PPI) Scan, the elevation is fixed, and the 

azimuth angle is varied and for a Range Height Indicator (RHI) scan, the azimuth is fixed, 

and the elevation angle is varied. The sudden burst of energy the Lidar sends out is in the 

form of a Gaussian pulse. That is, if we plot the intensity/power profile of the laser pulse 

as a function of time, it has a Gaussian shaped envelope. The rate at which we produce 

these pulses is defined as the pulse repetition frequency (PRF) specified in its standard 

units, hertz (Hz). 
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Figure 1.1 Lidar Block Diagram, T/R – Transmitter/Receiver switch separates the pulse transmitted 

and signal received [82]. 

 

For current Lidar machines the PRF usually ranges from about 500 Hz to about 

10,000 Hz depending on the system and the manufacturer. The PRF of a system sets the 

maximum range (𝑍𝑚𝑎𝑥) in space that can be achieved. The limit is intrinsic in every system 

with a fixed PRF, to avoid the interaction between the backscatter returns from a 

transmitted pulse and the subsequent pulse that is sent out into the atmosphere every 1/PRF 

seconds. This is clearly understood by the Equation below. After travelling distances to the 

order of few kilometers the pulse attenuates and dies out eventually. Note that the factor of 

‘2’ comes from accounting for the round-trip time of flight of the pulse. 

                                                          
max2

c
PRF

Z
                                                   (1.1) 

    The pulse is characterized by its peak power, the average power or by the average energy 

of the pulse. The average and the peak power are defined as shown below in Equation 1.2 

supported by Figure 1.2 [83] which shows a pulse train, i.e. pulse intensity plot as a function 
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of time. Typical values of the pulse energy (Epulse) are in the order of a few milli-Joules. 

The pulse period is the inverse of the PRF and is often referred to as the ‘Duty Cycle’. The 

example shown below is a rectangular pulse train, but the concept can be extended to a 

pulse of any shape. The shaded area within each pulse is the total pulse energy, Epulse. It is 

important to note that the choice of a remote sensing system with a given PRF and pulse 

energy is a very important Doppler lidar system design question. The choice depends on 

factors that we will be discussing in the following sections in considerable detail.  

 

Figure 1.2 Pulse Train – Depicting Pulse Period, Pulse Duration, Peak Power and Pulse Energy Epulse. 

 

                                                     𝑃𝑝𝑒𝑎𝑘 =
𝐸𝑝𝑢𝑙𝑠𝑒

𝑇𝑝𝑢𝑙𝑠𝑒−𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
                                             (1.2(a)) 

 𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
𝐸𝑝𝑢𝑙𝑠𝑒

𝑇𝑝𝑢𝑙𝑠𝑒−𝑝𝑒𝑟𝑖𝑜𝑑
                                               (1.2(b)) 

  Another characteristic of the laser pulse, is the ‘Pulse Width’.  It is the duration of 

the pulse in time as observed in the intensity vs time plot for the laser pulse. Full Width at 

Half Maximum (FWHM) is the most commonly accepted definition for Pulse Width.  This 

is the time duration of the pulse measured at exactly half the maximum intensity value of 

the pulse.  Other possible definitions for widths associated with a given pulse are for 
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example the ‘1/e’ radius, which defines width of the pulse at ‘0.367’ times the peak 

intensity value. We accept and proceed with the FWHM definition unless stated otherwise 

in this document. Typically, FWHM values are in the order of a few hundred nano-seconds, 

depending on the lidar system used.  

  It is a common practice in lidar literature to make references to the laser pulse 

transmitted by the lidar as a ‘Narrowband’ pulse [85]. We know that the frequency domain 

representation of the pulse, i.e. the pulse spectrum would give us an insight into the 

frequency content of the signal. The range of frequencies that contribute to the signal, 

constitute its bandwidth. Hence as the name suggests, the bandwidth of a ‘Narrowband’ 

pulse would be ‘small’ or 'narrow’ and hence constitute only a few dominant harmonics, 

i.e. the width of the pulse would be a fraction of the actual bandwidth over which the return 

signal spectrum is computed. It is also interesting to note that the spectrum of a Gaussian 

pulse is also Gaussian. Hence the second moment of the pulse spectrum (FWHM) defines 

its spectral width (Figure 1.3). This width in the frequency domain corresponds to the range 

of frequencies that contribute to the laser pulse signal and hence its bandwidth. 



6 
 

 

Figure 1.3 Gaussian Pulse Profile (Intensity vs time) with Pulse Width – Full Width at Half Maximum  

1.3  LASER PULSE PROPAGATION THROUGH THE ATMOSPHERE  

      Within the atmospheric boundary layer, we find particles like aerosols, dust, pollen, 

insects, water droplets etc. that are carried along with the flowing wind, floating with the 

same wind velocity. These aerosol particles scatter the incident energy of the pulse as it 

propagates through the atmosphere. In general, there are two different mechanisms that 

explain and help us quantify the scattering process. Firstly, ‘Rayleigh scattering’ refers to 

the scattering by atoms and molecules that are much smaller compared to the wavelength 

of the EM wave.  The intensity of scattering is inversely proportional to the wavelength of 

the EM source to the fourth power i.e. 
4
. Secondly, ‘Mie scattering’ is observed if the 

particles, usually assumed spherical, are of comparable size to the wavelength of the EM 

source incident on the particle. Also, the intensity of scattering is proportional to the 

wavelength of the EM wave itself. These are the two major types of elastic scattering 

mechanism, where the scattered wave has the same wavelength as the incident EM wave. 
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For a lidar system the aerosol particles in the atmosphere that are of sizes comparable to 

the wavelength of the laser pulse are of interest to us. The lidar collects a fraction of the 

scattered energy from the aerosol through the ‘Mie Scattering’ mechanism. 

  A portion of the incident energy on the particles is absorbed, part of it is transmitted 

through them and the remaining is scattered in all the directions, often modeled as an 

isotropic scattering mechanism, i.e. the scattering intensity measured along any direction 

would be one and the same. The laser pulse is a pencil shaped beam that has very a narrow 

divergence angle and is highly collimated and focused as it emanates from the transmitter 

telescope. It is this property of the laser that enables us to use lidar systems to scan at very 

low angles, with a high degree of angular resolution, close to the surface without 

contamination of the signals by noise sources like ground clutter which is a very common 

problem observed with the weather radar technology.  The pulse, due to its intrinsic width, 

illuminates a volume chunk of the atmosphere at any given instant in time. This can be 

easily visualized using the Figure below, Figure1.4. The Figure was first suggested by R.M 

Measures [24] to demonstrate the lidar scattering mechanism. 
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Figure 1.4 Pulse Propagation as a function of Range and Time. ‘T’ is the pulse width, ‘t’ the instant in 

time that we observe the returns. The red lines with slope ‘c’ denote the Transmitted Pulse and the 

Blue line is the backscattered Return Pulse that would be received at the receiver telescope. 

 

  Thus, all the particles that fall within this illuminated region will contribute to the 

net energy of the backscattered EM field. The return pulse that is collected at the receiver 

arrives from the region shaded in blue. It is the combined backscattered energy, from all 

the particles within the shaded region, which falls within the field of view of the telescope 

that is subsequently processed to obtain the velocity information. 

  The returning laser pulse is frequency modulated, i.e. it has an additional frequency 

component added to the transmitted laser pulse frequency. We mentioned above that the 

nature of the scattering was elastic, i.e. the wavelength and frequency would remain fixed 

even after the scattering process. However, these aerosol particles are drifting with the 
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wind flow in the atmosphere. Thus, the laser beam incident would experience a shift in its 

frequency by an amount that is equal to the component of wind velocity along the direction 

of the beam propagation. This phenomenon is referred to as ‘Doppler Shift’ and hence the 

name ‘Doppler Lidar’. This is very commonly observed in our day to day life and it can be 

clearly explained in the context of sound waves. For example, consider the case when a 

fast-moving fire engine with its siren on, moves past us. As the vehicle approaches a 

stationary observer, he/she experiences an increasing intensity in sound volume from the 

siren and as the vehicle moves past him, the volume fades and eventually dies out. The 

increase in intensity and its fading is a function of the velocity of the moving vehicle and 

the velocity of the observer, which in our example is just the vehicle velocity as the 

observer is stationary. Similarly, in the case of the Lidar the pulse is shifted in frequency 

by an amount that is proportional to the radial component of velocity of the particles.  

The backscattered signal received at the telescope, is directed onto a photodetector and 

subsequently processed to obtain the Doppler shift in the return signal. The details of how 

the returns are processed and how the velocity is estimated from the returns will be 

discussed in detail in the following chapters. It is important to note here that unlike 

anemometers that provide us with all the three components of the wind velocity and 

direction of the flow, the backscattered radiation has only information about one of the 

components of the wind velocity vector, the radial component. It is also often referred to 

as the velocity along the ‘look direction’ or ‘seeing direction’.  
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1.4 THE LIDAR EQUATION  

Let us take a closer look at what happens to the laser pulse as it propagates through the 

atmosphere. As the pulse illuminates a section of the atmosphere, part of the energy is 

scattered, a fraction absorbed and the remaining transmitted to move further and illuminate 

subsequent regions along the line of sight. At any one of these sensing volumes, we would 

find many aerosol particles. They scatter the incident pulse energy producing the required 

backscatter. To quantify the amount of backscatter from within the sensing region we 

define the backscatter coefficient 1 1( )m sr   . As the units suggest it provides a sense of 

how strong the backscatter power would be per unit meter distance per unit steradian angle 

that specifies the field of view of the telescope. Similarly, to quantify the attenuation effect 

on the pulse we introduce the two-way (considering the roundtrip time of flight for the laser 

pulse) attenuation coefficient ‘T’. Both these variable, ‘  ’ and ‘T’ are sensing volume 

dependent and a function of the distance along the look direction. The backscattered pulse 

energy as the name suggests, is a part of the total scattered energy that falls within the field 

of view of the telescope. By convention we use the solid angle concept to define our field 

of view, and it is given by ‘A/r2’, where A is the receiver area (surface area of the telescope) 

and ‘r’ is the distance along the line of sight. So, at any given instant in time, we obtain 

some amount of backscatter from a region in space as described in the previous section. 

Given the intensity profile of the pulse, the return power (Equation 1.4) can be expressed 

as a convolution between the Lidar pulse intensity profile and the range dependent function 

‘ ’ as defined below (Equation 1.3). Where ‘ ’ is the product of the backscatter 

coefficient, attenuation coefficient and the solid angle. 
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               =
2

( ) ( )r T r A

r


                                                                  (1.3) 

                                                ( ) ( ') ( ') 'returnP t P r r r dr




                                              (1.4) 

  Where ‘P’ is the pulse profile as a function of ‘r’. Note that the pulse profile as a 

function of range ‘r’ is used instead of time ‘t’. It is important to note here that we can 

switch between the two variables, i.e. between range ‘r’ and time ‘t’ using the relation 

given by Equation 1.5. Where ‘c’ is the speed of light. 

                                                                               
2r

t
c

                                                                          (1.5) 

  If we assume that the dependence of ‘ ’ on ‘r’ is negligible, then the convolution 

integral can be simplified to the form shown in Equation 1.6. Then the power received at 

any given instant in time is given by the simple Lidar Equation 1.8. 

 

                                                 ( ) ( )
2

return

c
P t P t dt






                                                     (1.6) 

                                                     ( )pulseE P t dt





                                                         (1.7) 

                   ( )
2

pulse

return

cE
P t


                                                         (1.8)     

This equation helps us evaluate the amount of backscattered energy obtained at any 

given instant in time. The equation also demonstrates the ‘1/r2’ dependence of the amount 
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of energy received back at the telescope. Thus, we obtain much lesser returns as we go 

further away, increasing ‘r’, i.e. the signal gets weaker with radial distance. The return 

power is a direct function of the incident lidar pulse energy also. Thus, with higher pulse 

energy a stronger return can be obtained even at far off distances provided there is enough 

aerosol distribution to obtain a strong backscatter signal.  

1.5 BACKSCATTER – A CLOSER LOOK – EM THEORY PERSPECTIVE 

        The laser pulse transmitted can also be thought of as made up of photons, that are 

small quanta or packets that contain optical energy, given by the expression ‘E = h𝜈’. Here 

‘𝜈’ is the frequency of the wave and ‘h’ is the Plank’s constant. Depending on our 

requirement, we switch back and forth between these two ideas. It usually becomes clear 

from the context and the subsequent explanation provided. 

        To begin with let us consider the pulse as an EM wave. EM waves consists of an 

oscillating Electric (E) and Magnetic fields (B). Both the fields oscillate along two separate 

planes, perpendicular to each other, and the wave energy is propagated along the direction 

perpendicular to both these fields. The backscattered energy from the particles inside the 

sensing volume illuminated by the laser pulse, is also an EM wave that propagates back 

towards the receiver. EM waves are usually described mathematically using the 

conventional phasor notation or as a function of sines and cosines. It is characterized by its 

amplitude, frequency and phase as shown in Equation 9, where ‘ a ’ is the amplitude of the 

wave, ‘ k ’ is the wavenumber, ‘ ’ is the angular frequency, and ‘  ’ is the  phase angle. 

Note that this is a 1-D wave propagating through the positive X-direction.  
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        Or         sin( )E a kx t 



                                           (1.9) 

         An important parameter that characterizes the energy, the EM wave carries, is the 

Intensity or the Irradiance of the EM wave. The intensity of the EM wave is proportional 

to the magnitude of the electric field that describes the wave. Hence the amplitude and the 

phase of a wave at a given frequency are important factors on which the intensity of the 

wave depends on. The photo-detector responds to the incident irradiance of the EM wave 

which produces the appropriate electric signal. 

          Each particle within the sensing volume, will contribute to the backscatter that is 

shifted in frequency by an amount corresponding to the radial component of its velocity. 

The combined backscatter field, i.e. the backscatter from each particle, would interfere with 

each other (constructively or destructively) and produce a resultant EM field. Each particle, 

assumed to be approximately spherical will scatter energy back as spherical EM wave. The 

combined field, that reaches the detector, will be the superposition of several spherical 

waves that emanated from each scattering aerosol particle, interfering in space producing 

the resultant backscatter field. 

         The resultant field propagates through the atmosphere and is finally collected at the 

receiver and subsequently detected and digitized for further signal processing. Ideally i.e. 

if the atmosphere is assumed to be turbulence free, i.e. no refractive index fluctuations in 

the atmosphere (which could potentially set up a convective flow resulting in strong 

atmospheric turbulence), the pulse transmitted and the backscatter EM wave, do not 
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undergo any distortion due to refraction. For such an ideal case, as expected the return 

wave is free from any atmospheric distortion. 

         However, it is very rare that the atmosphere is turbulence free. With temperature 

gradients set up by solar insolation during the day, we would observe air packets with 

varying density within the atmospheric boundary layer, and hence fluctuating refractive 

indices. EM optical waves, as they propagate back and forth through these air packets of 

varying density and refractive indices, will undergo refraction, interfere with itself and gets 

distorted. For example, let us consider a plane wave as shown below. The wave is no longer 

planar as it propagates through these air packets and starts to wiggle due to refraction.  The 

distortion of the wave-front poses as a major shortcoming at a later stage in the signal 

processing for a coherent Doppler lidar. The effects of wave-front distortion are discussed 

in detail in the following section. 

 

Figure 1.5 Laser propagating through eddies (Atmospheric Turbulence), undergoes wave front 

distortion [86]. 
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1.6 EM WAVE DISTORTION - SPECKLE AND SCINTILLATION 

         The laser beam that emerges from the transmitter, is narrow with very minimal 

divergence (angular spread) and remains collimated along the direction of propagation. For 

microwaves, commonly used in radar technology, ground clutter from the side lobes of the 

microwaves is a major source of noise in the return signal. Laser beam, with very low 

divergence angle, is free from any such ground clutter noise, and hence can be used for 

applications very close to the surface layer. The laser beam is diffraction limited, and hence 

minimal divergence is guaranteed at distant ranges as well. Typically, the beam has a width 

of about 10cm. 

        Another important attribute of the laser beam is the very high spatial and temporal 

coherence. This means that if the amplitude and phase of the EM wave at a point is known 

at any given instant in time, then the amplitude and phase at the same location at a different 

instant in time can be easily computed. This is referred to as temporal coherence. Similarly, 

if the amplitude and phase at any given location in space is known from the knowledge at 

a reference location, such a beam would possess very high spatial coherence. However due 

to the dynamic nature of the atmosphere, where fluid flows are at a very high Reynolds 

number, gradients in temperature and density, will distort the optical wave as it propagates 

through the turbulent eddies/cells as shown previously. Due to distortion the coherence of 

the laser beam is attenuated as it propagates back and forth through the atmosphere. Next, 

we discuss the effects of this distortion in detail. 

       Atmospheric turbulence causes the intensity of the optical wave to fluctuate in space 

at any given instant in time. This fluctuation in intensity that is observed and detected by 
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the optical detectors, is termed as ‘Scintillation’. It is a very common phenomenon that we 

observe in the atmosphere. In astronomy the apparent fluctuations in brightness of a 

celestial body is termed as scintillation. Due to fluctuations in refractive indices within the 

atmosphere, the celestial object under observation seems to change position 

instantaneously and hence produces the twinkling effect. By using a larger receiver 

aperture, the spatial intensity fluctuation can be averaged, and the effect of scintillation can 

be controlled to a certain degree. However, a larger receiver telescope would cast a 

degrading effect on the diffraction limit and hence beam divergence is compromised. Thus, 

the choice of an optical telescope size, keeping both these parameters in mind is critical. It 

is a trade-off between these two requirements i.e. minimize the laser beam divergence and 

minimize the intensity fluctuations over the receiver aperture. Considerable research in 

quantifying the underlying factors to make a very informed decision on the size of the 

aperture has been done over the years [11]. Fried’s parameter ‘ro’, defines the limiting size 

of the aperture that is the best choice keeping in mind the above-mentioned factors and 

tradeoffs.  

       In a lidar, the EM wave that is backscattered from the sensing volume is a resultant 

field from several individual scatterers spatially separated. Due to this spatial separation 

(distances to the order of a wavelength or more) the return fields from these particles have 

random phase shift associated with them, i.e. each particle within the sensing volume 

producing a backscatter field has a random phase associated with it. The amplitude of the 

backscatter fields from the particles are also completely random as each particle scatters 
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the incident wave by a random amount (backscatter coefficient dependent on radial 

distance).  

 

      The combined random backscattered field, as it propagates through a turbulence free 

atmosphere, we observe an intensity pattern (fringe pattern), with circular bright and dark 

fringes at the receiver. This is referred to as the ‘Interference’ pattern. The pattern is 

because of constructive and destructive interference of the backscattered wave originating 

from the individual particles. Now in the presence of atmospheric turbulence, the phase 

front (planes over which phase is a constant, represented by lines for a planar wave and 

spherical lines for spherical waves as shown in Figure.5) of the wave is further distorted 

and the wave interferes with itself and each other as it propagates and hence the pattern 

would appear to be smeared. The fringe pattern no longer is definite but manifests as bright 

and dark regions or patches at the receiver surface. This is referred to as ‘Speckle’. The 

bright patch corresponds to the region where the waves interfered constructively and the 

dark regions where the waves interfered with itself destructively. The speckle pattern is an 

indication of the loss in spatial coherence of the laser wave as it meanders through pockets 

of varying refractive indices. It is important to understand that in the case of coherent 

Doppler Lidar, speckle degrades the overall performance of the optical system [12]. We 

will need to understand the optical signal mixing and subsequent processing mechanisms 

of the Doppler Lidar to understand the effect of speckle on the lidar performance. In the 

following section we start examining the most critical step in a Doppler lidar, the ‘optical 

heterodyning mechanism’. 
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1.7 OPTICAL HETERODYNING – THE MIXING PROCESS 

        We begin with a quick review on the basic setup of a Doppler Lidar. A master 

oscillator produces the laser beam, which is pulsed and subsequently transmitted at the 

required wavelength or frequency. So as discussed before the transmitted laser pulse, 

illuminates a region in space, the sensing volume in the atmosphere and the resultant 

backscattered field is collected at the receiver. The next major question that we address 

here in this section is, how do we process the return signal and extract the necessary 

information embedded in it? What are the different steps involved?   

       Apart from generating a laser pulse, a reference laser beam i.e. a continuous wave laser 

beam, is also generated and is focused onto the photodetector. This reference beam is called 

the ‘Local-Oscillator’ (LO) beam [21]. The backscattered energy collected by the receiver 

is mixed with the reference LO beam at the photodetector.  

        We know that the frequency of the laser used in a Lidar is typically to the order of 

1014 Hz and the Doppler shifts observed are typically in the order of a few Mega-Hertz. 

But the photo-detectors used, do not respond to such high frequency signals, i.e. they are 

not capable of responding to a high frequency fluctuation in the return signal. If we need 

to detect just the intensity of the incoming signal beam, we can effectively use the existing 

‘Direct Detection’ technique. We need to downshift the frequency of the backscatter field 

to fall within the base-band regime to which the detectors can respond and produce the 

equivalent electric signal, i.e. current or voltage as a function of time. This process of 

mixing the two signals is termed as heterodyning, and for optical waves it is termed as 

‘Optical Heterodyning’ and the process of detection termed as ‘Coherent Heterodyne 
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Detection. The detector has a response curve associated with, i.e. power output as a 

function of wavelength. It is used to determine which wavelength’s in the EM spectrum, it 

responds to the best and thus helps us with our choice of the detector required specific to 

our application and the range of frequencies that needs to be detected. 

        The process of downshifting the frequency of the return signal can be clearly 

explained by describing the two optical beams in terms of their electric field amplitude, 

frequency and phase, subsequently adding them to find the ‘beat-frequency’ term. The 

detector responds to this beat-frequency term, producing the electric signal. The process is 

explained below clearly with simple equations.  

        Let us consider two separate electric fields ,sig loE E
 

 describing the return backscatter 

field and the local oscillator field. To simplify this analysis, let us assume the waves to be 

one dimensional and the phases are assumed to be the same. Using the notation defined in 

the previous section.    

   sin( )sig sig sigE A t 


         And      sin( )lo lo loE A t 


                   (1.10)  

        The resultant electric field, after mixing the two optical waves, is given by the vector 

sum of the two individual electric fields. We also know that the intensity ( I ) or the 

irradiance of the combined field is proportional to the square of the magnitude of the 

resultant electric field and is as shown below.   

                           sig loresE E E
  

                                                       (1.11)     
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2

sig loI E E
 

                                                      (1.12) 

        Substituting Equation 1.10 in Equation 1.12, and simplifying we obtain the three 

terms as described below, 

    𝐼 = 𝐴𝑠𝑖𝑔
2 sin2(𝜔𝑠𝑖𝑔𝑡 + 𝜙) + 𝐴𝑙𝑜

2 sin2(𝜔𝑙𝑜𝑡 + 𝜙) + 2𝐴𝑠𝑖𝑔𝐴𝑙𝑜 sin(𝜔𝑠𝑖𝑔𝑡 + 𝜙) sin (𝜔𝑙𝑜𝑡 + 𝜙)       (1.13) 

         The first two terms on the right-hand side of the above equation are the high 

frequency terms and the last term is the ‘beat frequency’ term. By using a simple 

trigonometric identity, we can simplify the last term as shown below. By applying the rule, 

                                       2sin( )sin( ) cos( ) cos( )A B A B A B                                           (1.14) 

         Using this rule to simplify the last term in Equation 1.13, will give us,     

            2sin( )sin( ) cos(( ) ) cos(( ) 2 )sig lo sig lo sig lot t t t                            (1.15) 

        The above equations demonstrate how the downshift in frequency is achieved by the 

heterodyning process. The first term on the right-hand side of Equation 1.15, has the 

difference frequency term 
sig lo  , is defined as the ‘Doppler Shift’ term. Note that 

though our assumption of constant phase between the transmitted pulse and the return 

signal is valid for the above discussion, the phase is completely random and is not the same.  

        We have shown that the beat frequency term is the difference in frequency between 

the return pulse frequency, i.e. the signal frequency and the local-oscillator reference beam 

frequency. The difference frequency or the Doppler shift can be positive or negative. It 

indicates whether the radial velocity component measured is either towards or away from 
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the Lidar. By convention, a positive value would mean that the flow as described by the 

radial velocity is towards the Lidar and a negative value implies the flow is away from the 

Lidar. Thus, we can keep track of both the scenarios, and it gives us a sense of direction to 

the radial component of flow. To be able to do this successfully, we shift the transmitted 

pulse frequency by a known amount. This frequency shift added by the user is termed as 

the ‘Intermediate Frequency’ (I.F). It is required to help us distinguish between the positive 

and the negative frequencies. To best demonstrate this, we perform the following exercise 

and analyze the two scenarios, when the intermediate frequency is set to ‘0’ Hz and the 

second case with a known constant non-zero value.  

      Let the frequency of the pulse be
p , the frequency of the local oscillator beam be lo

, and the intermediate frequency added to the pulse be
I . The frequency of the backscatter 

returns 
sig is the frequency of the pulse added to the Doppler shift frequency

Dopp , 

expected from the sensing volume. The total return signal frequency is
p I Dopp    .  

We also know that the frequency of the pulse is equal to the frequency of the local oscillator 

beam. Using this information, it can be shown that the Doppler shift term in Equation 1.15, 

simplifies and we obtain 
I Dopp   as the difference frequency term. Note that the 

Dopp  

frequency term can be positive or negative. 

        If the intermediate frequency is set to ‘0’. Then the cosine function in the beat 

frequency term in Equation 1.15 would have only 
Dopp  as its argument. Since the cosine 

function is an even function, the value for the case when the Doppler shift is positive or 

negative would remain the same. For such a signal, in the frequency domain (taking the 
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Fourier transform and viewing the signal in the spectral domain) we would observe two 

peaks. The two peaks would be at the positive and negative 
Dopp  values. Hence, we 

cannot discern between the positive and negative Doppler shifts. 

        Now we set the intermediate frequency to a non-zero value
I . The argument now 

for the cosine term in Equation 1.15 is
I Dopp  . For a positive

Dopp , we would observe 

two peaks at ( )I Dopp   for the cosine signal in the frequency domain. When 
Dopp is 

negative, then the argument would be
I Dopp  . Since cosine is an even function the value 

would be the same when the argument is
Dopp I  . In the frequency domain, we see that 

the peaks now are shifted to ( )Dopp I   frequencies as shown in the Figures below. Thus, 

by adding an intermediate frequency to the pulse transmitted, we can clearly differentiate 

between radial velocities towards the Lidar and away from the Lidar. 

 
Figure 1.6 Case 1 When Intermediate Frequency is set to ‘0’ Hz. Positive (Blue) and Negative (Red) 

Doppler Shift 
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Figure 1.7 Case 2 When Intermediate Frequency is non-zero. Positive (Blue) and Negative (Red) 

Doppler Shift 

       The two waves interfere with each other to produce the beat frequency term. All the 

high frequency terms are implicitly filtered out and the detector produces electron hole 

pairs as a response to the incoming beat signal, which can be thought of as packets of light 

energy or photons incident on the photodetector, with frequency equal to the beat 

frequency. It is also ensured that the local-oscillator beam shines over the entire detector 

surface area. The local-oscillator signal is also strong enough to enhance the beat signal 

term. This is evident in the beat term as shown above. The amplitude of the strong local-

oscillator signal thus enhances the return signal. Given that the return signal is weak i.e. 

only of a fraction of incident energy is scattered back, and the return signal diminishes with 

range, the advantages put forth by the process of heterodyning helps in extracting the 

required information effectively. However, a major requirement for the process to be 

efficient is the coherence between the two optical beams. The process of mixing involves 

the two beams interfering with each other, constructively or destructively to produce the 
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required beat term. For the process to be very efficient, we would require both the beams 

to interact constructively. Hence this requires the two beams to be spatially and temporally 

coherent, so that we would be able to maximize the overlap between the two optical waves, 

when they are mixed and focused on the detector surface. Hence the name ‘Coherent 

Heterodyne Detection’.   

       As was discussed earlier we know that, the return signal is distorted as it propagates 

through the atmosphere. Speckle is a direct effect of this distortion and thus, loss in spatial 

coherence. It is one of the shortcomings that affects the heterodyne detection process and 

thus the performance of a lidar system. It is thus necessary to reduce the effect of speckle 

observed in the return signal. To reduce this effect most of the current state of the art Lidar’s 

possess very high PRF. One approach to reducing the effect of speckle, is to average the 

independent returns for a given sensing volume from multiple pulses [13]. However, it is 

important to note that speckle effects cannot be completely removed because of the 

dynamic nature of the turbulent atmosphere. Also, a very high PRF restricts the maximum 

distance in range for the lidar system as discussed previously.  

        The efficiency of the optical heterodyning process is quantified and is defined by the 

heterodyne efficiency term (
h ). It measures the degree of constructive overlap between 

the two optical beams mixed at the detector or in other words it gives us a sense of how 

small the phase difference is between the two interacting waves.  

        The local-oscillator, a continuous wave laser source, is a plane wave. The backscatter 

as discussed earlier, is a linear superposition of spherical waves emanating from each 
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individual particle. An important approximation for the backscatter is described by the 

‘Van-Citteret Zernike’ theorem [14]. The theorem allows us to assume that in the far field, 

i.e. at very large distances from the source, it is a valid assumption to approximate spherical 

waves as planar waves. For example, we observe that when we throw a stone into a stagnant 

pool of water, we see waves, spherical in nature, propagate from the point of origin, across 

the entire pool. The further we go away from the point of origin the waves appear to be 

planar. Thus, we can approximate the return backscatter from the sensing volume to be 

planar at the receiver, however the phase front of the wave will be distorted due the 

refractive turbulence effects described earlier. Thus, we have described in detail 

importance of the optical heterodyning process to the overall effective and efficient 

performance of a Doppler Lidar system.  

1.8 THE DETECTOR 

      The last major component in the Lidar system is the photo-detector. As the name 

suggests the detector responds to incident photons on its surface by emitting electrons. The 

backscattered field is down shifted in frequency by mixing it with the LO beam, for the 

detector to be able to respond to the incident average flux or irradiance. Typically, a 

detector is a diode that produces free moving electrons for each photon that strikes the 

surface. The number of electrons produced for each photon that is incident on the detector 

is defined as the detector quantum efficiency
Q . The choice of the detector is based on its 

‘Quantum Efficiency’ and it’s ‘Responsivity’ (R). Responsivity is a function of wavelength 

of the return backscattered field. It is defined as the ratio of the incident power (Watt - W) 

on the photo-diode to the current produced in Ampere (A).  
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        The two optical beams interfere and the detector sensitive to the radio frequency band, 

produces the photocurrent corresponding to the heterodyne irradiance term, Equation 13. 

The other two high frequency terms are not detected by the photo-detector as they fall 

outside the response region of the detector. Thus, the photodetector acts like a band pass 

filter that lets through frequencies that are important and blocks all other frequencies. 

        When the photon density (number of photons striking the detector over its integration 

time) of the incoming flux that strikes the photo-detector is very small, we would observe 

individual pulses of the photocurrent as measured by the detector. Here we would require 

techniques like photon correlation or photon counting techniques to process the signal and 

extract the Doppler frequency shift. However, when the light flux density is higher these 

current pulses would overlap and produce a rather continuous signal that can be processed 

by the common techniques like frequency demodulation techniques to obtain the Doppler 

frequency from the signal. These techniques will be explained in detail in the following 

sections, when we deal with the signal processing aspects of the lidar system. 

1.9 SIGNAL NOISE 

        Typically, the detector signal produced is contaminated by noise from different 

sources. The intensity fluctuations that is induced due to atmospheric effects were 

discussed in the previous section, along with suggestions to keep the speckle effects under 

control.  Another prominent source of noise in the detected signal is the inherent system 

noise or the electronic noise.  Different sources of noise include thermal noise, dark current 

leakages etc. but the most important and dominating source of noise is the ‘Shot Noise’.  
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       Noise inherent in the signal detected, due to the discrete nature of the photons is often 

termed as ‘Photon Noise’ or ‘Shot Noise’. Fluctuations due to discrete photons incident on 

the detector results in fluctuations in photo-electron emissions. 

       The other sources are negligible in magnitude when compared to the shot noise 

induced fluctuations in the electric signal. The major source of this shot noise is the local 

oscillator beam. The LO beam power is set to the optimum level such that the shot noise 

contribution dominates over other sources, and hence makes it easier to understand the 

contamination introduced in the detection process, which can be later removed by the 

appropriate choice of signal model and noise model to work with in the subsequent digital 

signal processing stages. 

        It is important that we identify and quantify these different sources of noise to better 

characterize the return signal and thus effectively extracting information from it with 

higher precision. We define the Signal/Carrier to Noise ratio in terms of the photocurrent 

that the detector produces. CNR is defined as, 

                                                  

2

2

( )
( )

( )

h

n

i t
CNR t

i t
                                                      (1.16) 

       Where
2

hi , is the time averaged heterodyne current squared, produced by the beat 

signal in the radio frequency band. The denominator
2

ni , is the time average of the square 

of the noise current. There are however other accepted definitions for CNR and SNR. It 

will be defined and discussed in the subsequent sections.  
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        In a Lidar system, shot noise is often considered as the most dominating noise source. 

The detection process limited by the presence of shot noise alone is termed as ‘Quantum 

Limited Detection’. Usually the noise characteristics for a given system is studied by 

processing the signal from sensing volumes from which no signal (atmospheric signal) 

returns are expected. Another approach to set the noise floor before firing the laser pulses 

into the atmosphere, is to shine the LO beam onto the detector to record a reference base 

signal for the noise in the absence of any atmospheric return signal. Thus, we have 

described all the major components of a lidar system and its functions in considerable 

detail.  
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CHAPTER 2 

SIGNAL PROCESSING BASICS 

 

2.1 DOPPLER LIDAR RADIAL VELOCITY  

        We know that the beat signal incident on the photodetector produces an electric signal 

equivalent to its fluctuating intensity. All the higher order frequency terms in the signal are 

filtered out, as they lie outside the detector bandwidth. To remove other high frequency 

noise sources and to avoid aliasing, the electric signal is processed through an anti-aliasing 

filter. Anti-aliasing filters are typically low-pass filters. They are chosen based on the 

bandwidth of interest. 

        Let us begin by establishing the relation between the radial velocity we set out to 

measure and the frequency content of the signal. We would like to establish the equation 

that specifies how the Doppler shift measured is converted to the radial velocity measured. 

It is however important to note that estimating the Doppler shift is a separate problem 

altogether and so we will be addressing it separately. Let us use the Figure below as 

reference, to help us formulate the expression relating radial velocity and Doppler shift.  
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Figure 2.1 Figure to demonstrate the relation between the Doppler Shift estimated and the Radial 

Velocity [82]. 

 

Let us assume that a bunch of particles are propagating in the atmosphere with 

velocity V. This is represented by the vector ‘V’ in the Figure above. The angle that this 

vector makes with the transmitter and receiver is given by ‘ T ’and ‘ R ’ respectively. The 

laser pulse that is transmitted by the transmitter has a frequency ‘𝜈’ hertz. The frequency 

of the laser pulse as viewed by the particle traveling with the wind at ‘V’ (m/s) velocity is 

given by ‘ 𝜈𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒’. Note that the component of velocity along the line of sight is used to 

calculate the frequency shift to the pulse as viewed by an observer travelling with the 

particle. This is consistent with the ‘Doppler Effect’ concept we had explored in the 

previous section. Similarly, the laser pulse frequency as viewed by an observer on the 

receiver is given by ‘ 𝜈𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟’. The component of the velocity along the receiver line of 

sight is used to calculate the shift in frequency of the laser pulse.  
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         Thus, the frequency of the laser pulse received at the receiver is given by,  

                                 
cos( ) cos( )T R

receiver pulse

V V 
 

 
                                                  (2.17) 

         The above expression was derived for a bi-static system where the transmitter and 

the receiver are two different components. For a monostatic system we have a transceiver 

and hence both the angles R  and T are equal. Thus, the equation simplifies to,   

                                   
2 cos( )T

receiver pulse

V 
 


                                                                 (2.18)  

        The Doppler shift is given by, 

                                              
2 cos( )T

receiver pulse

V 
 


                                                           (2.19) 

        The LHS, 𝜈𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 − 𝜈𝑝𝑢𝑙𝑠𝑒 is the Doppler shift. The term cos( )TV  is the radial 

velocity term, so the equation simplifies to,  

                                                       
2 rV




                                                                                 (2.20)  

         Note that the positive and negative values are used to be consistent with the sign 

convention used in the literature. The accepted convention is that the radial component of 

velocity towards the lidar is assumed to be positive and the radial component away from 

the lidar is assumed to be negative. 
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2.2 SAMPLING THEORY BASICS  

        The lidar instrument is calibrated to measure a fixed range of radial velocities. This is 

often termed as the velocity search space. Having derived the relationship between radial 

velocity and the Doppler shift observed, we now specify a range of frequencies that 

correspond to the velocity search space. This is referred to as the bandwidth of the lidar 

instrument.  For velocity range between -25 m/s and 25 m/s the bandwidth corresponds to 

-25 MHz to +25 MHz for a 2.0-micron system (using Equation 20).   

       Now that we know the maximum and the minimum frequency that we wish to detect 

with a given lidar system, we can determine the sampling frequency sf required to detect 

the Doppler shift frequencies within the bandwidth. From sampling theory, we know that 

the sampling frequency must be at least two times the maximum frequency 
maxf that we 

set out to detect. This is known as the Nyquist-Shannon-Sampling Theorem. (Equation 

2.21) 
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                                                    (2.21) 

         Thus, the sample spacing in the time domain is given by the inverse of the sampling 

frequency. This tells us how fast we need to sample to be able to detect frequencies within 

the bandwidth ( Nf is the Nyquist Frequency). 

        The raw signal (in the time domain) is stored after being sampled by the Analog to 

Digital converter, in the storage memory, at a predetermined resolution and sampling rate. 
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The sampled signal is either current in amperes (A) or voltage in Volts (V). We need to 

extract the Doppler shift information that is embedded in this signal. We also know from 

our previous discussions that the signal is corrupted by the electronic noise inherent in the 

system and the distortion due to atmospheric effects. 

 

           Unlike radar signal processing, here we extract information from the returns of a 

single pulse along a given look direction. The return signal is segmented to represent 

specific regions in space. This corresponds to a set of samples in the time domain. If M 

samples are chosen, then the time domain length of the signal is MTs and the region in 

space would correspond to a length of 
2

scMT
, taking in account the round-trip time of flight 

of the pulse. The process of segmenting the sampled return signal, as a collection of 

samples that corresponds to a region in space along the line of sight is termed as ‘Range 

Gating’ and the segment in space is commonly referred to as the ‘Range Gate’. The choice 

of M is carefully made to achieve the targeted range and frequency resolution. Frequency 

resolution is defined as the inverse of the total length of the signal in the time domain 

corresponding to a range gate i.e. 

                                                          
1

resolution

s

f
MT

                                                                              (2.22) 

        Hence if M is large, we compromise on the range resolution of the system to obtain 

higher frequency resolution and for a small value of M i.e. fewer samples, the range 

resolution of the system is improved but results in lower frequency resolution in the 
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process. Thus, it is a tradeoff between the two competing effects and is decided based our 

requirements. Most of the lidar instruments used today have range gate sizes to the order 

of a few 100 meters. It can be tweaked, depending on the nature of the experiment [15].  

          From an earlier discussion of the lidar equation, we described how regions in space 

are illuminated by the Gaussian pulse, and the return power obtained from the illuminated 

region at any instant in time using the diagram proposed by R.M Measures. It is clear from 

the Figure below, Figure 2.2, that, the region in space that produces the backscatter at time 

t is represented by the shaded region r1 – r2. At a subsequent time, step t’ we see that the 

region in space that produces the backscatter is r1’ – r2’. This shaded region however has 

considerable overlap with the shaded region r1 – r2 i.e. from the previous time step t. Hence 

the particles inside the volume that contribute to the backscatter are mostly retained for this 

time step t’. However, we realize that this overlap reduces gradually with time and 

subsequently the region in space that is illuminated by the pulse has no overlap. The return 

signal would be completely de-correlated as the aerosol particles have been completely 

replaced and a new set of particles contribute to the return power from subsequent ranges. 

The process continues till the pulse eventually fades out due to attenuation. Based on this 

description the time duration up to which we find some overlap within the illuminated 

regions in space, i.e. time duration over which the return signal loses its correlation is 

defined as
correlation . Thus, a collection of samples from a given range gate would provide 

us information about the radial component of velocity of the aerosol particles within the 

range.  
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The correlation time
correlation , is an important characteristic that helps us decide the 

size of the range gate i.e. the number of samples M, by setting the temporal sample 

duration, MTs equal to the correlation time. The atmosphere has a correlation time 

associated with itself
_' 'atm corr , i.e. how quickly does the velocity field evolve with time, 

within the sensing volume. For a highly turbulent atmosphere the correlation time is very 

small. Thus, the aerosol particles within the illuminated region of space is quickly replaced. 

The correlation time of the return signal is usually chosen as the minimum of the two 

values, 
_atm corr  and

correlation  to be able to extract the Doppler frequency shift from the 

samples acquired from the range gate of interest. 

 

Figure 2.2 Concept of signal correlation and overlapping regions in space described using the diagram 

proposed by R.M. Measures 
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CHAPTER 3 

LIDAR SIGNAL PROCESSING 

 

 3.1 INTRODUCTION  

The optical signal, downshifted by mixing with the local oscillator reference beam, 

is focused onto the detector. Detectors, in general have different modes of operation i.e. 

‘photovoltaic mode’ or the ‘photoconductive mode’. When working in the photovoltaic 

mode, the detector, which is a semiconductor, a bias voltage is applied using an external 

source of power. However, no external bias is applied in the photoconductive mode of 

operation. The choice of a detector and its working mode is based on our knowledge of its 

efficiency and most importantly the noise characteristics of the detector when used in 

different modes of operation.  

     To every detector we can associate a response curve that specifies the ampere 

output as a function of wavelength. This in turn tells us the range of frequencies to which 

the detector responds. Thus, the detector does not respond to all the frequencies that lie 

outside the specified band-width and thereby ensures that only the frequencies of interest, 

i.e. with the Doppler shift information, is let through with minimal noise contamination 

(Thermal noise, Dark current noise etc. inherent to a detector). Thus, the detector responds 

to the beat signal alone and all other higher order frequency terms are filtered out. 

    The optical signal photons incident on the detector whose energy/power that is 

characterized by their frequency, generates electron hole pairs that results in a flow of 

electric current with power equivalent to the incident optical signal power as the detector 
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output. A question arises, how do we quantify the performance of a detector? Any detector 

that can perceive and respond to the weakest signals (low energy photons) that return from 

the atmospheric backscatter, usually at far off ranges, is considered to be an efficient 

detector. The rate of generation of electrons from the incident photons is defined as the 

‘Quantum efficiency’ – (Equation 23). That is how many electrons are generated per 

incident photon. A detector with higher quantum efficiency is always preferred to be able 

to detect even the weakest of signals in the presence of dynamic noise sources. 

                                                                     return
Q

P

h



                                                                      (3.1) 

    Where h is the plank’s constant (6.626 x 10-34 m2kg/s)  is the frequency of the 

photon.  

    The current produced is now digitized to obtain the raw signal. An analog to digital 

converter at a required sampling rate and resolution is used. Typically, the sampling rate, 

defined as the number of samples per second is set at a few Giga-Hertz or GS/s i.e. Giga-

samples per second. The digitized raw signal is now stored in the memory and used for 

subsequent digital signal processing. As the required resolution and the sampling rate 

increases more memory for subsequent storage will be required 

          The first major difference observed, while studying different lidar systems, is with 

the signal processing approach adopted by different systems to analyze and estimate 

parameters of the signal, like the Doppler frequency. The differences in approach begins 

with the detector output signal digitization process. Two different approaches are common. 

The first straightforward method is to digitize the signal at sampling rates to the order of a 
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few hundreds of Mega-Hertz. For example, the Windtracer system samples the data at 250 

Mega Samples per second corresponding to a sampling time of 4 nano seconds. The sample 

value is stored as an 8-bit floating point number. The return signal is centered at the 

intermediate frequency (I.F) and typically has a bandwidth of 25MHz. Such high sampling 

rates for systems with pulse repetition frequency of about 500Hz, with the specified 

resolution would require large amounts of memory space to store the digitized data for 

subsequent processing.  

On the other hand, some lidar systems, for example the High Resolution Doppler 

Lidar (HRDL) developed at National Oceanic and Atmospheric Administration (NOAA) 

is designed to digitize data efficiently using a complex demodulator. The return optical 

signal is downshifted by an amount equal to the center or the intermediate frequency (100 

MHz) to the baseband range, to the order of 25 MHz and centered about zero. This is 

termed as the In-Phase component. Simultaneously a different version of the baseband 

signal is generated by downshifting the optical signal by mixing it with the LO laser source 

shifted in phase by 90 degrees. This is termed as the Quadrature component. Note that both 

the In-phase and Quadrature components would produce a spectra that is now centered 

about zero, but the bandwidth remains un-altered. However, the Nyquist limit is reduced 

and hence the sampling rate for the signal is reduced considerably. This implies that now 

we have fewer samples from each of the In-Phase and Quadrature signals. Hence the 

memory requirements for the system are drastically reduced. This approach adopted has 

the added advantage of lower memory requirements and hence is widely accepted. The 
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radial velocity sign information, i.e. to identify the flow as towards the lidar or away from 

the lidar, is embedded in the relative I-Q phase information. 

 

           Following the second approach - the complex sample ( )kZ t is defined as, 

    ( ) ( ) ( )k k kZ t I t iQ t                                                             (3.2) 

Where ( )kI t and ( )kQ t are the In-phase and the Quadrature components of the 

signal sample at time‘t’ from the pulse number ‘k’. The return signal sample at any given 

instant in time from a single stationary particle (from one pulse) can be modeled as, 

  
2 2

( , ) exp( 2 ( )) ( )
R R

Z t R A i f t W t
c c

                                                 (3.3) 

   Where ‘A’ is the complex amplitude of the return signal, ‘f’ is frequency of the 

signal, R is range location of the particle along the line of sight, ‘c’ is the speed of light, 

‘W’ is the range weighting function, which depends on laser pulse characteristics like pulse 

width etc. In reality, the aerosol particles are randomly distributed in space (a diffuse target) 

and the return signal sample at any instant in time is the superposition of the returns from 

all the particles within the illuminated region. Hence by ‘Central Limit Theorem’ the return 

signal process is often modeled as a zero-mean complex Gaussian random process.  

                          
2 2

( , ) exp( 2 ( )) ( )n n
n n

n

R R
Z t R A i f t W t

c c
                                             (3.4) 

  Where the summation variable ‘n’ represents the number of particles.  
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3.2 LIDAR SIGNAL SPECTRUM 

     A sequence of samples in the time domain, that correspond to a range gate (region 

in space) are processed to estimate the return signal power spectrum. When transforming 

the time domain signal to the spectral domain, using Fourier theory, we obtain the 

frequency content of the signal and hence can extract the Doppler ‘beat signal’ frequency 

from the range of interest. The signal processing theory described in the context of lidar is 

closely related to and extensively used in radar signal processing specifically for Doppler 

weather radars, with some subtle differences that have been explored by researchers over 

the past decade [16] [17] [18]. These differences though subtle, insist on treating the 

processing of lidar returns new problem and thus elaborating on the differences with the 

traditional Doppler radar.  

     For a laser radar, if the return signal samples, as a function of time, are outcomes 

from a stationary random process, the return signal power spectrum is made up of the 

convolution of the transmitted pulse spectra and the spectrum arising from the atmospheric 

motion. The spectrum arising from the atmospheric motion is often referred to as the 

‘Doppler Spread Function’ (DSF). The DSF describes the distribution of radial velocity 

from the particles within the range gate. In radar theory, as explained in the previous 

section, the Doppler Spread Function is often modeled as a Gaussian function and hence is 

an accepted first choice for laser radar signal processing as well.  Thus, the return signal 

spectrum is often conveniently modeled as a Gaussian function itself. The Gaussian shape 

assumption for the return signal is critical to the statistical estimation algorithms that 

eventually estimate parameters like the mean return power, mean Doppler shift and the 
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mean spectral width, which corresponds to the zero, first and the second order moments of 

the return power spectral estimate.  

The return signal spectrum estimated from each pulse for a specific range will be 

corrupted by different noise sources inherent in the system. We described previously that 

the most important and dominating noise source in the signal is the local oscillator (LO) 

shot noise. All other sources of noise are assumed negligible. The shot noise source is 

characterized as a zero mean, unit variance complex Gaussian noise or otherwise known 

as ‘White Noise’. An important characteristic of the white noise is that it is independent of 

frequency and hence is a constant line in the spectral domain, with a fixed/constant power 

contribution to each frequency component (spectral channel) in the spectra. Considering 

the noise source, the return signal is modeled as, 

    ( ) ( ) ( )k k kZ t S t n t                                                                 (3.5) 

   Where ( )kS t and ( )kn t are the true return signal and noise component from pulse 

‘k’ as a function of time ‘t’ (time - samples). Note that ‘S’ and ‘n’ are complex signals, i.e. 

complex samples at each time instant.  

    Assuming that each signal and noise samples are independent of each other and that 

the noise samples are uncorrelated (A characteristic of White Gaussian Noise), the auto-

covariance of the return signal is given by [19], 

                                                    ( ) ( ) ( )z s nR R R                                                                  (3.6) 
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  i.e., the return signal covariance is the sum of the true signal covariance and the noise 

covariance (Equation 27). Since the process is assumed to be stationary, the auto-

covariance function is only a function of the lag . Hence it is possible for us to model our 

return signal by treating the true signal and the noise components separately.  

   We also know that the auto-covariance and the power spectrum form a Fourier 

transform pair (Weiner – Khintchine – Einstein Theorem). Since the Fourier Transform 

operation is linear, applying the Fourier transform operation on Equation 27 gives, 

 

                ( ) ( ) ( )z s nP f P f P f                                                                (3.7) 

  Thus, the return power component at each frequency bin is the sum of the true 

signal power sP  and the noise power component, nP  at the corresponding frequency bin. We 

understand and have the knowledge of the noise source that contaminated the true signal 

(Section above on Noise Sources). Hence by processing the signal in the spectral domain, 

we can easily subtract the noise power contribution and thus extract the true signal 

spectrum, based on the assumptions used to characterize the return signal process and the 

noise characteristics. By modeling the noise contribution to the true signal effectively, we 

will be able to improve the accuracy of our estimates in the frequency domain. We will 

explore this in considerable detail with a simulation, to study the effects of SNR, the FFT 

size etc. in section 4. 
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3.3 NOISE FLOOR ESTIMATION TECHNIQUES 

     The noise power contribution to each frequency component in the spectral domain 

is fortunately measurable and assumed to remain a constant over the period of observation. 

With very stable laser sources that produce pulses with minimum intensity fluctuation or 

frequency jitter, is it plausible to quantify the noise contribution before the actual 

measurement.  

     Generally, two approaches are commonly used with the current state of the art lidar 

instruments. One common method, is to shine the LO onto the detector surface with the 

laser shutter closed. The laser shutter when closed, ensures no return signal from the 

atmosphere enters the detector and hence the detector output can be studied to understand 

the shot noise contribution. This technique estimates the noise floor, i.e. the amplitude for 

each spectral bin in the noise power spectrum. This technique is used prior to setting up 

the lidar for scanning purposes and can be repeated when deemed necessary.  Another 

approach is to process the returns from range gates far away from the lidar, along the line 

of sight, from which no return signal is expected.  

     The return signal however has an additional noise source embedded in the signal, 

noise due to speckle. As was discussed previously, the speckle noise source is unavoidable 

due to the very nature of the target, which is diffuse and also the dynamic nature of the 

turbulent atmosphere. Speckle has been studied over decades and their statistical nature 

has be understood by addressing its similarity to the random walk phenomenon. (J.W 

Goodman – Some Fundamental properties of speckle). To reduce the effect of speckle in 

the signal from a single range gate, we require multiple uncorrelated realizations from the 
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same region in space, to be accumulated over the duration of the observation. Uncorrelated 

realizations ensure maximum speckle diversity, and hence reduces the variance in the 

signal irradiance, i.e. speckle effect is greatly reduced. Lidar instruments possess very high 

pulse repetition frequencies, and this ensures that we have multiple uncorrelated realization 

from the same range gate. Typically, PRF for some of the machines used extensively these 

days, range from a few 100 Hz to about 15 KHz. The returns from multiple pulses are 

processed and accumulated in the spectral domain to suppress the effect of speckle induced 

fluctuations. An important aspect to note here is that, here we have assumed that the 

accumulation time is equal to inverse of the PRF. However, it is also common to use a 

shorter accumulation time, i.e. for a 500 Hz, PRF machine, accumulation can be set to say 

25Hz. Hence, we generate 20 Hz products, i.e. one radial velocity product every 1/20 

seconds.  Higher accumulation is necessary usually in the case of low power lidar systems. 

In such systems, to be able to detect the Doppler shift from ranges far away from the lidar, 

buried within the noise, higher accumulation rates aid in suppressing in the noise effects 

and thereby making efficient signal extraction possible. Thus, it is common to find low 

power systems with higher PRF’s.     

                           

 

 

 

 

 



45 
 

CHAPTER 4 

 

DOPPLER LIDAR RETURN SIGNAL SIMULATION 
 

4.1 SIMULATED ATMOSPHERIC RETURNS FROM LIDAR 

Before we delve into the details about how to estimate the return power spectrum, 

it will be best, for the purposes of demonstration, to show a modeled signal, both in the 

time domain and the frequency domain. This will help us set the stage for analyzing the 

complex samples and describing the commonly used methods for the spectral domain 

estimation processes.  

    The goals of the simulation are to describe a very simple algorithm to simulate the 

atmospheric returns, its spectrum and obtain the time series signal, i.e. In-phase and 

Quadrature components. Firstly, Figure 4.1 below shows the Doppler Spread Function (a 

function of the frequency). The DSF function is assumed to be a Gaussian function as 

shown below. The mean ( f ) and the variance ( 2

s ) of the DSF is preset for the 

simulations. Note that ‘f’ is the frequency variable that ranges between the Nyquist limit 

set by the sample spacing (Sampling rate) in the time domain.  
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                                         (4.1)  

Both the signal and noise power components from each spectral channel, is 

assumed to be exponential distributed to represent the weather returns accurately with the 

required statistical accuracy. We set the total noise power to unity and thus add noise 
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contribution to each spectral bin with appropriate scaling set by the variable ‘k’ based on 

the preset choice for the SNR level, to obtain the simulated return power spectrum. Thus, 

the return signal power as a function of frequency in the spectral domain is given by 

Equation 30 below, where xn is a random number uniformly distributed between [0,1].  

  , ln( ) ( ) n
z f n f

P
P x k DSF

N

 
   

 
                                              (4.2) 

  Figure 4.2 shows the total return signal spectral density in the presence of noise. 

The scaling factor ‘k’ is calculated by using Equation 31 below, 
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                                                                            (4.3) 
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Figure 4.1 Normalized Doppler Spread Function as a function of Normalized frequency. The mean 

and spectral width for the Gaussian function are pre-defined �̅� = 𝟎. 𝟓, 𝟐𝝈𝑻𝑺 = 𝟎. 𝟎𝟔𝟐𝟓. 

For the purposes of the simulation, the noise power nP  is set arbitrarily to unity. 

The summation in the Equation 11, is over all the frequencies (‘ i  ’ is the summation 

variable) within the bandwidth. Thus, specific to this case, the SNR is defined as, 

1010log
f

i

n

DSF k

SNR
P

 
 
 
 
 


                                                        (4.4)  

    It is the ratio of the total return signal and the total noise power over the Nyquist 

bandwidth. This definition is often referred to as the wideband SNR with units in decibel 

(dB). There are other accepted definitions which will be introduce in the subsequent 

sections. 
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Figure 4.2 Return signal power spectrum in decibels (dB) as a function of the normalized frequency 

bandwidth.  

    The final step is to generate the time domain signal, i.e. to generate the in-phase 

and quadrature components from the simulated lidar return signal power spectrum. We 

know that the power spectrum is obtained by calculating the square of the magnitude of 

the Fast Fourier Transform (FFT) obtained from the time domain samples for a given range 

gate. Hence to obtain the time series from the simulated spectra we calculate the inverse 

Fourier transform (IFT) and by comparison, the real part would correspond to the in-phase 

(I) component and the complex part would correspond to the quadrature component (Q). 

The mechanics of the process is described below. 

   Let the return power spectrum be represented as,  
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2

,z f f fP A iB                                                               (4.5) 

  Where
fA and

fB are the (real and complex) FFT coefficients (amplitudes of the 

corresponding sinusoids). These unknown coefficients are estimated from the known 

return spectrum,
,z fP  using the equations below. 
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                                                    (4.6) 

     To ensure that we generate sinusoids with uncorrelated phases, we generate 

random phase angles uniformly distributed between the range [ , ]   i.e. within one period 

of a sine or a cosine wave. We use a uniformly distributed variable
fy between [0, 1], used 

in Equation 14, to generate random phases for the sinusoids as required. We know that the 

time series samples at every instant is produced by the linear superposition of returns from 

the particles within the illuminated region. These particles are randomly distributed in 

space and thus the backscatter emanating from each particle has a random phase associated 

with it, due to the random separation of the particles in space. 

     After calculating the complex fourier transform coefficients, we now use the 

inverse fourier transform (IFT) rule to obtain the time domain in-phase and quadrature 

components. The simulated time domain signal is shown below, Figure 4.3 

, ( ) ( ) ( )IFT

z fP Z t I t jQ t                                              (4.7) 
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Figure 4.3 Time domain signal – In-Phase (I) and Quadrature components (Q) have been depicted as 

a function of sample number. The time domain signal is a zero-mean complex Gaussian random 

process. 

 

      The simulation technique was first introduced as a source of generating multiple 

realizations required to test the performance of different power spectrum and moment 

estimators. To summarize, we assumed that the Doppler Spread function to have a 

Gaussian shape with a known mean frequency and variance. The noise power was set to 

unity and was characterized as White noise. The spectral amplitude, for both the signal and 

the noise were assumed to be exponentially distributed, to capture the true statistical nature 

of the weather returns described by Zrnic [20]. Thus, we have described briefly the 

statistical nature of the return signal and a simple algorithm to generate lidar signal returns 

that are representative of returns from the atmosphere. In the next section we now describe 

the two standard approaches to estimate the return power spectrum.  
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CHAPTER 5 

POWER SPECTRUM ESTIMATION 
 

5.1 ESTIMATING THE LIDAR RETUNR POWER SPECTRUM 

 In this section we focus on how the sampled return signal is used to estimate the 

return power spectrum. There are in general two approaches that are widely used with 

current lidar systems, a) Periodogram approach and b) Correlogram approach. The spectral 

content of the signal in general can be estimated by using Fourier theory. The commonly 

used and widely accepted methods are discussed in detail below.  

5.2 PERIODOGRAM APPROACH  

   The first method is called the ‘Periodogram’ approach. In this method we estimate 

the return power spectrum from the complex samples in the time domain using the Fast 

Fourier Transform algorithm. As defined in the previous section, ( )sZ nT  represents the 

discrete complex samples, where n ranges from 0 to M-1, for M samples, representative of 

a region in space called the range gate. The time domain sample spacing is given by sT . 

The Periodogram is calculated using the expression below, 
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                                                  (5.1) 

     In the Equation above,
,z fP


 is the discrete power spectral amplitude estimate 

corresponding to each discrete spectral channel. The top hat,’ ’ denotes that it is an 
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estimate of the power spectrum. The above expression is also valid with real samples. 

Though the FFT of the sampled time domain signal is complex, by computing the square  

 

of the absolute value, the return power spectrum is real. The estimate describes the spectral 

content of the signal at frequencies within the Nyquist bandwidth [15].  

To demonstrate the application of the Periodogram approach, we use the simulated 

data generated using the technique described in the previous chapter. For the simulation, 

we use preset values for normalized mean frequency f  , spectral width w  and SNR dB 

level and thus it is possible for us to analyze the performance of the Periodogram approach. 

We specifically explore two cases, (a) High SNR and (b) low SNR cases. It is important to 

explicitly observe the difference in the two power spectrum estimation approaches and its 

effect under different operating conditions characterized by high and low SNR levels. At 

high SNR levels, we observe that the Periodogram approach provides us with a clean 

(lower noise contamination of the signal) power spectrum that has an explicit peak 

corresponding to the Doppler shift frequency, i.e. as expected a peak is observed close to 

the preset mean normalized frequency.  
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Figure 5.1 Periodogram – Power Spectrum Estimate Vs Normalized Frequency Scale. Mean 

Normalized Frequency at 0.5, Spectral Width at 0.0625 and wideband SNR at 20dB. As explained in 

the discussion above, at high SNR conditions, the peak is explicitly observed, making the Doppler 

estimation process accurate and precise.  

 

Figure 5.2 Periodogram Power Spectrum Estimate Vs Normalized Frequency Scale. Mean Normalized 

Frequency at 0.5, Spectral Width at 0.0625 and wideband SNR at -20dB. At low SNR conditions, the 

accuracy of the Doppler estimation process decreases as we no longer observe one single dominant 

peak as in the high SNR case 
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Figure 5.1 above demonstrates this first approach at a high SNR level.  For the low 

SNR level case, we find that the power spectrum estimate is corrupted by noise. The signal 

peak is consumed in the noise floor and we, observe multiple peaks in the power spectrum 

estimate. This makes it difficult for us to estimate the mean normalized Doppler frequency. 

Figure 5.2 demonstrates the Periodogram approach at a low SNR level.   

5.3 CORRELOGRAM APPROACH  

  The second method commonly used to estimate the return power spectrum is called 

the 'Correlogram’ approach. This method involves two steps. In the first step, by using the 

stationarity assumption on the return signal, we compute the ‘Auto-covariance function’ 

(ACF) from the complex samples in the time domain. An estimate of the ACF is calculated 

using Equations 5.2 and 5.3. Note that, the symbol ‘< >’ denotes ensemble average. By 

applying the stationarity and the ergodicity assumptions on the sample data, we can 

estimate the ACF from one realization of the time series samples for a given range gate 

[20],  

( ) ( ) ( )zR Z m Z m 


                                                       (5.2) 
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    Where ‘ ’ is the lag number.  
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             The ACF function computed using complex samples is also complex. Since the 

power spectrum is real, we require the ACF to be complex conjugate symmetric, i.e. 

Equation 5.4, 

               ( ) ( )z zR R 

                                          (5.4) 

   We also know that the ACF and the power spectrum together form a Fourier 

Transform pair, i.e.  

                                                     ,
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                                                                (5.5) 

Thus, using the Fourier transform equation below (Equation 5.6), the discrete 

power spectrum can be computed from the ACF estimate obtained using Equation 5.3. The 

ACF function is modified using Equation 5.4 to ensure that it is conjugate symmetric, 

before estimating the real power spectrum.                 
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Figure 5.3 Auto-Covariance Function Vs Lag Number. Preset Value of mean normalized frequency at 

0.5, spectral width at 0.0625 and SNR at 20dB. The first step in the Correlogram approach to compute 

the ACF from the sampled in-phase and quadrature components.  

 

Figure 5.4 Auto-Covariance Function Vs Lag Number. Preset Value of mean normalized frequency at 

0.5, spectral width at 0.0625 and SNR at -20dB. The first step in the Correlogram approach to compute 

the ACF from the sampled in-phase and quadrature components 

 

To analyze the Correlogram approach, the ACF function is plotted against lag 

number in the Figures above, Figure 5.3 and Figure 5.4 for two cases, a) high SNR b) low 

SNR level using the same simulated data used for the Periodogram approach. This is the 

A
C

F 
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first step in the Correlogram approach. Up to 20 lags were computed from the simulated 

time series with pre-set value of normalized frequency at ‘0.5’, normalized spectral width 

at ‘0.0625’ and SNR at -20dB for the low SNR case. It can be observed, from Figure 5.4, 

that at low SNR levels, the ACF function has a very narrow width associated with it. This 

implies that the correlation time of the signal is very low.  

      For the high SNR case the SNR level was set at 20dB, keeping all the other 

parameters the same, as shown in Figure 5.3, we observe that the ACF function is wider 

when compared to the low SNR case, i.e. the return signal has a higher correlation time. 

With the computed ACF function for both the cases, now we estimate the Doppler spectrum 

estimate by computing the Fourier transform of their respective ACF functions. In the 

subsequent plots below, Figure 5.5 and Figure 5.6 the power spectrum as a function of 

normalized frequency is plotted. 

 

Figure 5.5 Normalized power spectrum estimate – Correlogram approach. SNR 20dB, normalized 

mean frequency 0.5, spectral width at 0.0625. At high SNR conditions, we observe a single dominant 

peak in the spectrum estimate. 
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  The power spectrum estimate obtained from the Correlogram approach is smooth 

for the high SNR case. The spectrum estimate typically has a single dominant peak. 

Qualitatively is can be observed that the peak is very close to what was expected i.e. the 

mean normalized frequency parameter, which was set at ‘0.5’ and the observed peak is 

close to this value. Thus, the Correlogram approach, typically performs well at high SNR 

conditions. In the next case, we compute the power spectrum estimate at low SNR 

conditions for the same set of parameters and at SNR level set at-20dB.  

 

Figure 5.6 Normalized power spectrum estimate – Correlogram approach. SNR -20dB, normalized 

mean frequency 0.5, spectral width at 0.0625. At low SNR conditions, we observe a single dominant 

peak in the spectrum estimate. 

 

   The Figure above is the power spectrum estimate for the low SNR conditions. 

Clearly, in comparison with the previous plot at a higher SNR level, there is no longer one 

single dominant peak in the estimate. This makes estimating the Doppler frequency shift 

difficult for different estimation algorithms. The spectrum estimate is however smooth 

when compared to the estimate computed using the Periodogram based approach. This is 
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because, we used about 15 – 20 lags to compute the ACF function and subsequently when 

computing the Fourier transform, the FFT size was preset to 512. This implies that the ACF 

was zero padded and hence the computed FFT is smooth. It is important to note that zero 

padding does not provide us with any additional information in the spectral domain., i.e. to 

obtain the desired resolution in the spectral domain with ‘512’ bins, zero padding 

interpolates between known values and hence the spectrum estimate is smooth.  

 

   It is also interesting to note that the width of the ACF function is an indication of 

how smooth the power spectrum estimate would be. For high SNR case, the ACF has a 

larger width in comparison to the low SNR case, and the width of the spectrum about its 

peak is narrow. For the low SNR cases the width of the ACF is narrow and the power 

spectrum estimate has no longer, one dominant peak and hence fluctuations at bins about 

the expected Doppler frequency shift is high due to noise contamination. It is also important 

to note that all the simulations were run at 500 Hz PRF. That is the estimate was obtained 

by accumulating returns from 500 pulses.  

   Thus, we have described in detail the two commonly used approaches to estimate 

the return power spectrum. Simulated data have been used to demonstrate the two methods. 

Note that, a much quicker, FFT algorithm is used to estimate the return power spectrum. 

Using the FFT routine ensures that the processing time is faster, computationally less 

expensive when compared to the direct implementation of the Fourier Transform as shown 

above in Equation 5.6.  
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   The next important step in Lidar signal processing, is to estimate the Doppler 

frequency shift. We have thus far discussed the two techniques to estimate the spectral 

content of the signal. Different estimators have been proposed, for a variety of operating 

conditions. Research over the years has been focused on understanding and quantifying the 

performance of each of the estimators. In the next section, we review some of the 

techniques widely used for lidar signal processing algorithms. During the course of this 

exercise to study common estimators, the focus will be to understand how different 

estimators model the return signal to estimate the mean Doppler frequency shift, what are 

the major underlying assumptions and what are the conditions under which these 

assumptions hold true.  
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CHAPTER 6 

DOPPLER FREQUENCY ESTIMATION 

 

6.1 DOPPLER FREQUNECY ESTIMATION 

    For a given range under consideration i.e. for a given range gate, we have 

established the commonly used methods to estimate the power spectrum, which helps us 

quantify the spectral content in the signal. With this information at hand, our next goal is 

to estimate parameters of interest from the spectrum. Typically, we try to estimate the 

spectral moments. We have already established that the zeroth moment gives us the total 

power in the signal, first moment gives us the Doppler shift and the second moment the 

spectral width.  

    The ratio of the total estimate signal power to the total noise power within the 

Nyquist bandwidth gives us an estimate of the ‘Wideband SNR’. The Doppler shift 

estimate, provides us the most dominant line of sight velocity within the range gate of 

interest and finally the spectral width is a direct indication of the spread in velocity within 

the range gate or said another way, it’s a measure of how turbulent the flow field is within 

the pulse illuminated region.  In the last chapter, we had discussed the width of the power 

spectrum in relation to the width of the ACF function. A physical interpretation to what we 

have observed with the simulated data sets, is that a wider Doppler spectrum points a 

turbulent flow field, where as a narrow spectrum points to a flow field with a lower 

intensity of randomness. Our goal in this section is to analyze the estimation techniques 
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commonly encountered in lidar literature and understand in detail the assumptions that 

come forth with each technique.  

   From our earlier discussions the parameter of interest to us is the Doppler 

frequency shift in the backscattered signal, the first moment of the power spectrum 

estimate. In the first two chapters we have established that within a given range gate, there 

are large number of aerosol particles that scatter the incident laser pulse, with a shift in 

their frequency corresponding to their line of site velocity for each of the particles. The 

power spectrum estimate thus describes the contribution from each frequency bin within 

the Nyquist bandwidth, and each bin corresponds to a range of velocities about a center 

velocity as described previously. Hence the power spectrum estimate inherently provides 

us a sense of the flow strength and also tells us if the flow is predominantly towards or 

away from the lidar location. We also know that the radial velocity that is representative of 

the activity inside the range gate is given by the Doppler frequency shift corresponding to 

the peak in the return power spectrum. Our choice of the peak in the spectrum is clearly 

based on the above reasoning that the Doppler shift observed at the peak is the most 

dominant within the region of interest and thus a natural choice to compute the radial 

velocity for the range gate.    

 Based on the above discussion we begin by analyzing an ad hoc estimator used 

with lidar systems, the ‘Doppler Peak Estimator’.  As the name suggests, this estimator 

looks for the spectral channel that produces the maximum output, i.e. from the power 

spectrum estimate, we identify which bin that produces the maximum amplitude output 

and the center of the bin corresponding to the maximum amplitude is the Doppler 
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frequency for the range under study. A simple estimator such as this one, however works 

best under certain operating conditions. As we had explored previously using simulated 

data, at very low SNR’s there are multiple peaks in the power spectrum estimate and it is 

not always necessarily true that the bin corresponding to the highest amplitude would give 

us the correct Doppler shift that we set out to estimate. Hence the estimator performs best 

when the SNR level is moderate or high, i.e. when we can expect one single dominant peak 

in the power spectrum estimate.  

 

Figure 6.1 Histogram for Peak Estimator Vs Normalized frequency bins – The SNR level was set at -

30dB. The normalized mean frequency was set at 0.5 and spectral width at 0.0625. 
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Figure 6.2 Histogram for Peak Estimator Vs Normalized frequency bins – The SNR level was set at 

30dB. The normalized mean frequency was set at 0.5 and spectral width at 0.0625.  

     The histograms of the Peak Estimator at low SNR levels and at high SNR levels 

are shown in Figure 6.2 and Figure 6.1. The histogram describes the probability distribution 

across bins, i.e. the probability that the peak value in the return spectra is from the 

corresponding bin. At low SNR’s there are multiple bins that produce strong peaks from 

the equally strong noise contribution and hence the peak estimator performs poorly but on 

the other hand at high SNR levels, a single dominant peak is evident and thus the peak 

estimator performs well under these conditions. 

   Another peak estimator that uses additional information from the estimated power 

spectrum is a ‘parabolic fit’ peak estimator. In the previous case, with the peak estimator, 

we expected the flow field inside the range gate, to produce one single dominant peak in 

the power spectrum, i.e. the radial velocity corresponding to the peak would best represent 

the flow inside the range gate. However, it is not completely necessary that the flow field 

produces on strong dominant peak. It is possible that adjacent bins, very close to the peak, 
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could produce equal or relatively lower contributions. In signal processing terms, it is 

possible that the energy in the return signal spreads across multiple spectral channels about 

the peak. This would correspond to the case were the flow field inside the range gate is 

highly turbulent. Thus, it is quite natural to see other dominant modes in the power 

spectrum estimate, Figure 6.1.  Thus, it is effective in such cases to utilize this additional 

information (knowledge of the flow itself) and use the peak amplitude and the amplitude 

information from the bins adjacent to it and perform a parabolic fit to these data points. 

The peak of this fit curve would be our best peak estimate. The parabolic fit is usually used 

in conjunction with the Correlogram based power spectrum estimate. For example, the 

NOAA High Resolution Doppler Lidar [21], uses this technique by calculating the return 

power spectra from a 6 lag ACF function. The estimator now does not necessarily produce 

a Doppler estimate that aligns with the bin center frequency.  Hence the peak of the 

quadratic fit would provide us better frequency resolution, and this is an added advantage 

over the traditional peak estimator.   

6.2 ADVANCED DOPPLER FREQUENCY ESTIMATION TECHNIQUES 

  The two estimators of Doppler frequency discussed previously are simple enough 

that they can be implemented easily and are computationally efficient. Over the past few 

years, extensive research on the performance of these estimators under a variety of 

conditions were studied in detail. Based on the studies, using simulated data, it is evident 

that at low SNR levels, these ad hoc estimation techniques perform poorly [22].  

   Two other estimators that are used currently with some lidar systems, which has 

proved to perform well at a wide range of operating conditions, are the Discrete Spectral 
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Peak Estimator and the Maximum Likelihood Estimator. In this section we explore the 

different aspects of these estimators and understand their underlying assumptions. We 

begin by setting up the problem of estimation, stating all important assumptions and finally 

discuss their performance with some simulation results.  

    Firstly, we set a model for the power spectrum estimate of the return backscattered 

signal. To avoid any confusions with previously defined terms and their terminologies, 

here we refer to the signal without noise, as the Doppler spectrum. The power output from 

each spectral channel for the Doppler spectrum, is modeled as an exponential distributed 

random process.  This is a valid model for returns, typically obtained from scatterers when 

illuminated by coherent laser pulses. It was initially used extensively in the context of radar 

signal processing and has been shown to be a consistent assumption to study estimator 

performance for lidar return signals as well [9].  
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                                                                          (6.1)                                                    

   Where ‘ x ’ is the random variable, representing the random outcome from each 

spectral channel from a single pulse realization and the suffix ‘ i ’ represents the bin number. 

The mean power output from each spectral channel is the mean of the exponential 

distribution given in the equation above,’
is ’. It is common practice to assume that the 

Doppler spectrum has a typical Gaussian shape. This assumption is critical to both the 

estimators. The assumption was initially put forth in the context of radar Doppler 

spectrums, and a physical explanation to corroborate this assumption was discussed in 
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detail previously. Also, the argument from radar theory, suggests that the return Doppler 

spectrum has a Gaussian shape as the returns are produced by an ensemble of particles 

within the illuminated region. Furthermore, there is an underlying assumption regarding 

the flow field under study for the shape assumption to be a valid true assumption, i.e. a 

Gaussian shape for the return Doppler spectrum is expected when the velocity distribution 

within the region of interest which directly affects the spectrum shape is derived from a 

flow field with linear shear and random turbulence. This assumption is very critical, and 

the very performance of the estimators rely on the validity of this assumption.   

 The Doppler spectrum, assuming a Gaussian shape, is given by,  
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                                                       (6.2) 

Where the suffix ‘ i ’ refers to the spectral channel or the bin number. Where f   Is 

the mean Doppler shift frequency to be estimated and w  is the spectral width. The 

Gaussian probability density function above, is our model that describes the expectation or 

the mean value of the outcome from each spectral channel. Note that both the Doppler 

spectrum and the Doppler spread function defined previously while discussing the 

simulation technique in the previous chapter are equivalent. 
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    Now we assume that the noise source in the signal is purely white, which implies 

that the contribution to each spectral channel is a fixed value. So, the mean of the total 

signal outcome i.e. (signal + noise) is given by,  

                                                   ( ) ( )
ii s Nf f                                                                  (6.3) 

   Note that, the suffix ‘ i ’ has been avoided for the noise term 
N  as it is a constant 

over the spectral bandwidth, typically set to unity.  Thus, the exponential distribution for 

the outcome from each spectral channel for a single realization is, 
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    The power spectrum estimate that we had obtained previously is the accumulated 

power spectrum estimate, i.e. we had accumulated the returns from the same range gate, 

illuminated by multiple pulses, which in our case was equal to the PRF value set at 500 Hz. 

We also assume that the return power spectrum estimate is unsmoothed, which implies that 

the spectral channel outcomes are statistically independent. Inherent in the processing 

mechanism is the use of a rectangular window function that helps us choose a bunch of 

samples in the time domain representative of a range gate. We assume that the correlation 

between the spectral channel outcomes is negligible and make sure that we do not smooth 

the spectrum using any of the other standard window function. 

 Let 1 2 3, , ......... MX X X X  be the channel output corresponding to each of the ‘M’ 

spectral channels in the return power spectrum estimate, from one single pulse, for a given 

range. Suppose we have ‘n’ such realizations of the power spectrum estimate from ‘n’ 
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pulses, i.e. ‘n’ pulses are accumulated. The accumulated spectral channel outcomes 

1 2 3, , ......... Mx x x x  is given by,  

1

( )
n

i i j

j

x X


                                                                                  (6.5) 

   The exponential distribution is valid as a distribution for the spectral channel 

outcome for the case of a single realization. Since we have accumulated returns from ‘n’ 

pulses, we adopt a more general distribution, as discussed in (paper name/author) - gamma 

distribution. That has ‘n’ as an additional parameter that can be tweaked to study the 

performance of different estimators for different accumulation values. 
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                                                   (6.6) 

      Equation 6.6, is our model probability density function for the outcome from each 

spectral channel. The mean frequency or the Doppler frequency that we must estimate, 

features in the ‘
i ’ term as defined in Equation 6.3. Note that 

i  is a function of the bin 

number ‘ i ’, i.e. frequency. Also note that ( )n is the gamma function i.e. by definition

( ) ( 1)!n n   . 

   Thus, we have defined a model for each spectral channel accumulated outcome 

from the return spectrum estimate, based on our expectation of a Gaussian Doppler 

spectrum in additive white Gaussian noise. The variable that we want to estimate given the 

‘x-vector’ from ‘n’ accumulated Periodograms or Correlograms, is the frequency variable. 
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We also make a major assumption regarding the spectral width of the expected Doppler 

spectrum function’
i ’. We assume that the value is already known.  This assumption is 

valid provided, the spectrum is marginally broadened by the atmosphere, i.e. by the flow 

field within the range of interest. Given that we send out a narrow pulse, i.e. a pulse with a 

narrow width in time (with higher spatial resolution), the bandwidth of the pulse would be 

wider. This is due to the time-frequency bandwidth limit. Thus, with a narrow pulse, we 

are illuminating a narrow region in space, which in turn ensures a smaller spread for the 

Doppler spectrum. A smaller range gate means fewer particles within the illuminated cell. 

Thus, it is natural to expect a smaller spread in the Doppler spectrum from a pulse with a 

narrow spread in time. The choice of the pulse width hence plays a crucial role in 

determining the validity of this assumption. Thus, as discussed previously, a copy of the 

transmitted pulse is stored, often referred to as the monitor signal in every lidar system, to 

correct for any frequency chirp/jitter and also to compute its spectral width and use this as 

a known variable in our analysis described above. It is also important to note that in the 

simulation technique discussed in Chapter3, the spectral width was assumed to be known. 

Thus, we have examined all major assumptions in the estimation problem under study. 

Now we elaborate on the two estimation techniques.  

6.3 DISCRETE SPECTRAL PEAK ESTIMATOR 

     The goal of the estimator is to estimate the frequency corresponding to the spectral 

peak of the accumulated spectrum estimate. The methodology behind identifying the peak 

in the estimated spectrum is what fundamentally separates these advanced estimation 

methodologies from the ad-hoc ones. Hence the frequency in the estimation problem is an 
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unknown random parameter which can take any value within the Nyquist Bandwidth. From 

our previous discussion in the last section, we have modeled the probability density of the 

outcome from each spectral channel. We now wish to compute the probability that the peak 

in the return spectrum estimate lies in the ‘ i th ‘channel, where i  = 1, 2…..M, i.e. given that 

the pdf of the spectral channel outcome is known, we wish to compute the probability that 

the outcome from the ‘ i  ’th channel is greater that the spectral output from all the other 

channels. The probability values can be computed analytically using the expression below.  
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                                                                  (6.7) 

    Where 
,i nG is the probability that the peak appears in the 

thi  spectral channel of the 

accumulated power spectrum estimate. To understand the analytical expression, let us 

consider, for example, that we wish to calculate the probability that the peak in the 

spectrum corresponds to the say, bin number ‘ k ’. This is given by the Equation 6.7, by 

setting the index i k . It is given by the product of two terms. Firstly, the inner product 

term 
1, 0
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x I
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   which is itself a product of the probabilities that the spectral outcome 

from all the other channels except ‘ k ’ is less than the outcome from the 
thk  channel given 

by kx .  Secondly the probability that the outcome from the 
thk  channel takes the value kx  , 

is given by the outer integration term in the expression above, which can be computed by 

integrating the model pdf defined for each spectral channel outcome.  
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    Once the pdf of the spectral estimates ‘G’ has been computed from a discrete 

spectrum estimated from the returns of ‘n’ pulses, we now can pick the frequency 

corresponding to the bin that produces the maximum probability, i.e. the peak in the 

probability density of the frequency estimates. Hence the name ‘Discrete spectral peak 

estimator’. It is usually used in combination with the Periodogram based power spectrum 

estimate [21]. This estimator has been shown to perform well when return signal is 

monochromatic in nature, i.e. the tone to be estimated is within one spectral channel. [9] 

[10]  

   Using the simulated data as discussed in Chapter 4 (Using Equation 4.3 and 

Equation 4.4. for the appropriate noise scaling steps), it is possible for us to demonstrate 

the functioning of this estimator. For the test experiment, the normalized mean Doppler 

frequency was set at ‘0.2’. The spectral bandwidth was set at 10% of the bandwidth at 

preset SNR values - 25dB, 0dB and -25dB.  
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Figure 6.3 PDF of the Discrete Spectral Peak Estimate. The frequency corresponding to the maximum 

probability is the mean Doppler frequency for the given range under study. Preset SNR level at 25dB 

 

The results from the simulation are plotted in Figure 6.1, 6.2 and 6.3.  It can be 

observed that, from all the three plots, with higher spectral averaging, i.e. increasing ‘n’, 

improves the PDF estimate by making it narrower and captures the expected peak at the 

preset mean Doppler frequency at ‘0.2’ in this simulation). It can also be observed that the 

probability values (peak amplitude) reduces consistently from the high SNR case to the 

low SNR case, due to the increasing noise contributions at low SNR levels.  This simple 

exercise with simulated data can be used to study the effect of the DSP estimator under a 

variety of SNR levels and spectral averaging. [10] 
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Figure 6.4 PDF of the Discrete Spectral Peak Estimate. The frequency corresponding to the maximum 

probability is the mean Doppler frequency for the given range under study. Preset SNR level at 0dB 

 

 

Figure 6.5 PDF of the Discrete Spectral Peak Estimate. The frequency corresponding to the maximum 

probability is the mean Doppler frequency for the given range under study. Present SNR level at -

25dB.  
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6.4 MAXIMUM LIKELIHOOD ESTIMATOR 

  Another important and widely used estimator for lidar signal processing is the 

Maximum Likelihood Estimator or the MLE algorithm. We begin the estimation process, 

similar to and along the lines of the DSP estimator, by modeling the probability density 

function (pdf) of the outcome from each spectral channel. The next step in the estimation 

process is to define the likelihood function. 

   We know that, from Equation 6.6, the pdf is a function of the unknown variable f

, which is the mean frequency to be estimated. The unknown variable features in the 

expression with the expectation term, ( )i f  of the spectral channel outcome, which is 

assumed to be Gaussian in additive white Gaussian noise. Hence the pdf is also a 

conditional pdf, conditional on the unknown parameter f  . Based on the assumption that 

the spectral channel outcomes from the bins are statistically independent, the joint 

conditional probability for the vector x (with the individual channel outcomes as elements) 

is given by the product of their individual pdf’s, i.e. the likelihood function for the 

accumulated spectrum.  

1,
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i x
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l x f f f
 

                                                                (6.8) 

  As the name suggests, MLE algorithm looks for the estimate of the parameter f

that maximizes the likelihood function. Now we take the logarithm of the likelihood 

function, for mathematical convenience and so the MLE algorithm looks for the estimate 

that maximizes the log-likelihood function.  The log-likelihood function is given by, 
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             ( ; ) log ( ; )i iL x f l x f                                                                (6.9) 

  Thus, plugging in Equation 6.6 into Equation 6.8 and the result in Equation 6.9, we 

obtain the following terms.  
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Simplifying we get,  
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   From the simplified equation, the terms 1, 2 and 3 are independent of f . The third 

term is the area under the curve, i.e. area under the logarithm of the spectrum. Hence the 

most important term that needs to be studied is the term 4, where we have both the observed 

true spectrum x  and the expectation of the return spectrum ( )i f  which is a function of f

.  

 

1 2 3 4 
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   The final term is the cross-correlation between the terms ‘
1

( )i f


’ and ‘ ix ’. The 

estimator runs through all possible frequency estimates across the bandwidth and estimates 

the mean Doppler frequency value that maximizes this correlation function. Thus, the mean 

Doppler frequency estimate is the frequency corresponding to the peak in the correlation 

function. Hence the method is also known as ‘Maximum Likelihood Discrete Spectral Peak 

Estimator’.  

This technique of maximizing the correlation between the true measured spectra 

and the expectation of the return spectrum is what is often referred to as a matched filter. 

Thus, the ML – DSP estimator is also known as a matched filter estimator. The name comes 

from the fact that, we are inherently trying to match the returns with the expectation and in 

the process estimate the Doppler frequency. The correlation function plotted against the 

normalized frequency, is shown in Figure. 6.6, for SNR level at 25dB. The choice of the 

peak value from the correlation function, is since we assume, that the return signal is purely 

monochromatic, i.e. we expect a return signal with one dominant tone in it. At a much 

lower SNR level the ML estimate from the peak of the correlation function was again 

observed to perform poorly. The table below, Table 6.1, tabulates the results from the 

simulation.  
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Table 6.1 Maximum Likelihood Estimator Performance 

      

  Thus, we have explored different estimation techniques, elaborated on how the 

estimator works, what are the inherent assumptions under which the estimators perform to 

expectation.  

 

Figure.6.6 Maximum Likelihood Estimator - Correlation Function High SNR level (25dB). Preset 

normalized mean Doppler frequency – ‘0.2’, spectral width - 10% of the bandwidth. 

 

 

SNR (Units dB) 

 

Preset Mean Doppler 

Frequency 

Maximum Likelihood 

Estimate of Mean 

Doppler Frequency 

25 0.2 0.2096 

-25 0.2 0.0161 
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Figure 6.7 Maximum Likelihood Estimator - Correlation Function Low SNR level (-25dB). Preset 

normalized mean Doppler frequency – ‘0.2’, spectral width - 10% of the bandwidth. 

 

    The first major assumption, that might not always be true, is the expectation of a 

monochromatic return signal. The return spectrum shape, or as commonly referred to as 

the spectral signature produced by the atmospheric flow characteristics (velocity 

distribution) inside the range gate, under the assumption of a linear shear and random 

turbulence, is predictable. Thus, the assumption of a unimodal distribution is justified, and 

the choice of a Gaussian shape function is valid under these conditions. The 

implementation of both the estimators, DSP estimator and the ML estimator is 

fundamentally rooted on this assumption of expecting a unimodal distribution. Naturally a 

question arises regarding cases where the spectral signature can no longer be modeled as a 

Gaussian or a unimodal distribution. This will be the subject of discussion in the next 

chapter. We begin by exploring specific atmospheric flows that have an inherent 

characteristic, a flow structure, like a ‘Vortex’ or an ‘Eddie’ and analyze the spectral 

signature that it would produce. Though both the estimators discussed in this chapter have 
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been tested and proven to perform well and are being extensively used with state of the art 

lidar machines to study atmospheric flow dynamics, it is a valid question to test these 

estimators for specific flow cases like aircraft vortices, atmospheric rotors, wind turbine 

wakes where we might expect multiple tones from within the same range gate.  
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CHAPTER 7  

VORTEX TRACKING ALGORITHM  

 

7.1 INTRODUCTION  

The mean Doppler shift frequency from the range of interest is extracted from the 

backscatter return signal. Thus, lidars can produce radial velocity products along a line of 

sight with a preset range resolution and velocity resolution, for a given wavelength of 

operation. The importance of the basic assumptions behind the traditional estimators 

currently used with Doppler lidars were discussed in detail in the previous chapters. The 

most critical of all, was the knowledge of the expectation of the return Doppler spectrum 

shape, typically assumed to be Gaussian for a flow field characterized by linear shear and 

random turbulence. A question was proposed regarding the validity of this assumption in 

the last chapter. In this chapter we begin to answer this question by analyzing a different 

kind of flow that has an inherent structure or as they are commonly referred to as ‘coherent 

structures’, found within the atmospheric boundary layer. There are multiple accepted 

definitions explaining as to what exactly we mean by the term ‘Coherent Structures’, one 

commonly accepted definition (Cantwell, 1981; Robinson, 1991; Adrian, 2007) is as 

follows,   

   “Three-dimensional region of the flow over which at least one fundamental variable 

(Velocity component, density, temperature, etc.) exhibits significant correlation with itself 

or with another variable over a range of space and/or time that is significantly larger than 

the smallest scales of flow” 
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A classic example of a coherent structure is the aircraft trailing vortex. Typically, 

during take-off or when landing of a commercial aircraft, due to the very nature of the flow 

of air over and under the wing span, results in the production of what are commonly 

referred to as aircraft tip vortices. These vortices usually pose a very serious threat to the 

subsequent aircraft that has a flight path crossing over through these vortices. The strong 

tail vortex, for example of a Boeing 747, with a very strong circulation strength 

(500𝑚2/𝑠𝑒𝑐), has the capability to induce an unbalanced moment on the aircraft and 

eventually cause it to flip over. To avoid the interaction with the vortices, it is important to 

understand the dynamics of these flow structures, i.e. to accurately track and predict the 

time evolution of the trailing vortices. Apart from aircraft safety, by developing a clear 

understanding of these vortices, the separation time between two consecutive take-offs or 

landing flights, can be considerably reduced and hence improve the airport traffic capacity.  

Studying these events at airports is one of the biggest capabilities of Doppler lidars. 

Doppler lidars can scan across regions perpendicular to the flight path to characterize these 

vortices across a 2-D cross section with a very high temporal resolution. Previously CW 

(Continuous Wave) lidars were used to track vortices. CW lidars, require to be setup such 

that the laser beam focus is in range and must be very close to the vortex structure. This 

poses as a challenge when there is no knowledge of where to expect theses rotating vortices. 

On the other hand, pulsed Doppler lidars have the added capability of measuring the line 

of sight velocity over very large distances, close to about 10 km under clear atmospheric 

conditions. Several field campaigns have been conducted to develop methodically, cutting 

edge signal processing algorithms to track these vortices. The challenge in tackling this 
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problem however is to develop an understanding of the interplay between the topography 

and the local meteorology and its effect on vortex decay and transport. 

A parallel that can be drawn to the above problem in the wind energy industry is the 

wake vortex characterization. The effect of wakes on the array of turbines is critical for 

collective optimization of power output from a wind farm. Effective modeling of the flow 

field, taking into consideration the terrain and other atmospheric parameters is not a 

straightforward problem to solve.  

7.2 GENERAL VORTEX CHARACTERISTICS  

A circularly symmetric vortex is shown in the Figure 7.1 below. The circulation ‘

 ’ is defined as the line integral of the flow velocity within a closed contour, enclosing 

the center (Equation 7.1). The vortex has a region close to its center, known as the vortex 

core, within which the velocity has a linear dependence on the radial distance ‘r’. The radial 

distance at which the tangential velocity (𝑣𝜃(𝑟)) hits the maximum value is termed as the 

core radius. Beyond the core radius, the tangential velocity has a ‘
1

r
 ’ dependence and as 

‘r’ approaches infinity, the velocity approaches a zero value. 
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Figure 7.1 Circular Symmetric Vortex and Tangential Velocity Profile [87] 

The lidar measures the line of sight component of the vortex tangential (azimuthal) 

velocity. For a symmetric vortex, about any contour that encloses the vortex core, the 

circulation is given by Equation 7.2. 

                                                                        V dl                                                                              (7.1) 

 

                                                                       2 ( )losrV r                                                                         (7.2) 

 

Here
losV , is the line of sight velocity as a function of radial distance from the vortex 

center. As the vortex velocity has a ‘
1

r
’ dependence, the circulation thus becomes a 

constant in radius for a contour that does not enclose the core. This allows us to compute 

circulation using the expression below (Equation 7.3).  
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Here ir  and iV  are the distance from the vortex center and the component of 

tangential velocity along the line of sight as seen by the lidar respectively. By defining a 

region around the vortex core, we can compute the average circulation from the expression 

above. Typically, the region between 5m and 15m radial distance from the vortex center or 

region between 15m and 25m is used to calculate the circulation from lidar derived radial 

velocity data. They are often referred to as ‘
5 15m m ’ or ‘

15 25m m ’ in the literature.  

  As a first step, to convince ourselves of the fact that the return spectrum or the 

spectral signature that these vortices produce, as seen by a scanning lidar, is not necessarily 

unimodal, a simple simulation of a flow field, adopting a widely used empirical model for 

aircraft vortices, the ‘Burnham-Hallock Model’ is set up. Other models used include the 

‘Lamb-Oseen Vortex’ and the ‘Proctor Vortex’ models. They are generally used to 

initialize Large-Eddy Simulations (LES) to study the vortex strength evolution and decay. 

Here we use these solutions to set up a 2D vortex flow field in Y-Z axes.  

7.3 BURNHAM-HALLOCK VORTEX MODEL  

  Burnham-Hallock vortex model or the ‘BH’ model was introduced by Burnham 

and Hallock in 1982, commonly used to initialize large eddy simulations. The tangential 

velocity equation is given by,  
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                                                    (7.4) 
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  where 
cr is the core radius and 

o is the initial circulation strength (

2m

s
). Typical 

values from a B747-400 flight are tabulated below.  

Table 7.1 Core Radius and Circulation Strength Values for B747-400 Aircraft. 

Core Radius (
cr ) (m) 

 

Circulation Strength (𝒎𝟐/𝒔) 

3.75 

 

565 

 

 

Figure 7.2 Burnham-Hallock Vortex Model – Tangential Velocity Plot (Y-axis, Z-axis in meters) 

 

 In the above equation, ‘r’ is defined as the distance from the vortex center. The 

vortex in the above plot is in the Y-Z plane and the X-axis is out of the plane. Let ‘ oy ’ and 

‘ oz ’ be the center of the vortex. 
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2 2( ) ( )o or y y z z                                                            (7.5) 

  To convert from the current polar coordinate to Cartesian coordinates, we use the 

following relations, 
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                                                             (7.6) 

   Where ‘v’ and ‘ w ’are the velocity components along the y-axis and z-axis 

respectively. The ‘sign’ parameter is used to decide whether the vortex is to rotate in the 

clock-wise or counter-clock-wise sense. We set the ‘sign’ to be ‘+' for clockwise rotation 

and set ‘sign’ as ‘ ’ for anti-clockwise rotation. Using the Cartesian components, the 

tangential velocity can be calculated as, 

                                     
2 2v v w                                                                          (7.7) 

 

Figure 7.3 Circulations Strength 

2m

s

 
 
 

  Profile for BH vortex model. Wake Hazard region – i.e. 

5 15m m (Z = 50m) 
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Figure 7.4 Vertical Component of Velocity at Z = 50m for the BH vortex model. 

 

Figure 7.5 Tangential Velocity at Z = 50m for the BH vortex model. 

 

  The vertical component ‘w’ of the BH vortex model, and the tangential velocity are 

plotted as a function of ‘Y’ in meters, at a preset value of Z at 50m. These plots give us a 
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sense of the velocity field as we traverse the vortex center (Z = 50m). (Figure 7.4 and 

Figure 7.5). 

  The vortex velocity field can now be used to estimate the radial velocity field, i.e. 

the line of sight velocity component of the actual vortex velocity. Thus, by calculating the 

component along the line of sight, with the lidar is stationed at the coordinate (-50, 0), we 

obtain the radial velocity field as shown in the Figure below. (Figure 7.6)  

 

Figure 7.6 BH Vortex Model – Radial Velocity Plot. Note that the negative velocity implies the flow is 

away and positive implies that the flow is towards the lidar at the coordinates Y = -50m and Z = 0m. 
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  The lidar positioned at (-50, 0) would sample the vortex field at a chosen elevation 

angle and range of interest. A typical scan strategy is the RHI (Range Height Indicator) 

scan that varies the elevation angle, keeping the azimuthal angle a constant. The maximum 

range in this simulation is 100m. The elevation angle can be varied from 0 degrees 

(corresponds to the Y-axis) to 90 degrees (corresponds to Z- axis) Figure 7.7.   

 

Figure 7.7 Lidar Scan Strategy – RHI (Range Height Indicator Scan). Fixed Azimuth, Variable 

Elevation (𝟎° − 𝟗𝟎°) 

 

7.4  LIDAR SIMULATOR  

 In chapter’s 1 and 2, the major components of the lidar and the signal acquisition 

process were explained in detail. A lidar simulator developed to study estimation 

algorithms was now setup to scan the radial velocity field by performing an RHI scan. The 

following parameters were preset for the lidar simulator.  
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Table.7.2 Lidar Simulator Parameters 

Grid Size(m) 

 
𝑌 ∈ [−50,50], 𝑍 ∈ [0,100] 

Grid Resolution(m) 

 
Δ𝑦 = Δ𝑧 = 0.15 

Lidar Location 

 
𝑌 → −50, 𝑍 → 0 

Range Gate Size(m) 

 

100 

Elevation Angle Range 

 
Φ ∈ [25°, 65°] 

Elevation Angle Resolution 

 
Δ𝜙 = 0 

FFT size (Spectral Domain Resolution) 

 

256 

Velocity Range (m/s) 

 
[−10,10]   

Velocity Resolution (m/s) 

 

0.0784 

 

    The goal of the simulator is to estimate a histogram that describes the radial velocity 

distribution, within the range gate of interest. A region in the radial velocity field is chosen, 

based on our range gate size and the scan angle. The radial velocity field is divided into 

sectors, with an angular resolution given by ΔΦ. Each sector has length equal to the range 

gate size and corresponds to the region of interest along each line of sight. In this 

simulation, there are a total of 81 sectors each corresponding to an elevation angle or a 

given line of sight.  

   The histogram or the probability density function for the radial velocity, is 

distributed over 256 bins, equal to the FFT size preset in the lidar simulator. Each bin 

corresponds to a range of velocities defined by the velocity resolution. Each bin center 

corresponds to the radial velocity values between the velocity ranges, as specified in the 
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Table.7.2. The probability density function (PDF) is also known as the Doppler spread 

function, which gives us a statistical description of how the radial velocity is distributed 

within each range gate. The pdf is convolved with a Gaussian weighting function to obtain 

an estimate of the return Doppler spectrum.  

 

Figure 7.8 Histogram plot from line of sight number 10 
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Figure 7.9 Histogram Plot from Line of sight number 40 

 

 

Figure 7.10 Histogram Plot from Line of sight number 80 

   

Figures 7.8, 7.9 and 7.10, the histogram plots are consistent with the simulated 

radial velocity field. For the line of sight number ‘10’, the flow is away from the point 
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where the lidar is stationed. For line of sight number ‘40’, the peak radial velocity within 

the range gate is ‘zero’, which implies that the line of sight passes right through the vortex 

core, and all the other velocities within the range gate are perpendicular to the line of sight. 

Finally, the line of sight number ‘80’, has positive radial velocities, which is consistent 

with our expectation of the flow moving towards the lidar. 

   The pulse transmitted by the lidar is a Gaussian pulse, hence the choice of the 

weighting function is justified. We thus obtain an estimate of the ideal Doppler lidar return 

spectrum, (Doppler spectrum in the absence of noise) as a convolution of the weighting 

function with the Doppler spread function. The Figures below (Figure 7.11, 7.12 and 7.13) 

show the probability density function, corresponding to the histogram plots in Figures 7.8, 

7.9 and 7.10, i.e. line of sight number ‘10’, ‘40’ and ‘80’.  

 

Figure 7.11 PDF Plot - Doppler Spectrum from Line of sight, Beam Number 10 
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Figure 7.12 PDF Plot – Doppler Spectrum from Line of sight number 40 

 

 

Figure 7.13 PDF Plot – Doppler Spectrum from Line of sight number 80 
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   From the above plots and discussion, it is evident that the return Doppler spectrum 

is no longer unimodal, i.e. it is no longer a valid assumption, to use the Gaussian shape 

assumption for the return spectrum by the MLE estimator to estimate the peak frequency 

and subsequently the most dominant radial velocity within the range gate. We also observe 

that the PDF shifts with the line of sight, i.e. as a function of the elevation angle, from the 

negative side of the bandwidth to the positive side of the bandwidth. We typically observe 

two dominant modes within the range gate, as shown in the plots above. This spectral 

signature is specific to the BH vortex model. 

7.5 VORTEX TRACKING ALGORITHM – EXISTING APPROACH  

  Thus, the two major questions when analyzing such flows are, 

a) How many dominant modes (frequencies) are present within each range gate?  

b) How do we design an estimator to determine these dominant modes or 

frequencies?   

 Now that we have an understanding on the nature of the spectral signature 

produced by a vortex flow, we apply the above methodology to study the problem of 

tracking aircraft vortices. Using the BH vortex model to simulate the pair of vortices after 

they complete their roll up, with circulation strength ‘
o ’ (the initial circulation strength). 

The core radius 
cr is assumed to be the same for both the left and the right vortices.  
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Figure 7.14 BH Vortex Model – Radial Velocity Plot. Note that the negative velocity implies the flow 

is away and positive implies that the flow is towards the lidar at the coordinates Y = -50m and Z = 0m. 

 

  The tangential velocity field is obtained by combining the two tangential velocity 

fields, one for the left vortex and the other for the right vortex. The radial velocity field is 

obtained by calculating the line of sight component of the tangential velocity, with the lidar 

stationed at Y = 0 and Z = 0, as shown in Figure 7.14. The lidar simulator is setup with the 

following parameters.  

      
, ,( ) ( ) ( )T LV RVv r v r v r                                                          (7.8) 

 

Here, ‘ Tv ’is the combined tangential velocity fields. ‘
,LVv ’ And ‘

,RVv ’are the 

tangential velocity fields for the left and the right vortex respectively.  
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  Table.7.3 Lidar Simulator Parameters 

Grid Size(m) 

 

Y ∈ [0,300], Z ∈ [0,300] 

Grid Resolution(m) 

 

Δy = Δz = 0.25m 

Lidar Location 

 

Y = 0, Z = 0 

Range Gate Size(m) 

 

100 

Elevation Angle Range 

 

ϕ ∈ [20°, 40°] 

Elevation Angle Resolution 

 

ΔΦ = 0.1 

FFT size (Spectral Domain Resolution) 

 

256 

Velocity Range (m/s) 

 

[−10,10] 

Velocity Resolution  

 

0.0784 

Left Vortex Location 

 

[125, 100] 

Right Vortex Location 

 

[175, 100] 

Number of Overlapping Range Gates 

0.6R    

251 

 

  To achieve better spatial resolution, a ‘Range Overlap’ technique is incorporated 

into the lidar simulator to compute the radial velocity distribution from overlapping range 

gates (Figure. 7.15). For a given line of sight, let us assume that the range extends from 0 

- 300m. Given a range gate size of 100m, we typically will have 3 range gates to analyze 

along this line of sight. The first range gate extends from 0 - 100m, the second range gate 

from 100 - 200m and the third range gate from 200-300m. Instead of this approach, to 

achieve artificial spatial resolution we use the concept of overlapping range gates. With 

this approach, the first range gate extends from 0 - 100m. We now shift the ends of this 

range by an amount R  = 3m or any choice less than 100m and the new range gate extends 
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from 3 - 103m. This process repeats till the end range reaches 300m. Thus, instead of 3 

range gates to analyze in our initial approach, in this example we have ~ 68 range gates to 

process. This process is repeated for all the line of sight elevation angles to estimate the 

return Doppler spectrum from each of the overlapping range gates.  

 

          Figure 7.15 The Concept of Overlapping Range Gates in space domain. 

 

    The lidar simulator was used to understand the current methods that exist to track 

the vortices, i.e. identify the vortex core regions and subsequently the circulation strength. 

From our simulations for a single BH vortex model, the Doppler spectrum was shown to 

be non-Gaussian. The vortex field, inherently has velocity gradients in the flow field and 

as the lidar scans through these regions, it is expected to produce a Doppler spectrum with 

a much wider spectral width, when compared to the width observed under linear shear and 

random turbulence flow conditions within a range gate in the atmosphere. These gradients 

thus add to the width of the spectrum apart from the inevitable spread due to the windowing 

of the time series data.   
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Typically, we pick a single peak to characterize the entire flow within the range 

gate. But for the above scenario, we need to extract more features, tap into the shape 

information from the spectra to help us estimate the position of the vortex cores regions. 

One such feature is the maximum and the minimum Doppler velocity from the estimated 

spectra. The maximum and the minimum velocities are often referred to as the envelope 

velocity as shown in the Figure. 7.16. These values are used as additional features to 

estimate the vortex core position and its circulations strength.  

     The Doppler spectrum signal, as in most cases, is contaminated by system and 

environmental noise sources. Hence considerable averaging and a robust model for the 

noise floor are a prerequisite for the envelope method. The maximum and minimum 

velocity from the spectra are chosen based on a noise threshold, typically set at one to three 

standard deviation. This results in a very high chance for incorrect core position 

identification and subsequently overestimate the circulation strength under very low SNR 

values. Hence the choice of the noise threshold value is an important step in this technique. 

Research along these lines describe different methodologies to choose the noise threshold 

based on the SNR, false alarm rates and the scan angle.  
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        Figure 7.16 Maximum (X = 3.33 m/s) and Minimum (X = -0.8235 m/s) Envelopes from the Doppler  

        Spectra 

 

7.6 VORTEX TRACKING – A NEW APPROACH  

The return doppler spectrum has two distinct peaks, as observed from the simulated 

data in the last section. In this new approach, the goal is to estimate the frequency 

(radial velocity) corresponding to the two distinct peaks and the frequency spread 

(velocity spread) about the two distinct peaks. A bi-modal Gaussian function (Equation 

7.9) with seven unknown parameters is used as the model spectrum. Based on this new 

bi-modal Gaussian expectation model, the seven unknown parameters are estimated 

using a simple non-linear least squares algorithm. As shown in equation 7.9, two 

independent gaussian functions are used to model the bi-modal spectrum. A constant 

‘c’ is added to the two Gaussian models to accurately estimate the floor of the estimated 

power spectrum. Thus, the two means of the two independent Gaussian functions, the 
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two variances and the two amplitudes constitute the six unknown variables in the model 

to be estimated.  

  𝐹(𝑎1,𝑎2, 𝜇1, 𝜇2, 𝜎1, 𝜎2, 𝑐) =
𝑎1

√2πσ1
2

exp (−
(𝑓−𝜇1)2

2𝜎1
2 

) +  
𝑎2

√2πσ2
2

exp (−
(𝑓−𝜇2)2

2𝜎2
2 

) + 𝑐     (7.9)  

 The lidar parameters for the simulator is as shown below in table 7.5. The range 

gate size was set to 10m, the range overlap parameter was set to 5m and the elevation angle 

range was set between 10° and 60° and the elevation angle resolution was set to 1°. The 

SNR for the simulation was set at 10 dB.  

Table 7.4 Lidar Simulator Parameters 

Grid Size(m) 

 

𝑌 ∈ [0,300], 𝑍 ∈ [0,300] 

Grid Resolution(m) 

 

Δ𝑌 = Δ𝑍 = 0.25 

Lidar Location 

 

[0,0] 

Range Gate Size(m) 

 

10 m 

Elevation Angle Range 

 

Φ → [10°, 60°] 

Elevation Angle Resolution 

 

ΔΦ = 1° 

FFT size (Spectral Domain Resolution) 

 

128 

Velocity Resolution  

 

0.15625 

Left Vortex Location 

 

[125, 100] 

Right Vortex Location 

 

[175, 100] 

Number of Overlapping Range Gates 

Δ𝑅 = 5𝑚 

59 
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The bi-modal gaussian function parameters were estimated using a non-linear least 

squared approach, where the search range for each variable was specified to restrict the 

search area for each unknown parameters and for the least squares approach to converge 

to an accurate solution. The goal is to use these parameters to estimate the vortex core 

position and circulation strength as introduced in the beginning of this chapter.  

7.6.1 VORTEX CORE POSITION ESTIMATE  

    Using the doppler lidar range-height indicator scan (RHI) data the first step is to 

estimate the unknown parameters of the bi-modal gaussian function. Using these 

parameters, the range gate number and the elevation angle of the scan corresponding to 

each of the vortices is to be estimated. The vortex core position for the left and the right 

vortex is the range gate number and the elevation angle pair. The next step is to estimate 

the range gate number for each vortex. The parameters of the bi-modal gaussian function 

are estimated for each overlapping range gate across all elevation angles. For the simulation 

parameters set above, there are 59 overlapping range gates and the for every range gate the 

set of seven parameters are estimated for each of the 57 elevation angles. Using this data, 

the maximum of the sum of the two variances estimated for the bi-modal gaussian function 

is collected for each range gate. Figure below (Figure 7.17) plots the maximum of the sum 

of the two variances as a function of range. The variance estimated is a measure of the 

velocity spread about the most dominant velocity within the range gate. As we approach 

the vortex core region, the velocity spread is expected to increase. Thus, the maximum for 

each range gate across all elevation angles is a strong indicator of the vortex core region.  
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Figure 7.17 Maximum of sum of velocity spread parameter (𝝈𝟏 + 𝝈𝟐) Vs range. 

 

  As we approach the vortex core, the velocity field is stronger and the magnitude of 

the vortex tangential velocity increases. Figure 7.5 demonstrates the variation in the 

tangential velocity across the y-axis (Y-Z velocity field). The velocity magnitude increases 

as it approaches the vortex core from the left, drops in magnitude within the core region 

and then increases again to the right. Thus, by identifying the peaks in the plot above, an 

estimate of the range location is obtained. The next step is to estimate the elevation angle 

or the line of sight number for the two vortices.  

 Using the range gate estimate for the left and the right vortex. The goal is to identify 

the elevation angle that corresponds to the vortex core position. For the left vortex, using 

the range estimate from the last step, the maximum and minimum velocity within the range 

gate is calculated using the two mean estimates from the parameter list for the bi-modal 

gaussian function. The maximum and minimum velocity for each elevation angle for the 

given range estimate is plotted as shown below. The power spectrum estimates (Figure 
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7.11, 7.12 and 7.13) for a single vortex as discussed previously, flips about the zero-

velocity point, i.e. from the negative region to the positive region as we scan through the 

vortex core. Thus, the maximum velocity changes sign as it crosses over the zero-velocity 

point (core center). Using this fact, the zero-cross over point from the above plots (Figure 

7.18 and 7.19) is estimated for each vortex. This corresponds to the line of sight number 

and the elevation angle for each vortex core. Using the elevation angle and the range gate 

number, the y-z coordinates can be estimated using simple trigonometric relationships. 

 

Figure 7.18 Left Vortex Minimum Velocity Plot 
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Figure 7.19 Left Vortex Minimum Velocity Plot 

 

     Figure 7.20(a) Radial Velocity Plot Y-Z Cartesian Coordinates (Colormap → Min. Radial  

            Velocity) 
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    Figure 7.20(b) Radial Velocity Plot Y-Z Cartesian Coordinates (Colormap → Min. Radial     

           Velocity). 

7.6.2 VORTEX CIRCULATION STRENGTH  

 Using the y-z coordinate estimates the circulation strength can be computed using 

equation 7.3 for the vortex pair. The estimates are tabulated in the table below. The core 

position and the circulation strength can now be compared with the ground truth of the 

simulation. The error in the estimates have been tabulated below (Table 7.6).  
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Table 7.5(a) Left Vortex Position and Circulation Strength Comparison 

Ground Truth 

 

Estimate ERROR 

Circulation Strength  

(565 
𝑚2

𝑠
) 

610.76 (
𝑚2

𝑠
) 45.76 

𝑚2

𝑠
 

Y-coordinate → 125𝑚 125.39m 0.39m 

Z-coordinate → 100𝑚 91.07m 8.93m 

Elevation Angle (38.65°) 36° 2.65° 

 

Table 7.5(b) Right Vortex Position and Circulation Strength Comparison 

Ground Truth 

 

Estimate ERROR 

Circulation Strength 

 (565 
𝑚2

𝑠
) 

481.06 (
𝑚2

𝑠
) 

 

83.94 
𝑚2

𝑠
 

Y-coordinate → 175𝑚 167.73m 7.27m 

Z-coordinate → 100𝑚 108.92m 8.92m 

Elevation Angle (28.74°) 33° 4.26° 

 

7.6.3 EFFECT OF RANGE OVERLAP  

 To create artificial spatial resolution from the measured time series data, the 

overlapping range gate technique is used. The size of the range overlap parameter is a 

critical parameter in the simulator preset by the user. Below, three different simulations 

were performed for the same flow field. The overlap range size was set at 5m, 10m and 

15m for the three simulations respectively. The SNR, elevation angle scan range and 

resolution were also kept a constant for the three simulations. Figures, plots the maximum 
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of the sum of the two variances estimated as a function of range. Extracting the range gate 

location for both the vortices is clearly easier when using 5m range overlap for each line 

of sight. When using 10m and 15m overlap range, there was only one distinct peak that is 

observed about the minimum value. For example, in Figure below, (range overlap10m) a 

distinct peak is observed on the left-hand side of the minimum, i.e. indicating the presence 

of the left vortex but not the right vortex. Thus, the algorithm in such a case identifies the 

maximum value to the right of the minimum and uses the range estimate as the location for 

the right vortex as an initial estimate. Using this estimate, the elevation angle and the 

circulation strength can be estimated for both the vortices. Using prior knowledge about 

the initial separation of the vortices that is proportional to the wing span size, the right 

vortex position estimate can be rejected if its outside the region of interest of a given 

aircraft. A similar approach is adopted for the 15m range overlap case where only the right 

vortex is detected successfully.   

 

Figure 7.21 Maximum of sum of velocity spread parameter (𝝈𝟏 + 𝝈𝟐) Vs range. Range Overlap 10m 
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Figure 7.22 Maximum of sum of velocity spread parameter (𝝈𝟏 + 𝝈𝟐) Vs range. Range Overlap 15m 

 

Using a smaller range overlap parameter helps us track the changes in the velocity 

spread along a given a line of sight more accurately. Thus, the number of peaks is an 

indication of the number of vortices that the algorithm was able to detect. With a smaller 

range overlap finer spatial features can be tracked with greater degree of accuracy. 

However, this would require more computations and hence additional time to process the 

data to track vortices in real time.  
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Figure 7.23 Maximum of sum of velocity spread parameter (𝝈𝟏 + 𝝈𝟐) Vs range. Range Overlap 5m 

   

7.7 FUTURE WORK  

The technique described in section 7.4 is known as the ‘Method of Velocity 

Envelopes’. As the name suggests, in this method additional shape information from the 

Doppler spectrum estimate is used, i.e. the spread in the spectrum is used to estimate the 

maximum and the minimum velocity of the envelope. The maximum and minimum 

velocities from the spectra are chosen based on a noise threshold. Hence considerable 

averaging and a robust model for the noise floor are a prerequisite for the method to extract 

the maximum and the minimum velocity values with higher accuracy and precision. 

Without an accurate noise floor estimate may result in a very high probability for an 

incorrect vortex core position estimate and subsequently overestimate the circulation 

strength under very low Signal to Noise Ratio (SNR) values by falsely identifying a noise 

peak as the maximum or minimum velocity estimate. This characteristic of the method 
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provides further rationale to investigate other techniques that use more features from the 

spectra to better tackle the problem of estimating the vortex core position. 

   From the simulation described in the previous section, we typically observe at least 

two dominant modes as the scan approaches and moves away from the vortex core. 

Additionally, we also observe that the spectrum estimate typically moves across the 

bandwidth as a function of the elevation angle (line of sight number). In the proposed new 

technique, using a bi-modal assumption, the major parameters like the peak velocities and 

the spread across each peak is estimated using a non-linear least squares algorithm. The 

advantage of this technique is to avoid using a noise threshold and estimating the dominant 

peaks of the spectrum which is a more robust measure of the velocity within a given range 

gate. Further analysis on the effect of signal SNR (incorporating noise effects due to 

random atmospheric conditions, aerosol distribution etc.) on the performance of the bi-

modal gaussian algorithm needs to be studied in detail. In the above simulations the SNR 

for each range gate is fixed for every line of sight. However, the SNR of the returns is a 

function of the aerosol distribution in the atmosphere and is not always a constant. The pair 

of vortices that originates from the wing tip also interacts with the mean flow of the wind 

(or cross wind) and can be driven out of the lidar scan region. The vortices have also been 

known to bounce off the ground/runway making vortex detection and tracking an even 

more challenging problem. Thus, the algorithm must identify such flow scenarios in real 

time, and function effectively. Time evolution of the vortex core position and its circulation 

strength needs to be studied with a time evolving flow field either simulated or using raw 

lidar measurements from the field. Thus, it is important to validate the new approach on 
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real time raw data from the Doppler lidar to understand its performance under the above-

mentioned scenarios. It is also equally important to evaluate the performance of this bi-

modal gaussian technique and compare it with the current existing techniques and identify 

scenarios when it works better than the existing ones.  

Now the major future goals are summarized below,  

a) Validate and test the algorithm on a time evolving simulated flow field, raw 

(unaveraged) lidar data.  

b) Automate the algorithm to handle continuous flow of data from the lidar.  

c) Compare the spectral estimate from the simulator with the exiting spectrum 

estimates from the lidar system.  

d) Compare the performance of the current standard techniques and the new algorithm 

on real data.  

e) Explore the use of Deep Neural Networks to identify vortices (or other coherent 

structures) from the lidar radial velocity flow field. 

     A new exploratory approach for aircraft vortex tracking is presented in this chapter. 

A recent paper discussing a hybrid vortex tracking algorithm uses a two-step approach. 

The first step uses the second moment of the spectra to give a first order estimate on the 

position of the vortex pair. This estimate is used to narrow down the area of search and 

thus saving time in step two. In the second step a cost function (𝐹(Φ)) is first set up 

(Equation 7.10) [25]. The two terms in the equation are the estimated spectrum (lidar data, 

𝑌𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒) (for each range and elevation angle) and the expected spectrum (𝑆(Φ)) based on 

a vortex model parameterized by the six unknowns for the pair of vortices (two pairs of 
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position and two circulation strengths). Using a non-linear least-squares approach the two 

circulation strength values are estimated.  

                                𝐹(Φ) = ∑ ∑ ||𝑌𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 − 𝑆𝑚𝑜𝑑𝑒𝑙(Φ)||𝑎𝑙𝑙
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑠

𝑎𝑙𝑙
𝑟𝑎𝑛𝑔𝑒𝑠              (7.10) 

The bi-modal gaussian technique proposed in this paper was developed to suit the 

first step in the process described above [25]. Thus, with real lidar data, the two approaches 

and their performance (speed and accuracy) can be compared. 

The lidar simulator introduced in Chapter 4 was used to generate the spectrum 

estimates for each overlapping range gate as the lidar scans through a pair of counter 

rotating vortices. The fundamental assumption behind the lidar Doppler spectrum 

simulator is that return doppler spectrum is the convolution of the transmitted pulse 

spectrum with the Doppler spread function [88]. The transmitted pulse spectrum is assumed 

to be a narrowband Gaussian spectrum. Thus, the width (FWHM) of the transmitted pulse 

spectrum will control the simulators capability to extract finer frequency detail. Another 

way to think about this effect is in the time domain. The transmitted pulse and its width in 

time weight the backscatter from each section illuminated as the pulse propagates along a 

given line of sight. Thus, the choice of the transmitted pulse spectrum with, i.e. FWHM, is 

to be chosen such that the time domain weighting effect can be captured in the simulator. 

The equivalence in both the spectrum domain and the time domain approaches to simulate 

Doppler return spectrum is to be studied and verified in the future.  
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CHAPTER 8 

LIDAR FOR AUTONOMOUS VEHICLES 

LITERATURE REVIEW 

 

8.1 INTRODUCTION 

Top tech giants and a host of startups from all over the world are now competing 

to solve the challenging problem of autonomy for ground-based vehicles. New startup 

ventures have emerged from their stealth mode and have begun early testing of their 

autonomous technology in prominent cities across the US and across the globe. The 

development of this cutting-edge technology has gained momentum over the years after 

the very famous 2005 DARPA grand challenge [26]. It spurred a series of technological 

developments to help teams complete the challenge successfully and pushed for innovation 

in multiple fields to realize true autonomy in the future. A major innovation was the 

development of optical sensors for ranging, specifically for an autonomous vehicle. These 

optical sensors, popularly known as a ‘Lidar’ – Light Detection and Ranging, precisely 

provide range measurements (depth measurements) for cars as they navigate through 

complex environments. Several startups today focus on providing other sensor solutions 

like radar, ultrasound and producing high-fidelity maps for autonomous vehicles. Today, 

we see self-driving cars with one or more of these sensors on board being tested as they 

interact and traverse the streets of several US cities.  

A detailed analysis, starting from, the current safety levels for different autonomous 

vehicles, the motivation behind the push for Level-5 autonomy and the challenges in the 
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road to complete autonomy will be discussed. In this chapter, the focus will be on lidar 

sensors and their role in achieving complete autonomy. Different lidar sensor modalities 

available currently will be explored. The physics behind the working of these lidar sensors 

will be detailed and the fundamental metrics to evaluate different lidar sensors will be 

presented. 

8.2 AUTONOMOUS VEHICLE - MOTIVATION  

 Most on-road accidents have been attributed to human error. Autonomous vehicles 

with their on-board self-driving technology promise the fundamental benefit of improving 

safety for on-road vehicles and thereby improving road safety for pedestrians and bi-

cyclists. This is achieved by handing over the entire control of the car to the intelligent 

brain of the autonomous system. It also aims to alleviate traffic congestion with the added 

advantage of better fuel consumption and reduced environmental pollution. Transition to 

fully electric autonomous cars in the future will help us reduce the emission of green-house 

gases and the effects of global warming. With the autonomous system taking charge of our 

commute, we now have more time for other important activities in our day to day life. 

These are some of the advantages that motivates the automotive industry to pursue 

complete autonomy within the next decade and reach the safety goals as stipulated by the 

National Highway Traffic Safety Administration (NHTSA).  

8.3 AUTONOMOUS VEHICLE - SAFETY LEVELS  

 Most cars nowadays have some basic safety features by default. Advance Driver 

Assistance System (ADAS) features are available on most cars to assist the driver with 
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parking, lane keeping, blind spot monitoring, cruise control etc. These features help drivers 

prevent injuries, however reducing the percentage of fatalities caused by on-road accidents 

requires complete autonomy and taking the human driver out of the equation. Different 

levels of safety have been stipulated by the NHTSA as a roadmap for the automotive 

industry as they perfect their self-driving technology [27].  

 

Figure 8.1 Road Map for Self-Driving Cars. [27] Frost & Sullivan, VDA Automotive Sys Konferenz 

2014    

 

 The Figure above clearly lists the preconditions to be met before a certain safety 

level can be assigned to a self-driving car. ‘Level 0’ is a basic car, where the driver is 

completely responsible for all the decisions pertaining to the car. There is no intervening 
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vehicle assistance system that is active. ‘Level 1’ safety is assigned to cars that are still 

under the purview of the driver i.e. the cars motion is controlled by the driver, but has some 

assistance from vehicle systems like blind-spot monitoring, lane assistance, emergency 

braking etc. ‘Level 2’ is commonly referred to as partly automated. Here the vehicle is 

responsible for tasks like lane keeping and lane changing for very specific cases or driving 

scenarios. The driver is still required to be continuously monitoring these systems. ‘Level 

3’ systems handle scenarios as in ‘Level 2’ but is also capable of alerting the driver to take 

over when met with a situation that is beyond the system capabilities i.e. when met with a 

scenario outside the realm of the specific application case for which it is designed. Hence 

the driver is required to constantly monitor these safety systems and needs to step in when 

alerted. ‘Level 4’ autonomous systems can deal with scenarios deemed incapable by a 

‘Level 3’ system, all by itself. No driver assistance is necessary for a specific application 

case scenario and hence referred to as fully automated. Finally, ‘Level 5’ is a driverless 

system that truly applies to any driving scenario. A ‘Level 5’ car does not need a human 

driver to intervene at any given point in time. This is the goal for autonomous systems and 

if realized will bring with it increased level of safety for both the passengers riding in the 

car and pedestrians alike.  

8.4 SENSORS FOR AUTONOMY - PERCEPTION SYSTEM  

Advance driver assistance systems in a self-driving car use lidars, cameras and 

radars to sense the environment around the car. The information from the sensors can be 

used to initiate a sequence of actions by the autonomous system to control the cars 

trajectory and behavior. For example, an emergency braking system monitors the space in 
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front of the car using cameras and radars to identify obstacles and apply breaks to either 

slow down or to bring the car to a complete stop when necessary. Cameras are used to 

capture images that are very fine in detail but lack depth information. Radars can extract 

both depth and velocity information of the target of interest. It can see up to 300m which 

gives the autonomous system enough time to respond to obstacles in its path. However, its 

angular resolution is a limiting factor. Locating the obstacle within the field of view with 

a high angular precision is hard for a radar system. Lidar an optical sensor, uses coherent 

light, to measure depth information and has the added advantage of obtaining range 

information with very high angular resolution.  Also, consecutive range estimates from the 

lidar sensor along a given line of sight can be used to extract target velocity.  

A driverless car has three major sub-systems [28] as shown in Figure 8.2, A) 

Perception – Controls the sensor suite - lidar, radar, camera, ultrasound etc. B) Intelligent 

Agent – The autonomous system brain. It uses the data from the perceptions sub-system as 

input for the on-board detection and classification algorithms that detect and track obstacles 

within the vehicles field of view. Based on the detection results it commands the cars 

actuators. C) The Control System receives the instruction from the intelligent agent and 

executes the corresponding actions by controlling the cars throttle, steering wheel or the 

brakes to complete a specific task.  
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                     Figure 8.2 Block diagram: Self-driving car sub-systems 

The perception sub-system is very critical to the overall performance of the self-

driving car. Using the on-board sensors, it must map the environment around the vehicle 

with very high precision and accuracy. The challenge here is that the environment has both 

static and dynamic objects in the scene. The environmental conditions like the weather, 

brightness variations etc. adds to the challenge of accurate range sensing. A high-fidelity 

depth map is necessary to identify pedestrians, bi-cyclists and other objects around the 

vehicle and for localization tasks for our self-driving car. Localization is the process of 

estimating the position of the self-driving car in the global map using known landmarks as 

markers. Hence an accurate local map from the perceptions sub-system is a pre-requisite 

for localization tasks.  

 Thus, a sensor that can produce an accurate depth map of the scene around a car 

with very high resolution and capable of locating targets at over a specified range distance 

is required to enable safe navigation through different driving scenarios – like navigating 

through the forest or a highway or a local street etc. A normal Global Positioning Sensor 
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(GPS) provides location estimates with very poor accuracy typically to the order of few 

tens of meters. A lidar sensor on the other hand that sends out short bursts of optical energy 

to sense the distance to the targets is the ideal solution for generating a detailed map of the 

scene around the self-driving car. Cameras and radars as discussed previously will be used 

to extract additional features of the scene, like RGB (Red-Green-Blue) color intensities and 

velocity information to increase the detection certainty and tracking objects in the scene in 

real time.  

Rain and fog act as a strong deterrent in using lidar sensors for ranging [29]. The 

optical signal transmitted is attenuated by its interaction with water molecules and thus 

degrades the lidar performance. In such scenarios multiple sensors (camera, radar, infra-

red sensors, ultrasonic sensors) must be leveraged to navigate the complex terrain. Also, 

the size and cost of a lidar sensor is a major bottleneck that has driven engineering 

researchers to explore different approaches to cut down on the system cost, size and weight. 

Large-scale production should eventually bring down lidar prices to about $100 - $150  for 

automotive applications.  

Typically, lidar sensors are categorized based on their range of operation 

a. Short range lidars         Measure ranges ≤ 20 - 40m  

b. Medium range lidars   Measure ranges ≤ 100 - 150m  

c. Long range lidars           Measure ranges ≤ 200 - 300m  

Short range lidars can be used for parking assist applications in cars. It is also 

extensively used by the robotics researchers, enthusiasts and mapping experts for indoor 
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applications. Medium range lidars are used for monitoring road intersections and assisting 

cars with identifying objects around the car as they merge onto or exit a highway. Other 

applications include mapping streets in urban areas where medium range visibility is a 

requirement to identify pedestrians, bi-cyclists on the road to ensure safe navigation. Long 

range lidars are a necessity when travelling at very high speeds, for e.g. at 75mph on a 

highway/expressway lane. At this speed identifying obstacles at 200 – 300m range is 

critical to give the autonomous system 6-8 seconds to respond and decide on the cars 

behavior over the next few critical seconds. Lidars thus can work in tandem with camera’s 

and radar sensors to scan the environment and help navigate the self-driving car safely.  

 

8.5 LIDAR SENSOR MODALITIES  

 Lidar is a vital sensor necessary to achieve any level of autonomy in vehicles today. 

It acts as the eyes for an autonomous system. Almost every self-driving car that we see on 

road today have multiple lidar sensors on board, producing high frame rate point cloud data 

(depth information) for the vehicle to process in real time and identify potential obstacles 

in its path or around it. In this section, the focus will be on the fundamental physics behind 

the workings of a lidar sensor. Different sensor modalities will be evaluated and lidar 

sensors available in the market today will be explored.  

8.5.1 LIDAR SENSOR FUNDAMENTALS 

A lidar sensor has the following basic components. Figure 8.3 below is a simple 

lidar system.  
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a. Laser Source  e.g. Semiconductor, Diode, Fiber Laser.  

 

b. Laser Amplifier  e.g.  Master Oscillator Power Amplifier, Q-switched 

amplifier, Erbium Doped Fiber Amplifier.  

 

c. Transmitter and Receiver Optics  e.g. Collimating Lens, Plano 

Convex Lens as receiver.  

 

d. Scanner  e.g. Rotating mounts, MEMS mirror, Optical Phase Arrays. 

 

e. Optical Detector  e.g. Photo-diode, Avalanche Photodiodes, Focal 

Plane Arrays 

 

f.  RF-Amplifier  e.g. Resistive and Capacitive Transimpedance 

Amplifier (R-TIA and C-TIA)  

 

g. Timing Solution   e.g. Time to Digital Converter, Analog to Digital 

Converter, Phase detector.  

There are different types of lidar sensors available today. Current generation lidar 

sensors are ranging devices i.e. measures only depth information around the car or over a 

specified region of regard Field of View (FOV) using direct detection approaches for time 

of flight (TOF) calculations. Another type of lidar sensors for autonomous vehicles will be 
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capable of measuring both target distance and velocity simultaneously using frequency or 

amplitude modulated approaches.  

Every lidar sensor manufacturer lists in detail the lidar system critical parameters 

and the calibrated operating modes for their sensor. These parameters can be used to 

compare the performance of different sensors and choose the right sensor modality either 

to design from scratch or buy an off-the-shelf sensor for a specific application. A few lidar 

sensor parameters are discussed below [30]. 

a) Eye Safety: Lidar sensors used for automotive applications must either be a Class 

1 or a Class 1M laser safety level classified sensor. It is very important as the laser 

beam scans the free-space. Pedestrians with their eyes exposed could be harmed by 

these laser beams when the power levels are way above the Class 1 or Class 1M 

levels. Thus, eye safety restrictions must be imposed. place before integrating the 

lidar sensor with the car. Most lidar sensors in the market today are classified Class 

1M.   

b) Field of View (FOV): For automotive applications sensing the environment around 

the vehicle is critical. A traditional approach seen today on self-driving cars is to 

mount the sensor on top of the car. A car with a 360° horizontal field of view 

(HFOV) lidar sensor will be able to map the entire region around the car. A classic 

example is the Velodyne is the HDL 64E sensor. It has a vertical field of view 

(VFOV) of 26.9 °. Thus, a single sensor will be able to map the environment around 

the car and provide real time point cloud depth data for each line of sight. Another 

common approach is to use multiple lidar sensors with each sensor sweeping 
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through a sector, i.e. the HFOV would be set at 120°. Three independent lidar 

sensors would complete the entire 360° requirement.  

c) Angular resolution: The angular resolution of the sensor defines the number of 

points the lidar sensor can map within its FOV. For e.g. the Velodyne HDL 64E 

sensor has a horizontal angular resolution at 0.08° and a vertical angular resolution 

at 0.4°. To be able to track features like the edge of a curb or the foot of a bicyclist 

we need a very fine angular resolution both in the horizontal and vertical axes. 

Achieving very fine angular resolution values requires a very robust scanning 

system or accurate placing of the laser diodes and the optics necessary to shape the 

outgoing laser beam.  

d) Number of Points: The FOV and angular resolution information will directly tell 

us the number of points the sensor is capable of mapping within its FOV. As 

specified previously, a scanner is an integral part for a lidar device. Typically, a 

rotating mirror is used to direct the beam within the FOV. A MEMS based scanning 

mirror is another modality that is robust and can be effective for automotive 

application where dealing with vibration is a major challenge and is a more compact 

solution when compared with a rotating mirror type solution. Other options include, 

electro-optic beam steering, Optical Phased Array (OPA) etc. A scanner is chosen 

with keeping in mind the number of points in the FOV. The scanner must be fast 

enough to paint the entire FOV with the laser beam and has the capability to do 

with minimum pointing errors and very high repeatability. Most lidar sensors can 

scanning up to a million points within its FOV.  
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e) Frame rate: The frame rate for a lidar sensor is very similar to that of a camera. 

Here it means the number of complete scans over the entire FOV the lidar sensor 

can complete in a second. For example, the Velodyne HDL 64E, a spinning lidar 

rotates at about 5-20 Hz. It is can completing 5 – 20 scans a second. This is a user 

specified parameter and thus can be altered on the fly. Given the number of points 

for a sensor and the frame rate the rate at with point cloud data is produced by the 

lidar sensor can be computed to help choose a data transfer protocol or for basic 

data storage considerations on a car.  

f) Maximum Range: A very common specification that is found on lidar sensor data 

sheets is the maximum range that the sensor can measure. The maximum range 

listed is based on tests performed with known targets. Thus, a percentage 

reflectance parameter is often specified along with the maximum range, i.e. a poor 

reflector is often characterized by a 10% reflectivity or less and a strong albedo 

target is characterized as a 90% reflectivity target. The maximum range thus is a 

function of the target reflectance. It is also a function of the amount of laser power 

transmitted and the sensitivity of the photodetector used in the lidar sensor. A more 

detailed mathematical discussion will be presented in Chapter 9. 

g) Pulse Repetition Rate/Pulse Repetition Frequency (PRR/PRF): The PRF is a 

laser source parameter. It specifies the number of pulses (for a pulsed lidar) that the 

laser diode can produce in a second. The number of points within the FOV sets the 

PRF requirement for the lidar sensor. The PRF of the system inherently sets a 

physical limit on the maximum range that can be probed by the sensor.  
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h) Peak Power/Average Power: The laser peak power and average power are design 

parameters for a lidar system keeping in mind the eye-safety norms. The pulse 

width and the PRF of the laser source are parameters that can be used to estimate 

the peak power and average power given the energy per pulse. The mathematical 

definitions have been discussed in detail in Chapter 1 of this thesis. 

i) Wavelength: The wavelength of operation is another important lidar sensor 

parameter. The laser beam (pulsed or continuous wave (CW)) is attenuated as it 

propagates through the atmosphere. The photons are absorbed by water molecules 

in the atmosphere and thus reduce the strength of the return signal. Most common 

wavelengths are 905nm, 1550nm and 850nm. Velodyne uses a laser diode in the 

905nm range. Luminar on the other hand uses a 1550nm laser source. 

j) Range Resolution: This is the most important specification for a lidar sensor. It is 

a measure of the smallest change in range/depth that is perceivable by the lidar 

system. It is strong function of the strength return signal and the sensitivity of the 

photodetector and the resolution of the timing device used to track the transmitted 

and the return signal. Similarly, accuracy of the measurement by a sensor is a 

measure of how close the estimate is to the true depth value and the precision a 

measure of the depth estimate uncertainty (how consistent are the depth estimates).  

In the next section, current lidar sensor modalities [31-34], e.g. direct-detection 

lidar, frequency modulated, and amplitude modulated lidars will be explored and their 

underlying physics of operation will be discussed detail.  
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8.5.1.1 DIRECT DETECTION PULSED LIDAR SENSOR     

The most common type of lidar sensor available today, used with many self-driving 

cars tested currently on roads, is a ‘Direct Detection Pulsed Lidar Sensor’ (Figure 8.3). The 

laser source, as the name suggests, produces short bursts of optical energy (pulses) which 

is directed into the atmosphere with a scanning device. Typically, a very narrow pulse with 

pulse width to the order of a few pico-seconds or nano-seconds are generated by the laser 

source, amplified and pulsed at the rate of a million pulses a second or more. Each pulse is 

directed to a specific location within the sensors field of view as it scans over the region of 

interest. A portion of the backscattered pulse energy that reaches the receiver lens is then 

collected, amplified and converted to an equivalent electrical voltage signal.  

 

   Figure 8.3 Direct Detection TOF Lidar Block Diagram 

 

For pulsed lidar systems a very fast photo-detector i.e. large bandwidth detector is 

required to capture the return pulse and its rise time accurately. A very precise clock, 
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typically a Time to Digital Converter (TDC), measures the time between the pulse 

transmission event and pulse arrival event based on a simple leading-edge detection 

technique [8]. 

 

Figure 8.4 TOF Lidar start-stop pulse with leading edge detection threshold 

 

 The measured time difference is converted to range information with the know 

speed of light (2.99 x 10 8 m/s) using equation 8.1. (Figure 8.4 – START and STOP Pulse)  

         𝑅𝑎𝑛𝑔𝑒, 𝑅 =
𝑐ΔT

2
                                                                    (8.1) 

Where, ‘c’ is the speed of light, ‘Δ𝑇’ is the time of flight (TOF).  

A pulsed lidar sensor is also commonly referred to as a time of flight (TOF) device.  

The smallest change in range that can be measured by the TOF device is dependent on the 

smallest time difference the clock can capture between the transmitted and the received 

pulse. Thus, the range resolution ‘Δ𝑅’ of a TOF device is dependent on the clock’s timing 

resolution (Equation 8.2). A nano-second pulse, large transmitted pulse peak power and a 
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high-resolution clock is required for accurate and precise TOF measurements.  For e.g. to 

achieve a range resolution of ~  ≤ 2𝑐𝑚  the timing resolution needs to be less than 0.13 𝑛𝑠 

[9] Given by equation 8.2.  

                      𝑅𝑎𝑛𝑔𝑒 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, Δ𝑅 =
𝑐Δ𝑇

2
                                                    (8.2) 

 For a pulsed lidar, the repetition rate sets the limit on the maximum range that can 

be probed and sensed for a depth measurement. The pulse repletion rate for example at 

1MHz, set the maximum range at 150 meters (corresponding to a 1𝜇𝑠 round trip time of 

flight, PRF → 1 MHz → 1𝜇𝑠 between consecutive pulses). This limit is to avoid the 

interaction between the returns from a pulse and the next subsequent pulse transmitted from 

the laser source.  

8.5.1.2 Frequency Modulated Continuous Wave (FMCW) Lidar 

 FMCW lidar (Figure 8.5) uses a tunable laser source [35 - 43], i.e. the laser source 

transmits a signal that has a range of frequencies that varies over time. The laser frequency 

is linearly chirped as shown in Figure 8.6. The linear chirp can be produced by driving the 

laser diode with a waveform generator. The time duration of the linear frequency ramp is 

given by ‘𝑇𝑠’. Every single range measurement needs to be completed within this sample 

time duration. The return signal is shifted in frequency by an amount that is proportional 

to the target range. These lidars use the coherent heterodyne detection technique to track 

the change in frequency between the transmitted and the received signal. A reference local 

oscillator signal, from the laser source, is used to coherently mix with the return signal 

using a square-law photo-detector. A square law device produces output detector current 
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proportional to the incident optical power and is proportional to the square of the magnitude 

of electric field of the mixed optical signal. The oscillating frequency of the photo-detector 

output (AC component) is the beat frequency to be estimated (Figure 8.5). 

 

Figure 8.5 FMCW Lidar Block Diagram 
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Figure 8.6 FMCW Lidar laser source linear chirp (Saw Tooth) and photodetector output as a function 

of time [36]. 

 

 The measured beat signal frequency is used to estimate the distance to the target 

(Equation 8.3). Heterodyning steps down the bandwidth of the return signal to the baseband 

range i.e. in the kHz to MHz range. Thus, the optical signal can be converted to a current 

or a voltage signal using a lower bandwidth detector (slower detector). A lower bandwidth 

detector contributes a lower magnitude of random noise contribution from the detector to 

the return signal. Also, the detector output signal amplitude is proportional to the product 

of the amplitude of the return signal and the local oscillator (Chapter 2). This implicit 

amplification of the return signal, especially for weak return signals, improves the signal 

detection process. Unlike a pulsed lidar system, a very high peak power transmitted pulse 
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is not necessary as the FMCW approach focuses on tracking the beat frequency and not the 

amplitude of the return signal.  

 

                                𝑅𝑎𝑛𝑔𝑒, 𝑅 =  
𝑓𝑏𝑒𝑎𝑡 𝐶

2𝛾
                                                   (8.3𝑎)       

 

                                      𝑅 =
𝑓𝑏𝑒𝑎𝑡 𝐶 𝑇𝑠

2Δ𝑓
                                                        (8.3𝑏)    

                                 

Where, ‘𝑓𝑏𝑒𝑎𝑡’ is the beat frequency, ‘C’ is the speed of light and ‘𝛾’ is the slope of 

the frequency modulation curve i.e. 𝛾 =
Δ𝑓

𝑇𝑆
 .  

The beat signal frequency is measured by calculating the period of the oscillations 

as shown in the Figure 8.6 [36]. The maximum range that can be measured is dependent 

on the largest beat frequency that can be measured. This requires the FMCW lidar system 

to measure very small beat signal time periods (Figure 8.6) of the current signal (𝑡𝑏𝑒𝑎𝑡). 

Similarly, for range resolution the smallest frequency that can be measured sets the limit. 

The smallest frequency that can be measured corresponds to the largest beat period that 

can be measured i.e. 𝑇𝑠. 

  For example, let the measurement duration be (𝑇𝑠) 1𝜇𝑠. If we want to measure a 

maximum range (𝑅𝑚𝑎𝑥) of 1 meter with a precision of (𝛿𝑅) 10𝜇𝑚, then the clock timing 

resolution is 1 𝑝𝑠 (Equation 8.4 - normalized range resolution and time resolution). For the 
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same scenario to achieve a precision of 10𝜇𝑚 a pulsed laser system would require a clock 

resolution of ~ 6.7𝑓𝑠 . Thus, the requirements on the clock and its timing resolution is 

relaxed for a higher range precision and accuracy promised by FMCW lidars. 

                  
𝛿𝑅

𝑅𝑚𝑎𝑥
=

𝑡𝑏𝑒𝑎𝑡

𝑇𝑠
                                                          (8.4) 

 Ideally the returns from the target should produce a current signal with a single tone 

(beat frequency). However, laser diodes have a non-linear response to the frequency 

modulation. The frequency chirp as a function of time is not linear as shown in Figure 8.6. 

This produces an additional phase noise to the transmitted signal. Also, the coherence 

length of the laser diode limits the performance of the FMCW lidar. The coherence length 

of laser diode is a measure of its coherence time (Equation 8.5) [37]. 

                              𝐿𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑐𝜏𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒 =
𝑐

𝜋Δ𝜈
                                                        (8.5) 

Where Δ𝜈 is the optical bandwidth (FWHM – Full width at half maximum), 

𝜏𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒 is the coherence time of the laser.  

 A low value implies that the phase information decorrelates quickly due to the 

phase noise produced within laser diode. The process of coherent heterodyning requires 

the return signal and the transmitted signal to have a strong phase correlation for effective 

constructive interference at the photo-detector. With the phase noise from the laser diode 

creeping into the transmitted signal, the returns are no longer a single tone beat frequency 

and has additional modes creep in that deteriorates the accuracy and restricts the maximum 

range that can be measured by a FMCW lidar. 
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Another configuration of an FMCW lidar uses a triangular waveform [35] (Figure 

8.7) instead of a saw tooth waveform for the laser frequency modulation as shown in Figure 

8.5. The sawtooth waveform is used only to measure range information for stationary 

objects. The triangular waveform has the added capability to measure velocity in addition 

to range information of targets within the field of view. When tracking a moving target, 

two beat frequencies are embedded in the return signal at different time instances. By 

measuring the two beat frequencies the doppler shift due to the velocity of the moving 

target is given by the difference in the two frequencies and the range to the target is given 

by the average of the two beat frequencies.  

 

Figure 8.7 Triangular waveform for laser source frequency modulation [35].  

  

                                                       𝑓𝑑𝑜𝑝𝑝𝑙𝑒𝑟 =
𝑓2−𝑓1

2
                                                            (8.6)  
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                                          𝑓𝑟𝑎𝑛𝑔𝑒   =  
𝑓1+𝑓2

2
                                                            (8.7)   

 

                𝑅𝑎𝑛𝑔𝑒 →  𝑅 =
(𝐶 𝑇𝑠 𝑓𝑟𝑎𝑛𝑔𝑒)

4Δ𝑓
                                                (8.8)  

                           𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 →  𝑉𝑟 =
2𝑓𝑑𝑜𝑝𝑝𝑙𝑒𝑟

𝜆
                                               (8.9) 

Where, 𝜆 is the wavelength of the CW laser, 𝜏𝑒 (Figure 8.6) is the time duration 

during which the transmitted signal travels to the target and back.  

 If the range and the velocity of the target is a constant during the measurement time 

𝑇𝑆, the range estimate and the velocity (component along the direction of the beam) is given 

by Equations 8.6, 8.8 and Equations 8.7 and 8.9 respectively. Thus, FMCW lidars promise 

the simultaneous measurement of both velocity and range simultaneously. Optical 

heterodyning provides FMCW lidars the capability to be resistant to stray light and 

background light. The mixing process requires the two signals, the reference and the return 

to have a decent phase correlation to ensure efficient mixing. Incoherent background light 

will no longer contribute to the photodetector output.  

8.5.1.3 Amplitude Modulated Continuous Wave (AMCW) Lidar  

 AMCW lidars [43-50] (Figure 8.8), like FMCW lidars, are typically used for short 

range applications i.e. to measure distances between a few centimeters to a few tens of 

meters. An AMCW lidar transmits an amplitude modulated continuous wave sinusoidal 

signal, out into the atmosphere. It measures the phase difference between the transmitted 

signal and the return signal (Figure 8.9). The phase shift in the return signal with respect 
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to the transmitted signal is proportional to the distance to the target. It is given by equations 

8.10, 8.11 and 8.12. 

 

Figure 8.8 AMCW Lidar Block Diagram. 

                                            𝜙𝑑𝑖𝑓𝑓 =
2𝜋

𝜆𝑚𝑜𝑑
Δ𝑥                                                             (8.10) 

                                              𝜙𝑑𝑖𝑓𝑓 = (
2𝜋

𝜆𝑚𝑜𝑑
) 2𝑅                                                           (8.11) 

                                              𝜙𝑑𝑖𝑓𝑓 = (
4𝜋

𝜆𝑚𝑜𝑑
) 𝑅                                                               (8.12) 

 Where 𝜙𝑑𝑖𝑓𝑓 is the phase difference, Δ𝑥 is the path difference – round trip distance, 

𝑅 is the range to the target, 𝜆𝑚𝑜𝑑 is the modulation wavelength related to the modulation 

frequency 𝑓𝑚𝑜𝑑 as given by equation 8.13,  

                    𝑓𝑚𝑜𝑑 =
𝑐

𝜆𝑚𝑜𝑑
                                                               (8.13)  
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Figure 8.9 AMCW lidar transmitted and return signal phase difference [49] 

For example, if the modulation frequency is 10 MHz, then the modulation 

wavelength is 30m. The range resolution of an AMCW lidar is a function of the phase 

resolution of the system. A phase detector is used to measure the phase difference between 

the transmitted and the received signal. From the equation below (Equation 8.14) it can be 

inferred that for a given phase resolution, the range resolution can be lowered by using a 

lower modulation wavelength i.e. a larger modulation frequency.   

    Δ𝑅 = Δϕdiff  (
𝜆𝑚𝑜𝑑

4𝜋
)                                                        (8.14)                       

 For an AMCW lidar the modulation frequency limits the maximum range distance 

that can be measured i.e. it sets the maximum ambiguous range distance. The maximum 

phase difference that can be measured is 2𝜋. Thus the maximum range that can be 

measured is given by,  
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                                              𝑅𝑚𝑎𝑥 =
𝜆𝑚𝑜𝑑

2
                                                          (8.15)               

Using the example above, with 𝜆𝑚𝑜𝑑 = 30𝑚, the maximum un-ambiguous range 

that can be measured is 15𝑚. For practical applications, the maximum range will be less 

than this maximum limit due to the transmitted beam attenuation and target reflection 

characteristics. For a lower modulation wavelength, the range resolution will improve at 

the expense of the maximum range that can be measured using the AMCW lidar system. 

This is a very important design trade-off for AMCW systems. One way to achieve better 

range resolution and simultaneously ensure a larger maximum range is to use two 

frequencies in the amplitude modulated beam. The lower frequency will be used to improve 

the maximum range limit, and the higher frequency component will ensure better range 

resolution. An approach to design such a system is described here [49] 

A single frequency AMCW lidar transmits an amplitude modulated signal into the 

atmosphere and generates a reference signal (analog) to be mixed with the return signal 

from the photo-detector. The output of the photodetector is now mixed simultaneously with 

the reference signal shifted is phase, typically at 0°, 90°, 180° 𝑎𝑛𝑑 270°. The mixed signal 

is sampled over a specified integration time and accumulated to improve the return signal 

SNR. The samples from the four channels (Figure 8.8) are used to compute the phase 

difference given by the equation 8.16 [48].  

             𝜙 = arctan (
𝐶3−𝐶4

𝐶1−𝐶2
)                                                           (8.16) 

Where C1, C2, C3 and C4 are the signal samples from the four channels. The phase 

difference between the transmitted and the received signal can be estimated using the 
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equation above. Ideally the return signal would be a clean sinusoid with a phase shift with 

respect to the transmitted beam. However, for practical applications the return signal might 

have additional harmonics in it for e.g. due to multipath interference caused by an extended 

target. Using suitable filters in the return signal chain to remove frequencies outside the 

required band can reduce its effects. Also, the return signal amplitude i.e. the signal to noise 

ratio, can be improved by increasing the integration time to estimate C1, C2, C3 and C4. 

However, this may introduce motion blur effects due to dynamic objects in the scene.    

8.6 CONCLUSION  

 To summarize, lidar sensors can be broadly categorized based on the approach 

adopted for time of flight measurements as direct detection TOF, FMCW and AMCW 

lidars. The fundamental physics behind each approach was discussed in detail. Also, lidar 

system parameters were defined. These parameters are commonly listed on many 

commercial lidar sensors. Understanding these sensor specifications is critical to evaluate 

different sensor modalities and helps in designing our own lidar sensor. In the next chapter 

the focus will be on exclusively a direct detection lidar systems. A systems level design 

approach is adopted to identify the right components for our sensor based on a detailed 

specification sheet will be discussed (Figure 8.10). A lidar prototype was designed and 

built using off the shelf components for the laser source, optics, scanning modality etc. A 

detailed discussion on each aspect of the prototype will explored. Finally, initial results 

from the prototype will be presented and a road-map for the next generation sensor will be 

devised.  
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CHAPTER 9 

DIRECT DETECTION TIME OF FLIGHT LIDAR SENSOR 

SYSTEM DESIGN 

 

9.1 INTRODUCTION  

 In the last chapter different lidar sensor modalities are explored in detail. A systems 

engineering technique [51] is applied to design a time of flight lidar sensor system. The 

goal of this project is to design a TOF lidar sensor, using off the shelf components available 

in the market today. After careful evaluation of the current lidar sensors in the market used 

for short-range, medium-range and long-range depth measurements, a detailed 

specification sheet for ASU lidar prototype was developed.  

Fundamental question - What is the role of the lidar sensor that we intend to design? 

Self-driving cars use lidars for several tasks as elaborated in the previous chapter. Most 

lidar sensors generate point cloud data that is post processed to extract high level 

information and determine the cars behavior accordingly. Autonomous cars use cameras 

extensively to detect and track pedestrians. For a ‘camera-first’ approach self-driving car 

i.e. the fundamental tasks are driven using camera sensors alone. The goal of this lidar 

prototype is to assist the camera in disambiguating regions of interest thereby improving 

the cars navigational capabilities in a very complex environment. Thus, a region from the 

cameras image frame, marked as a potential threat to the autonomous vehicle can now be 

probed quickly using a lidar sensor with very high spatial resolution and a high frame rate 

to corroborate the classification with more certainty. This is the fundamental motivation 

behind designing the lidar sensor, that drives the next steps in designing the lidar prototype.  
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In the next section, the lidar sensor design steps will be explored in detail. Starting 

from the radiometry calculations for an optical sensor, the design trade-offs for the lidar 

prototype will be evaluated and a detailed specification sheet will be produced for the 

prototype.  

9.2 RADIOMETRY- POWER BUDGET 

 As stated previously, the first step was to identify a niche role for the lidar sensor. 

Having fixed the functionality of the lidar sensor, i.e. to disambiguate regions of interest 

within the sensors field of view, the next step in the lidar sensor system design is to ask, 

how far do we want to see (maximum range) with our sensor? Most lidar sensors available 

today market themselves as sensors that can range up-to 120 meters (for e.g. Velodyne 

HDL-64E) [81]. It is required that we evaluate each sensor carefully, identifying and 

clearly understanding the conditions under which the marketed specifications can be met 

efficiently.  

 The goal here is to design a long-range sensor that can see up-to 150m. This gives 

the autonomous vehicle enough time to decide its behavior given a potential threat in its 

path has been identified at this range. Thus, it is critical that the autonomous system is 

given as much time as possible, i.e. the sensor should be ideally capable of seeing far ahead 

of the vehicle to respond timely to changing dynamics of the environment. 

 To begin we need a power budget that can help us evaluate the amount of optical 

power to be transmitted and the amount of optical power returned from the target. A Matlab 

model is built to perform trade off studies that will lead to the right choice of laser source, 
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transmitter receiver optics and most importantly the receiver sensor. The fundamental 

equation driving this model is the lidar equation. In the following sections each individual 

subsystem of the lidar sensor will be explored in detail leading up to the lidar equation 

itself.  

9.2.1 PULSED LASER SOURCE PARAMETERS  

  The maximum range/depth measurement specification for the lidar prototype was 

set at 150m. The laser source is required to output enough photons to successfully get 

enough returns back to the receiver for an accurate measurement. The laser source 

parameters that needs to be considered are its wavelength, peak power, average power, 

energy of a pulse, pulse width and the pulse repetition rate.  

a) Wavelength – Lidar sensors currently available in the market today 

predominantly use wavelength in the 905 - 914nm range. A handful of new 

emerging technologies focus on using 1550nm laser sources. The choice of 

wavelength is very critical. It is fundamentally driven by the absorption 

spectrum (Figure 9.1) [52] of the atmosphere.  

 
Figure 9.1 Atmospheric Transmission as a function of wavelength. Range assumed in the 

plot is 1.8 Km (1 Nautical Mile) 
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The wavelengths that have lower absorption in the atmosphere due to water 

droplets/moisture are preferred to transmit laser photons effectively over longer 

ranges. Delivering more photons per pulse, might seem like the right approach 

to be able to range longer distances. However, eye-safety regulations stipulate 

an upper limit to the amount of optical power that can be pumped out by the 

laser source for a given wavelength of operation [53]. A more detailed step by 

step eye-safety analysis will be discussed later in this chapter. A 1550nm laser 

pulse, by this eye-safety norm, has a higher upper limit when compared to the 

905nm laser pulse [54]. Human eye has the capability to absorb optical energy 

at 1550nm and avoid focusing it onto the retina. However, 905nm wavelength 

photons are focused by the eye lens and can cause permanent damage to our 

eyes if exposure levels are not within the acceptable levels. Also, 1550nm laser 

source can take advantage of the mature fiber communication techniques that 

are perfected for this specific wavelength of operation. At 1550nm the optical 

power loss in a fiber is very low, allowing for effective communication over 

long ranges and very fast internet that we use today. Fiber based laser 

amplification (erbium-yttrium doper fiber amplifier) at 1550nm is also a 

technology that is available off-the shelf today [51]. A simple silicon 

photodetector can be used to detect 905 nm photons and thus easily integrated 

onto CMOS chips, that can be manufactured in large quantities using existing 

manufacturing techniques and facilities thus easily achieve cheap volume 

pricing levels that the automotive industry seeks to get the autonomous 
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technology to the public at lower costs. However, a 1550nm laser source 

demands an Indium-Gallium-Arsenic detector that has very high responsivity 

at 1550nm [51]. When compared to the 905 nm technology this is more 

expensive and thus demands more research and development that will 

eventually help innovate new techniques to tap into the added advantage of 

better transmission through the atmosphere and higher optical power output 

levels (within eye-safety norms) for a 1550nm laser source. Lidar sensors from 

Luminar, Strobe and Blackmore have come out with their sensor solutions that 

uses a 1550nm laser source [55-57]. The next generation lidar sensors will 

eventually need to tap into this space to be able to develop real long-range lidar 

sensors. For the lidar prototype described in this thesis a 1550nm laser source 

was used to meet our long-range specification.  

b) Laser Power – The amount of optical power output from a laser source is 

characterized by its peak power, average power and the pulse energy. Peak 

power is the ratio of pulse energy to the width of the pulse (Full Width at Half 

Maximum - FWHM). Thus, with the pulse energy fixed, using a smaller pulse 

width laser source produces a higher peak power pulse. For ranging sensors that 

depend on the strength of the return i.e. direct detection-based sensors, the name 

of the game is to deliver maximum instantaneous optical power to the target. 

Thus, using a shorter pulse width a higher peak power can be delivered, and a 

stronger return can be expected from the target. Most commercially available 

laser sources have capabilities to produce nanosecond or picosecond pulses. For 

the lidar prototype a laser source with variable pulse width, 5ns – 20ns range 
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was chosen. Average power on the other hand is the product of the energy of 

the pulse and the pulse repetition rate (PRR). A laser source should have the 

capabilities to produce pulses at high frequencies to meet the requirements on 

the number of points that the sensor needs to map within its field of view. To 

successfully range up to 150 meters, i.e. 1𝜇𝑠 round trip time of flight, and to 

map up-to a million points per second, 1MHz PRR is required. The maximum 

un-ambiguous range that can be measured by the sensor is limited by the PRR. 

This is to avoid the interaction between the transmitted pulse and the returns 

from a prior pulse from the laser source.  

Different types of laser sources are available today. A driver circuit drives a current 

signal at a specified peak amplitude and duty cycle, through a diode laser to produce a 

pulse with the required peak power, pulse width and PRR. The laser pulse produced is input 

into a laser amplifier to increase the optical power to the requisite level (within eye-safety 

limits). For the lidar prototype a 1550nm distributed feedback laser source (DFB) is used 

to produce pulses at 20mW peak power. An erbium-yttrium doped fiber amplifier is used 

to amplify the output pulse peak power to ~ 381 W at a user specified pulse width of 5ns 

and pulse repetition rate of 750 MHz. A narrow linewidth laser source is required to ensure 

strong coherence of the output laser beam. The linewidth is typically a measure of the width 

of the spectrum about its center frequency which in this case corresponds to 1550nm. The 

laser source used has a narrow linewidth of ±10nm.  
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9.2.2 TRANSMITTER OPTICS  

 With a 1550nm laser source and a fiber-based amplifier, the lidar system developed 

classifies as a fiber-optics based TOF lidar system, i.e. the optical pulse generated by the 

laser source is input into the amplifier (fiber based) and finally the amplified optical pulse 

is transmitted into a collimating lens that focuses the optical beam at infinity. The goal of 

the transmitter optics is to capture the light from the fiber optic cable efficiently and 

transmit the optical beam with very low divergence. The fiber cables have typically very 

low insertion losses, that are quantified and listed on the fiber cable datasheet.  

The output from the laser source, a laser diode or an optical fiber cable, diverges 

very quickly as it exits the source. Fiber cables typically have an angular cut at its tip 

(FC/APC type) [58] for the beam to diverge as it emerges out and thus doesn’t harm any 

user while operating with a high-power laser source. The collimating lens helps collect this 

diverging beam and produces a parallel tight optical beam, with minimum divergence, that 

is transmitted into free space. A standard choice for laser collimation is a plano-convex 

lens. The Figure below shows a simple setup with a laser diode placed at the focal point of 

the plano-convex lens. Note that the diode can be replaced by a fiber cable tip as well.  
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Figure 9.2 Plano-Convex lens parameters. 

In the Figure above a diode is placed at the focal point of the lens (𝑓𝑙𝑒𝑛𝑠). For 

collimation, the diode is placed behind the planar surface of the lens. The divergence (𝜃𝑑𝑖𝑣) 

of the output beam from the laser source is a standard metric that is listed on the product 

data sheet. The laser output from the diode may have a different spread/divergence on the 

horizontal and the vertical axis producing an elliptical beam as output. The numerical 

aperture of the diode is a measure of this divergence (Equation 9.1) [59]. 

                               𝑁𝐴𝑑𝑖𝑜𝑑𝑒 = sin (
𝜃

2
)                                                         (9.1) 

 In this equation, 𝜃 is the full divergence angle of the laser source. Typically for an 

elliptical beam, the larger of the two angles (horizontal vs vertical) is used to compute the 

numerical aperture. The output beam diameter (𝜙) is chosen depending on the spot size 

that we would like to achieve with the collimated beam at the maximum range.  

The goal now is to estimate the collimating lens parameters i.e. focal length and 

numerical aperture of the lens that is required to produce an output beam with the required 

diameter. Using simple trigonometry, the focal length of the lens is given by the following 

equation (Equation 9.2).  
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                                             tan (
𝜃

2
) ~

𝜙

2𝑓𝑙𝑒𝑛𝑠
                                                              (9.2) 

 

As a rule of thumb, to capture the entire diverging beam from the laser source, the 

numerical aperture of the lens is typically set at twice the numerical aperture of the laser 

source [59]. Thus, the parameters of a collimator can be estimated given the size of the 

outgoing beam and the laser source numerical aperture (NA). For e.g. given 
𝜃

2
→ 15° and 

the collimated beam diameter is 3mm, the focal length of the lens is 5.6mm and the NA of 

the lens is 0.26 (Using Equation 9.1 and 9.2) [59]. The output beam diameter is chosen 

based on the required spot size, the size of the scanning mirror used and the eye-safety 

considerations. The optical energy deposited per unit area is to be kept within acceptable 

levels.  

Before elaborating on the approach to compute the divergence of the outgoing 

beam, a few assumptions are stated below [60].  

i) Thin lens approximation is valid – The thickness of the lens is negligible and 

does not contribute to the focal length of the lens. 

ii) Paraxial approximation is valid – Small angle assumption sin(𝜃) ~ 𝜃.  

iii) Aberration free lens – No Chromatic or Spherical aberration.  

iv) Optical Invariant Equation is valid.  

Figure below (Figure 9.3) is used as a reference to derive the basic optical invariant 

equation for a bi-convex lens. The result however, applies to any type of lens. Optical 
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invariant equation implies that the product of the image size produced by a lens and the 

ray angle is a constant.  

 

Figure 9.3 Optical Invariant – Derivation for a generic bi-convex lens 

Let an object be placed at a distance ‘𝑠1’ from the lens. The bottom of the object 

emanates a ray that intersects with the lens at a height ‘x’ above the principle axis (OO’) 

of the lens. The angle made by the ray with the optical axis is ‘𝜃1’. The refracted ray 

intersects with the optical axis on the other side of the lens. The refracted ray makes an 

angle ‘𝜃2’ with the optical axis. A ray from the top of the object, parallel to the lens 

refracts to pass through the focal point of the lens. The real image of the object is 

inverted and is as shown in the Figure above. Using simple trigonometry,  

                                   𝜃1 =
𝑥

𝑠1
,  𝜃2 =

𝑥

𝑠2
                                                   (9.3(𝑎)) 

                                         ⇒ 𝜃2 = 𝜃1 𝑥
𝑠1

𝑠2
                                                           (9.3(𝑏)) 

 The magnification of the lens is given by,   

                                                    
𝑠1

𝑠2
=

𝑦1

𝑦2
                                                                     (9.4)                  

                                                   ⇒ 𝜃2 = 𝜃1 𝑥
𝑦1

𝑦2
                                                              (9.5) 
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                                                   ⇒ 𝜃2𝑦2 =  𝜃1 𝑦1                                                      (9.6)                      

      where 𝑦1 is the object height and 𝑦2 is the image height.  

 The optical invariant is given by the equation above (Equation 9.6). Another 

approach to estimate the focal length and the divergence of the output beam is described 

below. Consider the Figure 9.4 below, the lens parameters and the angles marked are 

self-explanatory. Using basic trigonometric rules and the small angle approximation 

we have, 

 

Figure 9.4 Collimation Using a Plano-Convex lens     

                                      𝑦2~ 𝑓𝑙𝑒𝑛𝑠𝜃1                                                              (9.7(𝑎)) 

                                       𝑓𝑙𝑒𝑛𝑠~
𝑦2

𝜃1
                                                                  (9.7(𝑏)) 

                                      𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐼𝑛𝑣𝑎𝑟𝑖𝑎𝑛𝑡 → 𝜃2~
𝑦1𝜃1 

𝑦2
                                         (9.7(𝑐)) 

                                    ⇒  𝜃2 =
𝑦1

𝑓𝑙𝑒𝑛𝑠
                                                            (9.7(𝑑)) 

‘𝑦1’ in the equations above, for a fiber input is the radius of the fiber optic cable tip. 

Thus, the divergence angle (𝜃2) and the focal length of the lens required to collimate 

the outgoing beam can be calculated using the equations above. To keep the divergence 
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angle to a minimum is critical for the lidar prototype. This ensures that the beam is 

collimated for longer ranges and helps achieve better angular resolution for the lidar 

system. To keep the divergence to a minimum typically a larger output beam diameter 

can be used. A larger beam diameter keeps the beam tight at longer ranges.  

The output beam from the laser collimator is typically referred to as a gaussian 

beam. This means that the irradiance profile of the beam as a function of range is a 

gaussian function. A sample irradiance profile given by equation 9.8 below [51].  

                                            𝐸(𝑟, 𝑧) = 𝐸𝑜(𝑧)e
−

2r2

𝑤2(𝑧)                                           (9.8) 

In the equation above, ‘𝑧’ is the range distance and ‘𝑤’ is the beam radius a function 

of ‘𝑧’ and ‘𝐸𝑜’ is the peak irradiance at the center of the beam. The radius of the beam as 

it exits the collimator is known as the beam waist ‘𝑤𝑜’. It is defined as the ‘1/𝑒2’ width of 

the beam irradiance profile. The parameters of the collimator chosen for the lidar prototype 

is listed in table 9.1. A doublet achromatic lens is used for the collimator. A doublet lens 

uses two lenses cemented together to better handle aberrations that arise in a single lens. 

The lens ideally must efficiently produce better optical throughput and corrects for any 

spherical or chromatic aberrations [61].  
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Table 9.1 Lidar Prototype Collimator Properties 

SPECIFICATION  DESCRIPTION 

Beam Diameter  

 

7.0 mm 

Divergence 

 
0.016° 

Numerical Aperture 

 

0.24 

Focal Length  

 

37.13 mm 

Lens Type, Anti-reflection coating 

 

Air Spaced Doublet Lens, AR – C (type) 

 

The optical beam curvature as it propagates along the range increases and reaches a 

maximum (~ planar waves). The location where the curvature reaches its maximum is 

called the Rayleigh range ‘𝑧𝑅’. It is given by the equation below [51].  

                                                     𝑍𝑅 =
𝜋𝑤𝑜

2

𝜆
                                                            (9.9) 

The beam after the maximum curvature point begins to diverge. In the far-field i.e. 𝑧 >

5𝑧𝑅,  the divergence of the beam (𝜃𝑜)and laser beam spot size (𝑤(𝑧)) can be estimated 

using the equations below [51]. 

                                                      𝜃𝑜 =
𝜆

𝜋𝑤𝑜
                                                         (9.10) 

                                            𝑤(𝑧) = 𝑤𝑜 (1 + (
𝑧𝜆

𝜋𝑤𝑜
2)

2

)
0.5

                                 (9.11)                 

It is required that the optics used to collimate the beam is diffraction limited. Laser 

beams emanating from the collimator will by nature undergo diffraction. These wave fronts 

have a very strong spatial and temporal coherence, producing a collimated beam with 

minimum divergence in the far field. A ‘Diffraction Limited Beam’ [62] is an ideal beam 
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with no phase variations across the wave front thus helping us achieve diffraction limited 

divergence. A non-ideal beam with phase fluctuations produces random spatial 

distributions and deviates from a gaussian beam.  

9.2.3 LIDAR EQUATION  

 A pulse train is generated using the laser source and is amplified to obtain the 

required peak power for each pulse to be transmitted out into the atmosphere through a 

collimator. The laser beam irradiance is defined as the ratio of the peak power to the area 

of the laser beam spot at any given range. Thus, irradiance is a function of range distance. 

The area of the beam spot at any given range can be calculated using the equation below 

(Equation 9.12) [63]. The equation uses the beam radius and the divergence angle of the 

beam to calculate the spot size at any given range distance. For small angle divergence this 

simple first order equation can be used to estimate the radius of the beam and the area of 

the laser spot. (Figure 9.5). 

       𝐴𝑠𝑝𝑜𝑡 = 𝜋 ((𝜃𝑑𝑖𝑣𝑅) +
𝜙

2
)

2

                                              (9.12) 
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Figure 9.5 Plano-convex lens as a collimator with the output laser beam parameters.  

 The laser pulse as it propagates through the atmosphere is attenuated due to 

scattering off random aerosol particles or absorbed by moisture/water molecules in its 

pathway. This results in lower optical power being transmitted and fewer photons reaching 

the target. The atmospheric transmission efficiency can be quantified using beers law 

(Equation 9.13) [51] [63]. The attenuation coefficient ‘𝛼’ is a function of range distance 

and the wavelength of the laser. It is integrated over the range of interest to obtain the 

transmission efficiency. For lidar’s developed for automotive applications, the working 

range is within 200m and the attenuation coefficient is assumed to vary linearly within this 

range. A typically value used in the literature is 0.12/Km [64]. The transmission efficiency 

for the return signal from the target is also assumed to be equal to the forward transmission 

efficiency.   

                                      𝜏𝑎,𝑎𝑡𝑚 = e−𝛼(𝜆)𝑅                                                 (9.13(𝑎))   

                                                       𝛼(𝜆) =  ∫ 𝛼(𝑅)
𝑅

0
dR                                           (9.13(𝑏))   

 For the purposes of this discussion, the target is assumed to be at a range distance 

‘𝑅’. 
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 The irradiance of the beam at the target is given by equation 9.14. It accounts for 

the forward transmission efficiency parameter ‘𝜏𝑎’. Where ‘𝜏𝑎’ varies between 0 and 1.  

                                  𝐼𝑙𝑎𝑠𝑒𝑟 =
𝜏𝑎,𝑎𝑡𝑚𝑃𝑝𝑒𝑎𝑘

𝐴𝑠𝑝𝑜𝑡
                                                        (9.14)                                 

 Another important aspect of the target is its reflectivity ‘𝜌’. It is the fraction of 

incident optical power that is scattered back by the target. It is a measure of the ability of 

the target to reflect laser radiation. Lidar sensors available currently, rate their performance 

at their maximum range using targets with 10% reflectivity (Low) and 90% reflectivity 

(High). Another critical aspect of the target is its area that interacts with the laser beam. 

The target area can be larger than or smaller that the beam spot size. The limiting factor is 

the smaller of the two areas, i.e. beam spot area or the target area. Another factor that limits 

the area of interaction with laser beam is the receiver field of view. A more detailed 

discussion of receiver FOV will follow in the next section. In this section the two areas 

will be referred to as 𝐴𝑠𝑝𝑜𝑡 (laser beam spot area) and 𝐴𝑇𝐶𝑆 (Area of the target cross section 

(TCS)). Figure below demonstrates the two limiting cases discussed above.  

 

Figure 9.6(a) Beam spot area > Target cross-section (Solid Block) 

 

Figure 9.6(b) Beam spot area < Target cross-section (Solid Block) 
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 The target reflection can be typically classified as either diffuse or specular. If the 

target reflectivity is specular (mirror like reflection) the angle of the reflected beam is equal 

to its angle of incidence. Diffuse targets are commonly referred to as Lambertian surfaces. 

A Lambertian target reflects the incident optical energy that appears equally bright in all 

directions. Thus, the look direction to capture the returns does not matter for such diffuse 

targets. If the incident beam is reflected along its same path of incidence, it is referred to 

as retro-reflection. Figure below (Figure 9.7) [51] demonstrates the three reflection 

mechanisms discussed above.  

 

Figure 9.7 Target Reflection Mechanisms [51] 

 

 The brightness of the reflected radiation is defined as,  

                                                                 𝐿𝑡𝑎𝑟𝑔𝑒𝑡 =
𝜌 𝜏𝑎 𝑃𝑝𝑒𝑎𝑘 

𝜃𝑅𝐴𝑡𝑎𝑟𝑔𝑒𝑡
                                        (9.15) 

 Where 𝜃𝑅 is the solid angle into which the target reflects the incident radiation.  

In general, the solid angle is defined as (Figure 9.8),  



159 
 

 

Figure 9.8 Angle between two lines (above) and Solid Angle subtended by a 2D area element (below). 

where ‘A’ is the area at a distance ‘R’ and 𝜃𝑅 is the solid angle subtended by the 

2-D area cross-section. 

           𝜃𝑅 =
𝐴

𝑅2                                                               (9.16)   

 For a Lambertian target this solid angle is 𝜋 steradians, i.e. the reflected beam is 

scattered into a hemisphere that encompasses the entire target (the projected angle of the 

hemisphere on the target is equal to 𝜋 steradians) [61]. Thus, the brightness of the 

backscatter from the Lambertian target is given by,  

               𝐿𝑡𝑎𝑟𝑔𝑒𝑡 =
𝜌 𝜏𝑎 𝑃𝑝𝑒𝑎𝑘

𝜃𝑅 𝐴𝑡𝑎𝑟𝑔𝑒𝑡
  [

𝑊

𝑆𝑟−𝑚2]                                    (9.17)  

 
 

 The receiver captures a portion of the return signal, the reflection from the target. 

The return optical signal irradiance is given by the product of the brightness of the reflected 

laser beam and the solid angle subtended by the receiver (detector + lens) at the target 

(Ω𝐹𝑂𝑉). Equation below is the irradiance of the reflected optical beam collected by the 

receiver.  

 

 

Area (A) 
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                                        𝐼𝑟𝑒𝑡𝑢𝑟𝑛 = 𝜏𝑎  × 𝐿𝑡𝑎𝑟𝑔𝑒𝑡 ×   Ω𝐹𝑂𝑉                                (9.18)      

 Thus, the total return power (𝑃𝑟𝑒𝑡𝑢𝑟𝑛) collected at the receiver is given by the 

product of the irradiance and the area of the receiver lens. The complete equation (Equation 

9.20) is known as the ‘Lidar Equation’ for a TOF optical sensor.  

                                                  𝑃𝑟𝑒𝑡𝑢𝑟𝑛 = 𝐼𝑟𝑒𝑡𝑢𝑟𝑛 ×  𝐴𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟                                     (9.19) 

                                              ⇒  𝑃𝑟𝑒𝑡𝑢𝑟𝑛 =
𝜌 𝜏𝑎

2𝑃𝑝𝑒𝑎𝑘Ω𝐹𝑂𝑉𝐴𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

𝜃𝑅 𝐴𝑡𝑎𝑟𝑔𝑒𝑡
                                (9.20)  

9.2.4 BACKGROUND POWER ESTIMATE – SOLAR RADIATION  

  Lidar sensors used under broad daylight conditions can collect solar photons 

scattered off the target or any surface within the detectors angular field of view. Using the 

model lidar equation, the total return power (from solar photons) collected by the receiver 

can be estimated. It is given by,  

                                       𝑃𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 𝜏𝑎𝜌 𝐿𝑠𝑜𝑙𝑎𝑟,𝜆 𝐴𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 Ω𝐹𝑂𝑉 Δ𝜆                        (9.21)  

 The solar spectral irradiance (𝐼𝑠𝑜𝑙𝑎𝑟,𝜆, Figure 9.9) can be used to estimate the solar 

spectra radiance (brightness). Using the Lambertian target assumption, and the standard 

irradiance values for solar radiations the total amount of background power collected at the 

receiver can be estimated. The bandwidth Δ𝜆 is the spectral bandwidth of the receiver. Solar 

radiation is inherently broadband, hence only photons within a bandwidth centered about 

the 1550nm wavelength will be collected at the receiver for the lidar prototype. Here, only 

the one-way transmission efficiency parameter is used in the final expression.  
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                                                           𝐼𝑠𝑜𝑙𝑎𝑟,𝜆 = 𝜋 𝐿𝑠𝑜𝑙𝑎𝑟,𝜆                                               (9.22) 

                                                 Ptotal =  𝑃𝑟𝑒𝑡𝑢𝑟𝑛,𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑃𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑                          (9.23) 

 

Figure 9.9 Solar Spectral Irradiance ASTM standard (Average Conditions in the 48 states USA) [65] 

9.2.5 RECEIVER OPTICS 

 The returns from the target needs to be collected with maximum efficiency by the 

receiver lens. The receiver lens is also required to focus the return signal onto the detector 

surface. For the lidar prototype a single pixel detector is used to convert the optical energy 

into electrical energy. It is placed at the focal point of the receiver lens. Typically, a plano-

convex lens is chosen as an ideal solution for the collection and focusing applications. The 

goal here is to identify the lens parameters such that the above tasks can be achieved with 

maximum efficiency by the receiver lens. The focal length of the lens 𝑓𝑙𝑒𝑛𝑠, lens diameter 

(𝐷𝑙𝑒𝑛𝑠) or both these parameters can be combined as a single parameter f-number (𝑓# =
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𝑓𝑙𝑒𝑛𝑠/𝐷𝑙𝑒𝑛𝑠). Using the fundamentals of geometric optics, the returns can be tracked using 

the ray tracing technique as shown in the Figure below.  

 

Figure 9.10 Ray tracing technique to image the rays from a distant target using a Plano-convex lens. 

 

 There are two types of lidar transmitter/receiver (transceiver) systems. One is the 

mono-static system and the other is a bi-static system [51] [63]. In a mono-static system 

the transmitter optics and the receiver optics are one and the same. A mono-static system 

is as shown below in Figure 9.11. A special transceiver switch (typically a quarter wave 

plate) is used to isolate the transmitted and the received beams. A mono-static system uses 

requires additional optics and high precision alignment of these optical components for 

effective performance. Hence, it is relatively more expensive and complicated when 

compared to a bi-static system. Also isolating the transmitted beam from the received 

signal path is paramount to ensure that the detector does not pick up photons from the 

transmitted beam and trigger a false positive event thereby introducing inaccuracies in the 

TOF estimate. However, as the mono-static system uses the same lens to transmit and 

capture the returns from the target the amount of background photons picked up by the 

sensor is much less when compared to a bi-static system.  
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Figure 9.11 Mono-static system block diagram. 

 

 A bi-static system on the other hand uses two separate channels for the transmitted 

and the received signals. Figure below describes a bi-static system (Figure 9.12). A lidar 

with a bi-static configuration is easier to build and has fewer optical components that make 

the system relatively inexpensive.  

 

Figure 9.12 Bi-static system Block Diagram 

Keeping the transmitted and the received signal pathway independent, false 

triggering due to transmitted pulses is completely avoided in this scenario. However, a bi-

static system inherently has a blind zone in front of the lidar sensor. No returns from this 



164 
 

region will be captured by the receiver lens and hence targets within the blind zone will 

not be detected. Figure below demonstrates the blind zone region in front of bi-static 

system [24] [66].  

 

Figure 9.13 Blind zone, region of partial overlap and full overlap for a bi-static system [24]. 

 

 Given the beam divergence, the angular field of view of the sensor and the 

separation between the receiver lens and the transmitter lens optical axis, the range distance 

to the partial overlap point (BB’) and the range distance to the full overlap point (CC’) can 

be estimated. The divergence of the laser beam is a known parameter given the collimating 

lens parameters and the size of the outgoing beam was discussed in the previous section. 

 The 2D field of view of a single pixel sensor in combination with a plano-convex 

lens can be estimated using the equation below (Equation 9.24) [67]. Figure 9.14 describes 

the FOV concept for the receiver sensor. The detector (photodiode) has a deterministic 

size. This single pixel detector dimension projected through a lens into the real world sets 
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the angular limit for returns to be collected and focused onto the detector surface. Target 

within this angular FOV will be detected by the sensor.  

 

Figure 9.14 Angular FOV of a lidar receiver (lens + detector) system 

 

 Consider triangles oAB and triangle oA’B’. Using similar triangles,                                  

                               tan (
𝛽

2
) =

𝑑𝑠ensor

2 𝑓𝑙𝑒𝑛𝑠
=

𝐷𝐹𝑂𝑉

2𝑅
                                                   (9.24)    

 In the equation above, 𝛽 is the angular field of view. For a given detector size 

𝑑𝑠𝑒𝑛𝑠𝑜𝑟, and a plano-convex lens of focal length 𝑓𝑙𝑒𝑛𝑠 the angular field of view of the sensor 

can be estimated. In the same equation 𝐷𝐹𝑂𝑉 is the instantaneous field of view (IFOV). It 

is the projected dimension of the sensor in the scene ahead. The IFOV is a function of range 

and increases with distance from the sensor (Equation 9.25).  

                                                        ⇒ 𝐷𝐹𝑂𝑉 =
𝑑𝑠𝑒𝑛𝑠𝑜𝑟 𝑅

𝑓𝑙𝑒𝑛𝑠
                                                   (9.25)          

 The projected area of the detector is calculated using the equation below [67].  
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For a square detector,  

                                                               𝐴𝐹𝑂𝑉 = 𝐷𝐹𝑂𝑉 
2                                                (9.26(𝑎))  

For a circular detector,  

                                                               𝐴𝐹𝑂𝑉 =
𝜋𝐷𝐹𝑂𝑉

2

4
                                           (9.26(𝑏)) 

  Referring to the lidar equation, the target area 𝐴𝑡𝑎𝑟𝑔𝑒𝑡, is dependent on the 

minimum of the laser beam spot area, the target cross-sectional area and the area of the 

detector element projected at the specified range '𝑅’ i.e. 𝐴𝐹𝑂𝑉. 

 The range distance over which a bi-static system has complete overlap between the 

receiver FOV and the laser beam, can be calculated using simple trigonometry as shown 

below. Figure 9.15, below is the basic setup for the calculation. The separation between the 

collimator lens and the receiver lens is ‘𝑑’ (cm). The laser beam has a divergence given by 

𝜃𝑑𝑖𝑣 and the angular FOV of the receiver lens is ‘𝛽’ and the half angle is ‘𝜃𝐹𝑂𝑉 = 𝛽/2’  

 Using Figure 9.15 [66],   

                             tan(𝜃𝐹𝑂𝑉) =
𝑑−𝑟𝑏(𝑥𝑚𝑖𝑛)

𝑥𝑚𝑖𝑛
=

𝑑−𝑥𝑚𝑖𝑛 tan(𝜃𝑑𝑖𝑣)

𝑥𝑚𝑖𝑛
                      (9.27(𝑎))  

    Using 𝑟𝑏(𝑥𝑚𝑖𝑛) = 𝑥𝑚𝑖𝑛 tan(𝜃𝑑𝑖𝑣)                           (9.27(𝑏))  

                                                 → 𝑥𝑚𝑖𝑛 =
𝑑

tan(𝜃𝐹𝑂𝑉)+tan(𝜃𝑑𝑖𝑣)
                                   (9.27(𝑐))  

Similarly,  

                       tan(𝜃𝐹𝑂𝑉) =
𝑑 + 𝑟𝑏(𝑥𝑚𝑎𝑥)

𝑥𝑚𝑎𝑥
=

(𝑑+𝑥𝑚𝑎𝑥 tan(𝜃𝑑𝑖𝑣))

𝑥𝑚𝑎𝑥
                     (9.28(𝑎)) 
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                                                  → 𝑥𝑚𝑎𝑥 =
𝑑

tan(𝜃𝐹𝑂𝑉)−tan(𝜃𝑏)
                                  (9.28(𝑏))  

 For a bi-static system, the range at which partial overlap begins is given by 𝑥𝑚𝑖𝑛’ 

(Equation 9.27(c)) and the range distance at which full overlap is guaranteed is given by 

𝑥𝑚𝑎𝑥 (Equation 9.28(b)). 

 

Figure 9.15 Partial Overlap and Full Overlap range distance calculation. 

 

 A Matlab routine was written to compute the range distance values  

𝑥𝑚𝑖𝑛 𝑎𝑛𝑑 𝑥𝑚𝑎𝑥. The equations derived above were used to produce estimates for different 

values of separation between the receiver and the collimating optics. Parameters from the 

lidar prototype have been used in this analysis. 
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Table 9.2 Lidar Prototype Parameters 

LIDAR PROTOTYPE PARAMETER VALUE 

Beam Divergence 

 
0.016° 

Receiver FOV 

 
2.2546° 

Sensor Diameter 

 

2 mm 

Focal Length 

 

25.4 mm 

 

 

Figure 9.16 Partial overlap range distance as a function of separation distance between the receiver 

and the transmitter optics. 
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Figure 9.17 Full overlap range distance as a function of separation distance between the receiver and 

the transmitter optics. 

 

         As the separation between the transmitter and the receiver increases, the blind zone 

distance increases as well, i.e., the maximum range distance for full overlap increases. For 

example, at 7cm separation (lidar prototype configuration) the maximum range distance 

for full overlap is at 1.78m. Thus, targets closer to the lidar at ranges less than 1.78m will 

not be detected by the receiver.  

9.2.5.1 RECEIVER LENS PARAMETERS 

 The linear relationship between the return power collected by the receiver and the 

receiver lens area is evident from the lidar equation derived previously (Equation 9.20). 

Using a larger diameter lens will increase the number of backscattered photons collected 

from the target. It also results in more background solar photons to be collected, thereby 

making the true return signal noisier. 

                                     𝑃𝑟𝑒𝑡𝑢𝑟𝑛 ∝  𝐴𝑟𝑒𝑐𝑖𝑒𝑣𝑒𝑟Ω𝐹𝑂𝑉                                                 (9.29)  
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 The receiver lens has the added responsibility to focus the return signal back onto 

the detector. The spot of the focused return produced by the lens must be completely 

captured by the detector pixel element for maximum collection efficiency. The spot size 

produced by the lens is required to be smaller than the detector pixel element size. Using 

techniques from geometrical optics, the effects of the lens parameters on the spot size 

produced by the lens can be evaluated.  

 The spot size produced by the lens is a measure of its focusing capability. Using 

the thin lens approximation (Figure 9.18), for an extended source located (on-axis) at a 

distance ‘𝑠1’ (∞ <  𝑠1 ≤ 2𝑓𝑙𝑒𝑛𝑠), with height ‘𝑦1’ forms an image with height ‘𝑦2’ behind 

the lens and closer to the focal point of the lens. Based on the fundamental imaging 

principles of a lens, i.e. objects at distance > 2𝑓𝑙𝑒𝑛𝑠, will form an image between 

𝑓𝑙𝑒𝑛𝑠 𝑎𝑛𝑑 2𝑓𝑙𝑒𝑛𝑠𝑒 (behind the lens). With the object moving closer to infinity, the image 

moves closer to the focal point behind the lens. For the lidar application the extended source 

is the beam spot area at a given range. The radius of this spot is equal to ‘𝑦1’ in this 

example. The rays emanating from the object are focused by refraction, intersects the focal 

plane (the plane perpendicular to the optical axis that contains the focal point) and produces 

an image behind the focal point (distance ‘𝑠2’) with height ‘𝑦2’. Using the paraxial 

approximation and the optical invariant theorem 𝑦2 is given by,  
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Figure 9.18 Lens spot size for an on-axis extended source  

  

                    For 𝑠1 >> 2𝑓𝑙𝑒𝑛𝑠  Image forms at the focus  

                                          For small angles 𝜃1,  𝜃2  𝜃2 =
𝑅𝑙𝑒𝑛𝑠

𝑓𝑙𝑒𝑛𝑠
                                      (9.30) 

       Invariant theorem  𝑦1𝜃1 = 𝑦2𝜃2   

                                      ⇒ 𝑦2 = (
𝑓

𝑅𝑙𝑒𝑛𝑠
) 𝑦1𝜃1 ⇒ (

𝑓

2𝑅𝑙𝑒𝑛𝑠
) (2𝑦1) (

𝑅𝑙𝑒𝑛𝑠

𝑠1
)                            (9.31) 

                                                           𝑦2 ~ 2𝑦1 (
𝑅𝑙𝑒𝑛𝑠

𝑠1
) 𝒇#                                                     (9.32)  

 where 𝑓#is the f-number of the lens i.e. ratio of the focal length of the lens and the 

diameter of the lens [68].  

 From the equation above, to obtain a tight spot, to focus the beam to a tight spot, 

the f-number of the lens should be small. Commonly available lenses from Thorlabs, 

Newport etc. have f-number as small as 1, i.e. 𝑓𝑙𝑒𝑛𝑠 = 𝐷𝑙𝑒𝑛𝑠. For a fixed lens radius (𝑅𝑙𝑒𝑛𝑠) 

a smaller focal length lens produces a tighter spot behind the lens. For targets that are far 

away from the lens (𝑠1 ≫ 2𝑓𝑙𝑒𝑛𝑠) the spot size is smaller. Finally, the size of the extended 
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source also influences the spot size. A smaller beam spot at the target would aid the lens in 

focusing the rays from the target to a tight spot behind the lens. 

 The f-number of a lens can be reduced by using an aperture stop that reduces the 

diameter of the lens. This reduces the f-number and helps focusing the returns to a tighter 

spot [68]. However, the aperture stop reduces the effective diameter of the lens which 

results in lower return power collected by the lens. Using the right detector size along with 

a lens with appropriate f-number is a trade-off between collecting more returns and 

focusing them to a tighter spot. Figure below (Figure 9.19 and Figure 9.20) demonstrates 

the effect of the detector size and the lens focal length on the lidar receivers field of view 

(FOV). For a fixed focal length of the lens a detector with larger area will have a larger 

angular field of view. A larger angular field of view ensures that the range distance of full 

overlap is closer to the lidar sensor. Thus, reducing the blind zone region for a given lidar 

prototype.  

 

Figure 9.19 FOV of the receiver as a function of focal length of the lens and sensor size  

(*-*- → 𝐏𝐫𝐨𝐭𝐨𝐭𝐲𝐩𝐞 𝐅𝐨𝐜𝐚𝐥 𝐋𝐞𝐧𝐠𝐭𝐡 𝟑𝟕. 𝟒 𝐦𝐦). 



173 
 

 

 

Figure 9.20 Receiver lens spot size for the lidar prototype as a function of range. 

 

An important question arises at this point, how far is far enough to assume that the 

angles made by the incident rays are small enough (Figure 9.21). To analyze this scenario, 

consider the Figure below.  

 

 

Figure 9.21 On axis target focusing using a plano-convex receiver lens. 
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          Figure 9.22 Small angle approximation Sin(x) vs x (x in radians) 

 

 The largest angle from the foot of the target spot is made with the lens as show in 

the Figure above. Angle 𝜃 is given by,  

                                               𝜃 = tan−1 (
𝑅𝑙𝑒𝑛𝑠

𝑠1
)                                                (9.34)  

 

Figure 9.23 𝜽 vs range distance for the lidar prototype – validity of small angle approximation. 
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 The lidar prototype designed is a bi-static system that can range targets between 3 

meters and 150 meters. For a 1” diameter lens, Figure 9.23 (above) describes the change 

in 𝜃 as a function of range. Thus for 𝜃 < 0.4 𝑟𝑎𝑑𝑖𝑎𝑛𝑠 (Figure 9.22), the approximation 

holds true. Hence, for the lidar prototype this assumption is valid for an on-axis target 

within the operating range of 3 m to 150 m.  

 For an off-axis target as shown in Figure 9.24 below, a similar analysis can be 

repeated to ensure that the small angle assumption holds true for the range of operation (3-

150m).  

 

Figure 9.24(a) Focusing Off-Axis parallel beams using a Plano-convex lens. 

 

Figure 9.24(b) Focusing non-parallel rays from Off-Axis target spots using a Plano-convex lens. 
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Figure 9.25 𝜽 vs range for an off-axis target. 

 

 Thus, the choice of the detector size should be such that the receiver lens can focus 

the returns onto its surface efficiently. The size of the focused spot produced by the lens 

can be estimated. Figure below (Figure 9.26) shows a plano-convex lens and how the rays 

emanating from an off-axis target is focused by the lens. The size of the spot (height above 

and below the optical axis) at the focal plane is to be estimated (𝑥1𝑎𝑛𝑑 𝑥2). The lens is 

assumed to be a thin lens and the optical invariant equation will also be used in this 

derivation [69].   
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Figure 9.26 Focusing an off-axis beam using a plano-convex lens. 

 

 Starting with the known equations,  

𝑦1𝜃1 = 𝑦2𝜃2 

    𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 → 𝑀 =  −
𝑠2

𝑠1
                                      (9.35)  

                                     𝐿𝑒𝑛𝑠 𝑀𝑎𝑘𝑒𝑟𝑠 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 →   
1

 𝑓𝑙𝑒𝑛𝑠
=

1

𝑠1
+

1

𝑠2
                         (9.36)    

                                      tan(𝜃1) =
𝑑−𝑅𝑙𝑒𝑛𝑠

𝐿
→ 𝜃1 = tan−1 (

(𝑑−𝑅𝑙𝑒𝑛𝑠)

𝐿
)                         (9.37) 

                                          tan(𝜃) =
𝑑

𝐿
    → 𝜃 = tan−1 (

𝑑

𝐿
)                                           (9.38)  

 Using vertically opposite angle rule,    

                                          tan(𝜃) =
𝑥2

𝑓𝑙𝑒𝑛𝑠
                                              (9.39)    

                                     → 𝑥2 = 𝑓𝑙𝑒𝑛𝑠 tan(𝜃)                                        (9.40) 

 Using the lens maker equation, calculate 𝑠2, 
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1

𝑠2
=

1

𝑓
−

1

𝑠1
                             

                                                       tan(𝜃2) =
𝑦2

(𝑠2−𝑓𝑙𝑒𝑛𝑠)−𝑥
                                         (9.41) 

                                                    → 𝑥 = (𝑠2 − 𝑓𝑙𝑒𝑛𝑠) −
𝑦2

tan(𝜃2)
                                 (9.42)         

                                                         𝐴𝑙𝑠𝑜 , tan(𝜃2) =
𝑥1 

𝑥
                                           (9.43) 

                                                        → 𝑥1 = 𝑥 𝑡𝑎𝑛(𝜃2)                                               (9.44) 

 The spot size above and below the optical axis can be estimated using equations 

9.40 and 9.44. Figure below plots the spot size as a function of range.  

 

Figure 9.27 Spot size as a function of range - 𝒙𝟏(𝑨𝒃𝒐𝒗𝒆), 𝒙𝟐(𝑩𝒆𝒍𝒐𝒘) 𝒗𝒔 𝒓𝒂𝒏𝒈𝒆 

 The height of the spot on the focal plane above and below the optical axis is a 

measure of the spot size of the target at different ranges as shown in the Figure above. 

Given, that the size of the detector for the lidar prototype is 2mm, the analysis above 
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reveals that the spot is always within the detector and thus can be efficiently collected 

and focused by the receiver lens. 

 A more rigorous approach to estimate the spot size produced by a lens is by using 

a thick lens model [70]. Figure below shows a bi-convex thick lens with all the major 

definitions for a thick lens marked. The focal length of a thick lens is dependent on the 

thickness of the lens. The focal length is given by,  

                                            
1

𝑓
= (𝑛 − 1) (

1

𝑅1
−

1

𝑅2
+ (

(𝑛−1)𝑑𝑙𝑒𝑛𝑠

𝑛𝑅1𝑅2
))                               (9.45) 

                                                  ℎ1 = −
𝑓𝑙𝑒𝑛𝑠(𝑛−1)𝑑𝑙𝑒𝑛𝑠

𝑅2𝑛
                                                      (9.46) 

                                                  ℎ2 = −
𝑓𝑙𝑒𝑛𝑠(𝑛−1)𝑑𝑙𝑒𝑛𝑠  

𝑅1𝑛
                                                    (9.47) 

 where ‘𝑛’ is the refractive index of the lens.  

                

Figure 9.28 Thick Lens Parameters. 
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 A Matlab routine was developed to setup a plano-convex lens (lens used for the 

lidar prototype) to simulate rays entering the lens randomly, anywhere across its front 

curved face and estimate the final output ray direction through the planar surface onto the 

focal plane. For a thick lens, the incoming ray interaction with the lens can be analyzed in 

three steps. The first step is the refraction at the front (curved) surface, the second is the 

translation of the ray through the thickness of the lens and finally another refraction for the 

beam at the exit face i.e. planar surface. This approach is called the ‘Matrix Method’. The 

input for this technique is the incident ray angle with the optical axis and the height from 

the optical axis at which the ray first interacts with the curved surface of the lens. The 

incoming ray can be on axis or above or below the optical axis. The Matlab routine requests 

the user to choose from the three options. Using the matrix equation, the ray can be traced 

as it refracts at the front surface, propagates through the lens and refracts at the planar 

surface of the lens. The routine outputs the outgoing ray angle and the height above the 

optical axis through which the ray exits the lens. The exiting ray can now be traced beyond 

the lens to identify the spot size on the focal plane. If the spot is symmetric the spot size 

dimension can be estimated. 

 The matrix method equation to trace the refracted ray for any lens is,  

                                                         𝜂𝑡 = 𝑅2
′   𝑇21 𝑅1

′  𝜂𝑖 

 Where,  

   𝑅2
′ = [

1 −𝐷2

0 1
] , 𝑅1

′ = [
1 −𝐷1

0 1
] , 𝑇21 = [

1 0
𝑑21

𝑛𝑡1
1]  
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𝜂𝑡 = [
𝑛𝑡2𝛼𝑡2

𝑦𝑡2
] , 𝜂𝑖 = [

𝑛𝑖1𝛼𝑖1

𝑦𝑖1
]    

𝐷1 =
𝑛𝑡1 − 𝑛𝑖1

𝑅1
 

𝐷2 =
𝑛𝑡1 − 𝑛𝑖1

𝑅2
 

 In the equation above, 𝑛𝑖1is the refractive index of the medium from which the ray 

is input 𝑛𝑡1 is the refractive index of the lens and 𝑛𝑖2 is the refractive index of the exit 

medium. The matrices 𝑅1
′  , 𝑅2

′  𝑎𝑛𝑑  𝑇21together constitute the transfer function. Each 

matrix calculates the ray angle and its height above the optical axis.  In the equations above, 

𝛼𝑖1 is the angle of incidence of the ray and 𝑦𝑖1 is the height of the ray above the optical 

axis. Also, 𝛼𝑡2 𝑎𝑛𝑑 𝑦𝑡2 are the exit ray angle and the height above the optical axis 

respectively after the final refracting surface. 𝑑21 is the thickness of the lens previously 

referred to as 𝑑𝑙𝑒𝑛𝑠. The parameters for the lidar prototype plano-convex lens is preset for 

the simulations. The preset values are listed below.  
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Table 9.3 Plano Convex Lens – Thick Lens Ray Tracing Simulation Parameters. 

PARAMETER SPECIFICATION 
𝑑𝑙𝑒𝑛𝑠 

 

1.17 cm 

𝜙𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟  2.54 cm 

 

𝑛𝑡1 – refractive index  

 

1.3 

𝑛𝑖1 −refractive index 

 

1 

𝑛𝑡2 −refractive index  

 

1 

𝑛𝑖2 −refractive index 

 

1.3 

𝑓𝑙𝑒𝑛𝑠  

 

4.3667 cm 

𝑅1 − radius of curvature 1.31 cm 

 

𝑅2 −radius of curvature ∞ 

 

ℎ1 − front principal plane 

 

0 

ℎ2 −back principal plane -0.90 cm 

 

𝑓𝑓𝑙 − front focal length  

 

4.3667 cm 

𝑏𝑓𝑙 −back focal length 

 

3.4667 cm 

 

 For each ray, the height above the optical axis at which the ray intersects with the 

focal plane is estimated. A 10000-ray simulation was used to identify the distribution of 

these points behind the lens on its focal plane (Figure 9.29). The image of the laser spot on 

the target, formed by the lens is also circular. With the distribution of points as shown in 

Figure 9.29, the spot center can be estimated as the mean of this distribution and the 

diameter of the spot as twice the standard deviation of the distribution.   
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Figure 9.29 Spot Size Distribution. Range – 3m, Detector/Collimator separation – 7cm. 

 

 For a target at 3 meters, for a bi-static lidar prototype with 7cm separation between 

the collimator and the receiver lens, the spot size (mean) estimated is 1.21 mm. Thus, the 

diameter of the spot is estimated to be 1.4 mm. The overlap factor for the detector can be 

calculated as the ratio of the overlap between the detector and the image spot area to the 

area of the area of the detector. In general, the overlap factor (O.F) (Figure 9.30) increases 

with range, as the spot image is gets close and closer to the detector center.  Thus, only 

percentage of the total returns 𝑃𝑟𝑒𝑡𝑢𝑟𝑛(return power collected by the receiver lens) based 

on the lidar equation will be focused on the detector. Thus, for the lidar prototype the above 

setting will help successfully estimate the total returns from targets within the lidar working 

range i.e. between 3 meters and 150 meters. 
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Figure 9.30 Spot Size Distribution. Range – 3 – 150 m, Detector/Collimator separation – 7cm. 

 

9.3 SCANNING MODALITY  

 To successfully map the area around a self-driving car or map the interiors of a 

room accurately and quickly a scanning module is necessary to map multiple points within 

the field of view of the lidar sensor. Commercially available sensors use multiple 

approaches to scan the laser beams quickly and efficiently. For example, the Velodyne 

HDL-64E sensor [81] has 64 laser diodes stacked on a rotating platform that rotates the 

vertical stack of laser beam around an entire 360° FOV. Solid state sensors like Quanergy 

use the optical phase array technology [71] to direct the beam to a specified point with the 

FOV. The OPA technology is still in its nascent stages and is actively growing within the 

research and development communities both at university and industry level. A few new 

lidar sensor solutions use a MEMS mirror to direct the beam quickly and efficiently.  

 The role of the lidar prototype designed here is to work in tandem with a camera 

sub-system to identify and classify regions within the FOV with more certainty. Thus, our 
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requirement demands that the scanning modality is quick and highly repeatable to provide 

data throughput at a higher frame rate. Also, the scanning solution should to be compact 

and that it can be easily integrated with the current prototype. Based on these requirements 

the best solution available within a short lead time and off-shelf is a MEMS (Micro-Electro 

Mechanical System) mirror. 

 Figure below is the MEMS solution used with this prototype. The characteristics 

of the MEMS mirror are listed in Table 9.4. 

Table 9.4 MEMS Mirror Parameters 

 

MIRROR PARAMETERS 

 

 

SPECIFICATION 

Mirror Diameter 

 

4.2 mm 

X-axis Tilt Range 

 
−5.5° 𝑡𝑜 5.5° 

Y-axis Tilt Range 

 
−5.5° 𝑡𝑜 5.5° 

Mirror Coating (Reflection) 

 

Gold 

Radius of Curvature 

 
> 5𝑚 

Maximum Average Power 

 
< 2𝑊 

Surface Roughness 

 
< 10𝑛𝑚 𝑟𝑚𝑠 
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Figure 9.31 MEMS mirror. 

 

 The MEMS mirror is driven using a micro-controller that can communicate with 

the user through a GUI. Any user specified scan can be fed in as input to the micro-

controller. The mirror diameter is 4mm and can handle up to 2W of average power. The 

mirror has an anti-reflection coating for the specific wavelength (1550nm) and ensures very 

high reflection percentage (greater than 90%). The gimbal less dual-axis MEMS mirror can 

be controlled by applying a voltage signal across the actuators that tilt the mirror by an 

angle proportional to applied voltage. The angular tilt of the mirror has a linear relationship 

with the voltage applied. This is referred to as analog steering. The entire unit (single 

crystal silicon) is on a compact printed circuit board. A maximum of 130 V is applied to 

obtain a tilt of 5.5°. Any incident mirror is reflected by twice the tilt angle of the mirror. 

Thus, the FOV of the MEMS mirror is 20° (-10° to 10°) both along the horizontal and the 

vertical. The unit provides a 14bit positional precision, i.e. a tilt resolution of 0.6 

millidegrees (10𝜇𝑟𝑎𝑑). The repeatability of the mirror is better that 0.001° at room 

temperature. The scan speed of the mirror is inversely proportional to the size of the mirror, 

i.e. a larger mirror, due to its larger inertia will have a slower scan speed. Also, a larger 
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mirror has a reduced tilt angle and thus a narrow FOV. Thus, the mirror size is a critical 

parameter to ensure sufficient FOV and scan velocity.  

For a typical linear raster scan, the mirror can be fed with the following parameters. 

A) The number of lines in the scan, B) The number of points/pixels in each line, C) The 

time to complete one line of the scan. The mirror can of point to about 120,000 points in a 

second. Thus, one frame of data has 120k points. For more frames per second the number 

of points per frame will have to be reduced correspondingly. The MEMS mirror is the most 

expensive component for the lidar prototype and needs to be handled with caution.  

Running the mirror in its resonance (large angle title for small voltage signal) mode can 

cause damage to the mirror and thus is not a recommended setting of operation initially. 

9.4 LIDAR PROTOTYPE EYE-SAFETY ANALYSIS 

IEC 60285-1 dictates that the output power (or energy) be measured 100 mm from 

the source, 186mm, 304.8 mm and 6096 mm [53]. This would be referred to as cases 1 

through 4. As per IEC norm, a receiver with 7mm diameter shall be used to measure 

the output power from the product. 7mm  38.465 mm2.  At each of these distances as 

specified in above the beam size must be measured to calculate an ‘area correction 

factor’ if the beam spot size is larger than the detector surface size. We assume that the 

beam is collimated, and the beam dimensions stay relatively constant up to the 

maximum range of interrogation of our sensor.  

Three conditions must be tested from the point of view of exposure time 

a. Single Pulse Accessible Emission Limit  

b. Average Accessible Emission Limit (1 second exposure) 
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c. Repetitive Pulse Accessible Emission Limit (10 second exposure)  

9.4.1 LASER EYE-SAFETY CALCULATIONS 

The peak power of the pulsed source is set at 20mW. The pulse width can be 

controlled between values within the range 5ns to 100ns. The pulse repetition frequency 

ranges from 100Hz to 1MHz. The beam diameter as measured at the exit of the collimator 

is ~ 7mm. The beam diameter after bouncing off the scanning MEMS mirror is ~ 4mm 

(Limited by the mirror diameter, limits the total laser power emitted out into the free space 

i.e. < 20mW peak power). To classify the laser system based on their average power output 

levels or energy per pulse, we assume that the power output from the mirror was measured 

using a detector whose aperture size is 7mm (Standard specified by IEC-60825 document). 

Since our beam diameter is smaller than the detector aperture diameter, the laser beam 

power is incident completely on the detector.  

The beam diameter is 4mm after the mirror. However, the beam would diverge 

considerable with distance/range and the beam size would increase from the laser source. 

As a worst-case scenario, we assume that the beam is collimated and maintains its size as 

a function of range. Three cases are studies here [81] to check if the power output levels 

are well within the AEL (Accessible Exposure Levels) to classify the laser system as a 

Class 1M laser scanning range device.  

Case 1) Single Pulse AEL:  

- Assuming the entire beam is captured by the detector. 

- One pulse → duration ~ 5ns (Pulse width) 
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- For the time duration range (Table 1 – IEC document Column 3) (10-7 to 10-9) 

of the pulse 

 𝐴𝐸𝐿𝑆𝑖𝑛𝑔𝑙𝑒𝑃𝑢𝑙𝑠𝑒 = 8𝑥10−3𝐽~ 8𝑚𝐽   

- Energy per pulse of our laser scanning system     

                              𝐸𝑝𝑢𝑙𝑠𝑒 =  𝑃𝑝𝑒𝑎𝑘𝑝𝑜𝑤𝑒𝑟(𝑊) 𝑥 𝑃𝑢𝑙𝑠𝑒𝑊𝑖𝑑𝑡ℎ(𝑠𝑒𝑐𝑜𝑛𝑑𝑠) 

- Energy per pulse is 0.1nJ < 𝐴𝐸𝐿𝑆𝑖𝑛𝑔𝑙𝑒𝑃𝑢𝑙𝑠𝑒 . 

- Hence Safe – Class 1M criterion met successfully.  

 The MEMS mirror is programable to perform a simple linear raster scan. The input 

parameters include, 

a) Number of lines in the raster scan set to 10. (Range  2-1000)  

b) Points per line set to 2. (Range  2-1000) 

c) Line scan time set to 0.1seconds (Range   0.002 – 1.000 seconds) 

d) Rotation Angle of scan  (0-360°) – No rotation.   

e) X-axis FOV  (−5°) − (+5°) → 20° 𝑡𝑜𝑡𝑎𝑙 𝐹𝑂𝑉 

f) Y-axis FOV  (−5°) − (+5°) → 20° 𝑡𝑜𝑡𝑎𝑙 𝐹𝑂𝑉 

As the mirror scans, the laser pulsed source produces laser pulses at 1MHz PRF (Pulse 

repetition frequency). This is the highest setting possible with the Nano second pulsed laser 

source. Every line in the raster scan is completed in 0.1 seconds. Thus, to cover a field of 

view (20°) the scan rate is 3.4907 radians/second.  

The detector position is fixed at a point within the field of view. We assume that in one 

complete scan the detector is illuminated by exactly one pulse. For this assumption to be 
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true each consecutive pulse from the scanning mirror has to be directed in space such that 

the angular resolution between the two points in space is greater that the radius of the 

detector i.e. 3.5mm. The table below Table.B, computes the region of control, that is the 

distance from the source beyond which the above assumption is valid. Thus for a region of 

control of 1m, the seperation between two points in space illuminated by two pulses 

(seperated by 1𝜇𝑠, i.e. 1 MHz, each line in the scan has 105 points) is 0.00139mm. Hence 

a seperation of 7.0 mm (diameter of the detector)  is obtained after the firing ~ 200 pulses. 

This is the total number of pulses that strikes the detector in each scan (number of pulses 

striking a given point in the FOV in a second). Thus for an 1 second exposure we should 

take into account all these pulses. The calculations below takes into account this factor. We 

set the number of overlapping pulses to 200.  

Case 2) One Second Exposure:  

- AEL for time duration of exposure between 0.35 and 10 seconds (Table 1 

column 8 IEC document) is  

                                   𝐴𝐸𝐿𝑜𝑛𝑒_𝑠𝑒𝑐𝑜𝑛𝑑_𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = 1.8 𝑥 10−2 𝑥 𝑡0.75. 

- For t = 1 second, 

                     𝐴𝐸𝐿𝑜𝑛𝑒_𝑠𝑒𝑐𝑜𝑛𝑑_𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = 1.8 𝑥 10−2 𝑥 (1)0.75 = 18𝑚𝐽 = 0.018𝑊. 

- Total energy accumulated at each point in the FOV in one second is, 

𝐸𝑛𝑒𝑟𝑔𝑦𝑜𝑛𝑒−𝑠𝑒𝑐𝑜𝑛𝑑−𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =  𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒(𝐶𝑎𝑠𝑒 1) 𝑥 𝑛𝑢𝑚𝑒𝑟 𝑜𝑓 𝑝𝑢𝑙𝑠𝑒𝑠.   

- 𝐸𝑛𝑒𝑟𝑔𝑦𝑜𝑛𝑒−𝑠𝑒𝑐𝑜𝑛𝑑−𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =  0.1 𝑛𝐽 𝑥 200 = 0.02 𝜇𝐽 < 𝐴𝐸𝐿𝑜𝑛𝑒_𝑠𝑒𝑐𝑜𝑛𝑑_𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 
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- Thus, the laser scanning system is still within the AEL levels for a Class 

1M laser source.  

Case 3) 10 Second Exposure  

- 𝐴𝐸𝐿10𝑠𝑒𝑐𝑜𝑛𝑑𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒
 

                    1.8 𝑥 10−2𝑥 𝑡0.75𝐽 = 1.8 𝑥 10−2𝑥100.75 = 0.10122𝐽 

- Total signal energy for a 10 second exposure is  

                       200 𝑥 10 𝑥 0.1 𝑛𝐽 = 0.2 𝜇𝐽 < 𝐴𝐸𝐿10_𝑠𝑒𝑐𝑜𝑛𝑑_𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒. 

- Thus, the total signal exposure calculated for a 10 second duration under 

a raster scanning mode is less that the 𝑨𝑬𝑳𝒕𝒓𝒂𝒊𝒏 limit based on the IEC 

calculations.  

As a Class 1M product, it is not intended for use with any products which use 

viewing optics, such as binoculars. As additional precaution, we need to ensure that the 

laser scanning range finder device is used in a controlled environment, with every working 

personal wearing a protective eye gear whilst operation of the device and ensuring that 

nobody enters the field of view of the scanner during operation. Another important safety 

precaution is to put up warning signs (Laser ON etc.)  that needs to be placed around the 

test area. Though the system has been classified as eye-safe and since the power levels of 

the output laser pulses are well within the stipulated limits, for a Class 1M product an 

additional safety feature for the laser source is expected. A laser collimator shutter is 

necessary to close the outgoing pulse channel in case of an emergency or any 

malfunctioning.  
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9.5 PHOTODETECTOR  

       The backscattered signal from the target is collected at the receiver and focused onto 

the detector surface using a focusing lens. The photodetector is the most important 

component in the lidar that helps us detect a target and estimate its depth information from 

the backscatter returns. The choice of a detector is based on the operating wavelength of 

the laser device, the sampling speed or the bandwidth required, the maximum range of 

operation of the lidar system and most importantly the noise characteristics of the detector. 

In this section, we explore each facet in detail and elaborate on the limits set by a chosen 

detector on the sensing operation.  

        The lidar sensors typically use a single pixel photodetector to detect the return signal. 

An array of pixel is more common in applications where returns need to be sampled 

spatially and can be used to assign an angle of arrival for each individual line of sight 

return. A flash lidar or a simple scanning range finder lidar used widely in autonomous 

cars to function as its eyes (perception sensor), uses an array of 16 to 32 detectors to sample 

the entire 360° field of view around the car. The photodetector responds to the scattered 

photons and produces current (A) / voltage (V) proportional to the incident intensity of 

light.  

9.5.1 MODES OF OPERATION 

         The photodetector is a simple semiconductor diode that exhibits a change in its 

characteristic when a photon strikes its surface, for example, the incident photon produces 

an electron-hole pair within the semiconductor. The flow of these electrons produces a 

photocurrent equivalent to the strength of the incident light intensity.  
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   Photodetectors are broadly classified based on their basic mode of operation [72] [73]. If 

the generated free electrons are guided by an applied electric field/potential (Reverse Bias 

Mode) the detector is called a Photoconductive detector and if no external bias (No Bias 

Mode) is applied the detector is called a Photovoltaic detector. Finally, a detector that 

emits free electrons from its surface due to an incident photon is called a Photo-emissive 

detector. The process of photoemission is fundamental to how a solar cell works to harness 

the sun’s energy. The choice of the operating mode is based on our sensing application and 

a thorough evaluation of the different noise sources that contaminate the detector output 

signal. Quantifying the different noise sources that contaminate the signal will help us 

reduce uncertainty in the detecting the true return signal. [74] [75].  

9.5.2 DETECTOR CHARACTERISTICS 

          The incoming photon energy must be above the threshold limit [76] (Semiconductor 

Band Gap) for the semiconductor material to release the electrons and generate an 

equivalent photocurrent. The wavelength of the photon is a direct measure of its energy 

and thus every detector has a specific response curve that characterizes the output of the 

detector as a function of wavelength. The curve, helps us choose the right wavelength for 

our application and ensures a strong detection probability when working within the range 

of frequencies to which the detectors can respond and produce an output current. For 

example, the Indium Gallium and Arsenic (InGaAs) based detector is suitable for 

applications that use wavelengths in the far infra-red (FIR) regime of the electromagnetic 

spectrum, i.e. wavelength greater than 1.4 – 2.0 𝜇𝑚. The most important characteristics of 

a detector are [79] [80], 
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9.5.2.1 RESPONSIVITY 

     The responsivity of a detector is defined as output of the detector per unit watt of input 

optical power. Its units are either Amperes/Watt or Volts/Watt, depending on whether the 

output from the detector is measured in amperes or in volts. It is a function of the 

wavelength of the received signal and is defined as,  

                                                        𝑅(𝜆) =
𝑒𝜂

ℎ𝜈
                                                                (9.1)                                                                                                           

  where ‘e’ is the charge in an electron, ′𝜂′ is the quantum efficiency, ‘h’ is the Plank’s 

constant and ′𝜈′ is the frequency of the photon.  

9.5.2.2 QUANTUM EFFICIENCY 

      The quantum efficiency of a detector is the ratio of the number of electron-hole pairs 

generated for each incident photon. It is a measure of how effectively the incident 

photon/optical energy is converted to an output electric current or voltage of the detector. 

It is defined as,  

                                                                     𝜂 =  
𝑛𝑒 

𝑛𝑝
                                                   (9.2)                                                                                                       

  where 𝑛𝑒 is the number of electrons emitted and 𝑛𝑝 is the number of photons incident 

on the detector.  

9.5.2.3 DETECTOR BANDWIDTH - RESPONSE TIME  

       Every detector has an intrinsic capacitance (junction capacitance ‘C’) and load 

resistance ‘R’. Typically, a detector responds to the incident intensity of light. The detector 
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bandwidth is a direct measure of how fast the detector can respond to fluctuations in the 

intensity. The bandwidth of a detector [73] and the rise time 𝑡𝑟 is defined as,  

                                                 𝑓𝐵𝑊 = 1 (2 ∗ 𝜋 ∗ 𝑅 ∗ 𝐶)⁄                                        (9.3)                                                                                         

                                                            𝑡𝑟 =
0.35

𝑓𝐵𝑊
                                                        (9.4)                                    

        The product of ‘R’ and ‘C’ is termed as the time constant ′ 𝜏 ′ of the detector. It is a 

measure of how quickly the detector output decays after a light source instantaneously 

illuminates the detector. Thus, a small value of ′ 𝜏 ′  results in faster decay and sets the 

bandwidth of the detector to a high value, i.e. a very fast detector. However, a larger time 

constant would result in a lower bandwidth and hence a slower detector. The rise time ′𝑡𝑟′, 

is the amount of time that the output of the detector takes to rise to 90% of its peak output 

from 10% of its peak output. The rise time metric is related to the bandwidth as shown in 

the equation above (Equation 9.4). Ideally a sharp rise time in the current output pulse is 

an indication of a very fast detector that can respond to the incoming optical light.  

9.5.2.4 LINEARITY  

          The output of every photodetector has a lower limit and an upper limit of operation. 

The lower limit is set by the inherent noise characteristics of the detector and the electronic 

circuitry around it. The upper limit, also known as the saturation limit of the detector, is 

the point beyond which there is no corresponding increase in the output of the detector with 

increasing input optical power. The detector needs to be operated within this limit to ensure 

accurate performance. The appropriate region of operation is when there is a linear 

relationship between the input optical signal power and the detector power output.  



196 
 

9.5.2.5 SIGNAL TO NOISE RATIO (SNR) 

            Signal to Noise Ratio or SNR is a metric used to compare the relative strength of 

the signal in background noise. It is defined as the ratio of the signal current to the noise 

current measurements. Equation below is the basic definition in terms of the signal and 

noise current (𝑆𝑁𝑅𝑐).   

                                                           𝑆𝑁𝑅𝑐 =  
𝐼𝑆

𝐼𝑛
                                                            (9.5)                                    

           The incident signal photons, accumulated (time-integrated) over a time duration 𝜏𝑝, 

produces the electron-hole pairs in the detector. Any source that contributes to the 

generation of these electron-hole pairs in the detector material apart from the true signal 

photon is considered a noise source. For example, the most common sources of noise in a 

detector that contributes to the noise current are, dark current, thermal noise and shot noise.   

                                               𝐼𝑛 = 𝑖𝑑 + 𝑖𝑡ℎ + 𝑖𝑠                                                     (9.6)                                                                     

          The dark current or leakage current noise (𝑖𝑑) in a detector arises due to the external 

bias applied (photoconductive mode) to the detector. When operating in the photovoltaic 

mode the strength of the dark current is kept to a bare minimum.  

          Thermal noise or ‘Johnson Noise’ produces free electrons in the detector due to 

random temperature fluctuations. The contribution to the noise current due to these random 

fluctuations is quite small (𝑖𝑡ℎ). By operating the detector and the entire electronic circuitry 

associated with the detector in a temperature-controlled environment and appropriate 
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cooling of other electronic components, the effect of thermal noise can be kept under 

control. 

         Shot noise is the predominant source of noise within a photodetector that arises due 

the discrete nature of the incident photons and emitted electrons. Shot noise produces a 

time dependent fluctuation in the current produced as output from the detector. All other 

sources of noise are considered negligible. Such lidar systems are referred to as shot noise 

limited lidar systems.  

          The number of electrons emitted over the duration 𝜏𝑝 is modeled based on a simple 

Poisson distribution statistic [78] and expressions for each noise source contribution can 

be derived based on their source of generation. The following equations are used widely to 

model the noise contributions due to each noise source. In the following equations, 𝐼𝑑 is 

the mean dark current flow through the circuit, 𝐼𝑠 is the mean detector current produced as 

a response to the incident signal photons and ′𝑅′ is the resistance in the detector circuit 

giving rise to noise [77]. The noise contribution is bandwidth dependent and hence larger 

the bandwidth larger the noise contribution to the true detected signal.  

                                                     𝑖𝑑 = (2𝑒𝐼𝑑𝐵)
1

2                                                            (9.7)                              

                                                    𝑖𝑡ℎ = (
4𝑘𝑇𝐵

𝑅𝑛
)

1

2
                                                             (9.8)                                    

                                                    𝑖𝑠 = (2𝑒𝐼𝑠𝐵)
1

2                                                             (9.9)                                    

    For a simple detector, SNR is defined as,  
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                                                   𝑆𝑁𝑅𝑐 =  
𝐼𝑠

(𝑖𝑡ℎ
2 +𝑖𝑑

2+𝑖𝑠
2)

1
2

                                                (9.10)                                 

          The lidar equation is used to estimate the amount of backscattered laser power that 

reaches the receiver surface. The current 𝐼𝑠 produced by the detector for the calculated 

return laser power incident on its surface can be calculated by using the responsivity of 

the chosen detector.  

9.5.2.6 NOISE EQUIVALENT POWER (NEP) 

          Noise equivalent power or NEP is the amount of incident optical power that produces 

a detector output current equal to the noise current of the detector. The NEP is a measure 

of how sensitive our detector is to sense a weak return signal. A low value of NEP is often 

required to ensure sufficient sensitivity to detect weak Doppler signal from very far away 

ranges along the line of sight.  It is represented in units of watts per square root hertz. NEP 

is defined as,                                                                                                          

                                                            𝑁𝐸𝑃 =
𝐼𝐴

𝑆𝑁𝑅∗𝐵
1
2

                                           (9.11) 

where, ′𝐼′ is the irradiance incident on the detector in watts, ‘A’ is the area of the detector 

in cm2 and ‘B’ is the measurement bandwidth. Ideally, the measurement bandwidth is the 

same as the detector bandwidth. It can be larger than the detector bandwidth depending on 

our sensing application, however the noise contamination is higher for larger bandwidth as 

most noise sources are wide band sources, i.e. noise power contributions are higher at 

higher frequencies.  
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9.6 AVALANCHE PHOTODIODE – (APD) 

        APD are a class of photodetectors [51] that are typically used to detect very weak 

signals. For a lidar applications, a linear mode APD is preferred to help detect signals from 

targets at maximum range. The APD has an internal gain mechanism which attracts users 

for their specific application. For every photon incident on the detector surface a series of 

electrons are produced by an avalanche effect. This is a process where one electron released 

by absorbing the incident photon leads to a chain reaction where more electrons are 

knocked off and an avalanche of electrons are not released and driven out as current 

through the detector circuitry in the presence of an external bias voltage. It is referred to as 

impact ionization in the literature. The detector is said to be working in linear mode when 

the response is proportional to the input optical irradiance. However, it is possible to drive 

the APD at a reverse bias voltage greater than its breakdown voltage where the response is 

non-linear. Such APD’s are commonly referred to as Geiger mode APD’s.  

        However, the gain brings along with it a few disadvantages. Any false trigger due to 

a background photon is also amplified by the APD. It does not have the capability to 

differentiate between the signal photons and the background photons. The responsivity of 

the detector is a function of wavelength and hence any source that produces photons at the 

specific wavelength will trigger an event. Typically, an APD gain is in the order of 20-40. 

There are Silicon APD’s and InGaAs based APD’s. For 1550nm as mentioned in the earlier 

sections, an InGaAs APD is necessary as its responsivity is maximum at this wavelength.  

           Using the lidar equation the total return power 𝑃𝑟𝑒𝑡𝑢𝑟𝑛 can be calculated for a 

given range. The current produced by the receiver APD sensor is given by,  
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                                                  𝑖𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑃𝑟𝑒𝑡𝑢𝑟𝑛  × 𝑅𝑜  × 𝑀                                        (9.12)  

            where ‘M’ is the APD gain and ‘𝑅𝑜’ is the responsivity. 

          This current signal is then converted to a voltage value using a transimpedance 

amplifier. The output voltage is given by,  

                                                          𝑉𝑜𝑢𝑡 = 𝑖𝑠𝑖𝑔𝑛𝑎𝑙  × 𝑅𝑇𝐼𝐴                                        (9.13) 

           The internal gain also adds to the noise in the signal. The major sources of noise in 

an avalanche detector are signal (true signal + background) shot noise, dark current shot 

noise, thermal noise and with an additional amplifier (external) like a TIA will add noise 

to the signal as well. The external amplification noise is the amplifier noise. The most 

dominant noise source for an APD is its shot noise. It has two main components, signal 

shot noise and the dark current shot noise, both these sources are amplified by the internal 

gain. The thermal noise is negligible when compared to these sources of noise. Also, APD’s 

have an excess noise factor that arises from the statistical nature of the impact ionization 

process. It is a measure of the noise in an APD when compared to a noiseless multiplier. 

           The noise current is given by [80],  

                                     𝑖𝑛 = (√2𝑞𝐼𝑑𝑀2𝐹 + 2𝑞(𝑃𝑡𝑜𝑡𝑎𝑙)𝑅𝑜𝑀2𝐹   + 𝑖𝑡𝑖𝑎)𝐵𝑊         (9.14) 

                                              𝐹 = 𝑀 (1 − (1 − 𝑘) (
𝑀−1

𝑀
)

2

)                                      (9.15)  

   where 𝐼𝑑 is the dark current (statistical mean value) and 𝑖𝑡𝑖𝑎 is the noise current from the 

external amplifier (TIA) and 𝐵𝑊 is the bandwidth of the system. The APD has its 
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bandwidth parameter and the TIA has its own bandwidth parameter. The system bandwidth 

would be the smaller of the two, that would be the limiting factor for the whole detector-

amplifier system.   

         The noise-equivalent power for an APD is given by,  

                                                       𝑁𝐸𝑃 (
𝐴

√𝐻𝑧
) =

(
𝑖𝑛𝑜𝑖𝑠𝑒

√𝐵𝑊
)

𝑅𝑜𝑀
                                          (9.16)        

          The NEP of a detector is a measure of its sensitivity. It indicates to the weakest signal 

that it can detect. This specified the maximum range of operation for the lidar prototype. 

Below the results from the MATLAB simulator are shown. The SNR of the return signal 

is an indication of the dynamic range of the signal that can be expected from the 3m to 

150m.  

 

Figure 9.32 APD returns signal peak current Vs range 
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Figure 9.33 Dynamic Range: Signal to Noise Ratio (dB) current Vs range 

 

 

Figure 9.34 Return signal peak voltage Vs range 

 

           Thus, using a Matlab model, the major parameters for the detector can be analyzed. 

The simulation parameters are listed below in table 9.4. An off-the shelf APD-TIA solution 
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was chosen for the prototype. A detailed overview of the component and its performance 

will be discussed in the next chapter, along with details of experimental tests conducted to 

verify the detector performance.    

 

Figure 9.35 Detector Sensitivity – Noise Equivalent Power Vs Range 

 

Table 9.5 Lidar Simulator Parameter 

LIDAR SIMULATOR PARAMETERS 

 

SPECIFICATION 

Peak Power 

 

300 

Target Reflectivity  

 

0.1 (10%) 

Receiver Lens Diameter 

 

0.0254 m 

Extinction Coefficient  

 

0.12/1000 per meter 

Optics efficiency (Transmitter + Receiver) 

 

70%  

Wavelength  

 

1550 nm 

APD Gain (M) 

 

20 

𝑖𝑑 

Dark Current  

1 nA 

𝑖𝑡𝑖𝑎 

TIA noise Current 

25 nA 
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9.7 CONCLUSION 

     The last major component to be chosen to complete the design of a lidar system is a 

timing device. The goal of the timing device is to accurately time the transmitted and 

the received pulses. It is using this time duration between the transmitted and the 

received pulse the range/depth of the target is calculated. Typically, a Time to Digital 

Converter (TDC) is used to precisely time the signals using a very fast counter to the 

order of a few tens of pico-seconds. This corresponds to a range resolution of 15mm. 

Another approach is to use an Analog to Digital Converted (with a TDC), to capture 

the shape and the timing for the peak of the start and return pulses. With the additional 

shape information, the signa detection can be improved and better timing resolution 

will enhance the range resolution of the device. In the next chapter a detailed analysis 

of the TDC unit chosen for the lidar prototype will be evaluated and tested. The details 

of its working and performance will be elaborated.  

          Thus, with all the major components put together, the lidar prototype block 

diagram is as shown below. In this chapter a simple Matlab tool was developed to 

perform trade-off studies to identify the right specifications for the optics used for the 

transmitter and the receiver signals. Identifying the right detector with the necessary 

dynamic range, sensitivity was also completed to ensure that the working range of the 

lidar prototype was within the design specifications. A detailed specification sheet for 

the prototype is shown below in table 9.6.  

          In the next chapter, based on the specification sheet a lidar prototype was built 

using off-the shelf components. Experiments were conducted to understand the basic 

functioning of each component and to quantify its performance metrics. Thus, a white 
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board design of the lidar prototype was built and tested. The analysis and results from 

these experiments will be discussed in detail in the following chapter.  

 
Figure 9.36 LIDAR PROTOTYPE BLOCK DIAGRAM 
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Table 9.6 Lidar Prototype Specification Sheet 

 

 

LASER SOURCE  

 

Pulse Width → 𝟓 − 𝟐𝟎𝒏𝒔 

Peak Power → 𝟐𝟎𝒎𝑾  
PRF → 𝟏𝒌𝑯𝒛 − 𝟏𝑴𝑯𝒛 

 

 

 

 

LASER AMPLIFIER 

 

Erbium Yttrium Doped Fiber Amplifier 

(@ 5ns,750 kHz → 𝟑𝟖𝟏𝑾 𝒑𝒆𝒂𝒌 𝒑𝒐𝒘𝒆𝒓)  

 

 

 

COLLIMATOR 

 

𝜽𝒅𝒊𝒗 → 𝟎. 𝟎𝟏𝟔° 

Diameter → 𝟕𝒎𝒎 

 

 

 

                          MEMS mirror 

 

Diameter → 𝟒𝒎𝒎 

FOV → 𝑿𝑭𝑶𝑽 (−𝟏𝟎°, 𝟏𝟎°), 𝒀𝑭𝑶𝑽 (−𝟏𝟎°, 𝟏𝟎°) 

Average Power Limit ~ 2W 

Scan Speed → 𝒖𝒑𝒕𝒐 𝟏𝟎𝟎𝒓𝒂𝒅/𝒔𝒆𝒄 

 

 

 

APD detector + TIA  

 

Bandwidth → 𝑨𝑷𝑫 (𝟏𝟎𝑮𝑯𝒛), 𝑻𝑰𝑨(𝟕𝟓𝟎𝑴𝑯𝒛) 

𝑹𝒐 → 𝟎. 𝟗𝟓 

APD (Gain) → 𝑴 = 𝟏𝟎 − 𝟐𝟎 

TIA(Gain) → 𝟏𝟐𝟎𝟎𝛀 
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CHAPTER 10 

LIDAR PROTOTYPE TESTING AND CHARACTERIZATION 

 

10.1 INTRODUCTION 

 In the last chapter a ‘laser systems engineering’ approach was used to identify the 

right design parameters for a TOF direct detection lidar system. A detailed specification 

list, from chapter 9, was used to procure off-the shelf components, from a laser source, 

amplifier, detector and the necessary optics for a 2-D scanning lidar system. A series of 

experiments were designed and executed to test the performance of the individual 

components and quantify the overall system biases. Starting with the laser source, 

experiments were designed to understand the best operating conditions for each sub-

component, as stipulated by the component vendor. A comparison of the expectation with 

the actual measurements was necessary to ensure that the components were operating 

within their optimal range.  In this chapter, these experiments will be discussed in extensive 

detail with data collected from each component.  

10.2 LASER SOURCE CHARACTERIZATION  

a. Nanosecond Pulsed Laser Source (NPL) 

The NPL is a high performance compact laser source suitable for the lidar prototype 

design with variable pulsed width and pulse repetition rate. The basic working parameters 

of the laser source are listed in Table 10.1. The pulse width of the laser source can be 

increased in increments of 2.5ns. The pulse width is tunable between 1 kHz and 1 MHz.  
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b. Variable Pulsed Source (VPS)  

The VPS is a bench top laser source that has the capability to provide a 10% seed 

tap (output) from the main optical line to be used for basic tests with the detector (low 

power output line with no risk of any permanent damage to the detector) and receiver lens 

focal length measurements. It is very similar to the NPL and has the same variable pulse 

with and pulse repetition rate settings available. NPL with a very compact size is preferred 

for the lidar prototype over the VPS. The basic working parameters are listed in Table 10.2.  

The first basic test was to ensure that the power output (average power) from the 

laser source was consistent with the MATLAB model developed to estimate the average 

power for a given configuration. The peak power of the pulse output, from both the laser 

sources, is fixed at 20mW. Given the peak power, we use equations from chapter 1 

(Equation 1,2) to calculate the energy per pulse and the average power. The estimated 

average power is compared with the data sheet provided with the VPS laser source from 

the vendor. The output from the NPL is expected to be consistent with the VPS source. The 

table below is a comparison of the data sheet values and the MATLAB model estimates. 

Two distinct data sheets were available for the VPS source and a comparison with both the 

datasheets has been listed in Table.3. The more recent data sheet (from the vendor website) 

agrees well with the MATLAB estimate. It is necessary to keep track of this older datasheet 

(from the vendor) as it might point to a source of error when testing the overall lidar 

prototype in the future.  
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Table 10.1 Nanosecond Pulsed Laser Source Technical Specifications 

 

SPECIFICATIONS 

 

 

DESCRIPTION 

Center Wavelength 

 
1550nm ± 10nm 

Laser Type 

 

Distributed Feed Back Laser (DFB) 

 

Laser Linewidth < 3MHz 

 

Optical Pulse Width 

 

5ns – 1000ns 

 

Pulse Repetition Rate 1 kHz to 1 MHz 

 

Peak Power Output 20 mW 

 

Input Trigger Level (RF in) TTL > 3.5V 

 

Output Trigger RF Type SMA 50 Ohm 

Optical Output Connector FC/APC 

 

 The error between the estimated value and the datasheet value has been tabulated 

in the last column of Table 10.3. Testing the VPS source with the tabulated values will help 

ensure that the laser power is consistent with the expected value. When testing the APR 

detector or any other off-the shelf detectors it is critical to understand the amount of optical 

power output to prevent detector damage and to ensure that the outgoing beam (main output 

line) produces laser pulses with power that is within eye-safe range.   
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Table 10.2 Variable Pulsed Source Technical Specifications 

 

SPECIFICATIONS 

 

 

DESCRIPTION 

Center Wavelength 

 
1550nm ± 10nm 

Laser Type 

 

Distributed Feed Back Laser (DFB) 

 

Laser Linewidth < 3MHz 

 

Optical Pulse Width 

 

5ns – 1000ns 

 

Pulse Repetition Rate 1 kHz to 1 MHz 

 

Peak Power Output 20 mW 

 

Input Trigger Level (RF in) TTL > 3.5V 

 

Output Trigger RF Type SMA 50 Ohm 

Optical Output Connector  

(10% Seed Tap and Amplified Output 

Tap) 

FC/APC 

 

10.2.1 Experiment 1 

 An experiment was setup to measure the output average power. The basic setup of 

the experiment is as shown in the Figure below (Figure 10.1). The VPS laser source has a 

10% seed tap port that extracts 10% of the power from the main optical output line. This 

low optical power channel can be used with the 818-IR photo-detector to measure the 

average power using an optical power meter (Newport 1835-C). The basic detector 

characteristics have been listed in Table 10.4. The optical power meter is calibrated to 

operate with the 818-IR detector. The calibration module has a look up table that is used to 
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estimate the average optical power based on the electric current signal produced by the 

818-IR detector. The optical power meter samples the input from the detector at 25 Hz, i.e. 

25 samples per second and displays the corresponding average optical power in units as 

specified by the user. The ‘ZERO offset’ subtraction key on the front panel of the optical 

power meter is switched ‘ON’ before measurement to set the output value to a default zero 

as reference. The wavelength of the laser is preset within the power meter.  Use the ‘DC 

CONT’ mode to make the measurement. This mode samples the output of the detector at 

25 Hz (preset for this optical meter) and displays the average power in dBm (decibel with 

1mW reference), W (Watts), W/cm2 and A (Ampere).  

Another component used in this setup is the Tap Coupler (99/1 Tap). The tap 

coupler is used to split the input from the laser source to a 99% output line and a 1% output 

line. The optical power limits for the 818-IR requires us to use the 1% tap line from the tap 

coupler with the detector.  

        Table 10.3 Laser Power Output Characterization, MATLAB Estimate Vs Datasheet Values 

 

Pulse 

Width 

Pulse 

Repetition 

Frequency 

Optilab 

Measured 

(Old) 

Optilab 

Measured 

(New) 

Matlab 

Model 

(dBm) 

Abs. Power 

Difference 

𝚫𝑷 

100 ns 10 kHz -23.56 dBm -16.84 dBm -16.9897  6.57 dBm 

100 ns 200 kHz -10.55 dBm -3.82 dBm -3.3974  6.57 dBm 

10 ns 100 kHz -23.46 dBm -14.65 dBm -16.9897  6.47 dBm 

250 ns  100 kHz -9.62 dBm -3.39 dBm -3.01029  6.609 dBm 
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Figure 10.1 Experiment 1 Setup – Block Diagram 

The goal of this experiment was to measure the output from the 10% seed tap line 

of the VPS source and compare the average power measured with the estimate from the 

MATLAB model. It is necessary to ensure that that 10% seed tap line from the source is 

consistent with its expected output. The experiment was repeated for different pulse width 

and pulse repetition rate settings. The results are tabulated as shown in Table 10.6. Thus, 

based on the measurement it is evident that the laser source 10% tap line output is lower 

than the expected output. The corrected tap percentage output is computed and is found to 

be consistent over different operating conditions.   

 

 

 

 



213 
 

Table 10.4 818-IR Photodetector Specifications 

 

SPECIFICATION 

 

 

DESCRIPTION 

Spectral Range 780 nm – 1800 nm 

Power Density 3 mW/cm2 

Pulse Energy 0.35 nJ/cm2 

Calibration Uncertainty 2% @ 911 nm – 1700 nm 

NEP – Noise Equivalent Power 0.6 pW/√𝐻𝑧 

Active Area 0.071 cm2 

 

 The average power density is at 3mW/cm2. Given the area of the detector the 

average power limit for the detector is, 

                         𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟 (𝑀𝑎𝑥 𝐿𝑖𝑚𝑖𝑡) = 3 ×  0.071 →  0.213 𝑚𝑊       (10.1)  

Also, the pulse energy limit has been specified for the detector. It is necessary for 

us to ensure that the pulse energy from the laser source does not exceed this limit. Thus, 

for a given pulse width setting the maximum pulse energy limit for the 818-IR detector is 

given by,  

                         𝑃𝑢𝑙𝑠𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑀𝑎𝑥 𝐿𝑖𝑚𝑖𝑡) =
0.35

15
 ×  𝑝𝑢𝑙𝑠𝑒 − 𝑤𝑖𝑑𝑡ℎ                 (10.2)  
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Table 10.5 (a) PRF 500 kHz Average Power Estimate Vs Average Power Measured 

 

Pulse 

Width 

(ns) 

 

Average Power 

Measured 

 (dBm) 

 

Average Power 

Estimate 

(dBm)  

 

Seed % Output from 

VPS 

Corrected 

5 -50.21 -43.01 1.9056 

10 -47.45 -40.00 1.7989 

20 -44.62 -36.99 1.7257 

40 -41.60 -33.98 1.7296 

80 -38.46 -30.97 1.7820 

 

 

Table 10.5 (b) PRF 750 kHz Average Power Estimate Vs Average Power Measured 

 

Pulse Width 

(ns) 

 

Average Power 

Measured  

(dBm) 

 

Average Power 

Estimate (dBm) 

 

Seed % Output 

from VPS 

Corrected 

5 -48.30 -46.02 1.9721 

10 -45.71 -43.01 1.7902 

20 -42.84 -40.00 1.7333 

40 -39.97 -36.98 1.6782 
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Table 10.5 (c) PRF 250 kHz Average Power Estimate Vs Average Power Measured 

 

Pulse Width 

(ns) 

 

Average Power 

Measured  

(dBm) 

 

Average Power 

Estimate (dBm) 

 

Seed % Output 

from VPS  

Corrected 

5 -52.46 -46.02 2.2702 

10 -50.06 -43.01 1.9726 

20 -47.40 -40 1.8197 

40 -44.48 -36.98 1.7823 

80 -41.55 -33.97 1.7496 

160 -38.45 -30.9691 1.7861 

 

These limits for the 818-IR detector must be kept in mind before switching on the 

laser source. Average density limit is a direct indication of the amount of thermal heat 

generated, during the conversion of the optical power to an electric signal, that the detector 

can dissipate and not cause spurious noise effects on the signal produced and/or damage 

the detector. The pulse energy limit (a surrogate for peak power limit) specifies the 

instantaneous optical input that the detector can accommodate. If exceeded it can damage 

the bonded connection between the diode and the circuit through which the current flows 

and hence damage the entire system. Hence it is critical to make sure these limits are 

carefully observed. 
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10.2.2. EXPERIMENT 2  

The APR detector is the single pixel avalanche photodiode detector with an 

integrated transimpedance amplifier. The detector specifications are listed in Table 10.7 

below. A very important specification from the vendor for the APR detector was the 

maximum input optical power that the detector can handle to work within its safe levels of 

operation. The maximum average power input that the detector can respond to without 

being saturated (where the detector performance deviates from the expected linear 

behavior) is 1mW. For subsequent experiments it was important that the optical power 

output from the laser source was well within this limit to prevent any permanent damage 

to detector. First a measurement from the laser source using the setup described in Figure 

10.1 was used to measure the average output power. A MATLAB script was used to 

compute the main line optical power output and checks for the APR maximum limit 

condition discussed above. 

Table 10.6 APR (APD + TIA) detector Specifications 

SPECIFICATIONS DESCRIPTION 

Wavelength 1300 nm – 1600 nm 

Operational Bandwidth 10 GHz 

AC Transimpedance 1200 Ohm @ 750 MHz bandwidth 

Responsivity 0.9 A/W @ 1550 nm 

Minimum Optical Input -26 dBm 

Maximum Optical Input (Vendor 

Specified) 

0 dBm  1mW 
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Using the measurement from the optical power meter, the input to the tap unit and 

the output from the 99% line (from the tap) can be estimated. If the working conditions are 

safe the MATLAB script provides a go ahead for experiments to test the APR, else, it 

throws an error warning the user of potential damage to the detector.  

The goal of this experiment is to explore the signal path from the APR detector to 

the oscilloscope and compare the TIA gain from the measurements with the gain specified 

in table 10.7. The input optical pulse power is converted to free electrons by the 

photodetector avalanche effect. The output of the detector flows through the 

transimpedance amplifier and the electrical signal is amplified (by converting it to a voltage 

signal) by an amount specified by the AC transimpedance value in table 10.7. The signal 

flow path block diagram is shown below in Figure 10.2.  

 

Figure 10.2 APR receiver signal flow path block diagram 
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 The experimental setup is shown in the Figure below (Figure 10.3). The optical 

pulse from the VPS laser source is input into the TAP device. The 1% line from the tap is 

used to measure the average power output. This is used to estimate the output from the 

99% line and check if the estimated values are within acceptable levels. The 99% line is 

now connected to the collimator that outputs a tight laser beam aligned with the receiver 

plano-convex lens. The lens focuses the incoming optical pulse onto the APD module 

which is amplified by the TIA and the output through a 50 Ohm SMA port is connected to 

an oscilloscope for voltage measurements. The estimated gain for the TIA is calculated as 

the ratio of the output peak voltage from the o-scope to the theoretical input peak avalanche 

photodiode current calculated using the equation below, where 𝑃𝑠 is the peak optical power 

of the pulse, 𝑅 is the responsivity and 𝑀 is the APD gain factor, a measure of the avalanche 

effect due to impact ionization. The measured values and the estimated gain are listed in 

table 10.8. 

 

    𝑖𝑎𝑝𝑑 = 𝑃𝑠  ×  𝑅 ×  𝑀                                                         (10.3) 

 

                         𝑉𝑜𝑢𝑡 = 𝑖𝑎𝑝𝑑  ×  𝑇𝐼𝐴𝑔𝑎𝑖𝑛                                                      (10.4) 

 

 

 



219 
 

Table 10.7(a) TIA Gain Characterization, Responsivity R = 0.9 (A/W), M=10, PRF 500 kHz 

 

Pulse 

Width 

(ns) 

 

Power 

Meter 

(dBm) 

 

Optical 

Power 

Input 

(mW)  

 

Peak 

Optical 

Power 

(mW)  

 

Peak 

Current 

 Output 

(A) 

 

Max 

Voltage 

Output (V)  

 

 

TIA  

Gain Estimate 

 

5 -50.21 9.43e-04 0.3773 0.0036 1.86 516.66 

10 -47.45 0.0018 0.3600 0.0034 2.76 811.76 

20 -44.62 0.0034 0.3400 0.0032 3.56 1112.5 

40 -41.60 0.0068 0.3400 0.0032 3.92 1225 

80 -38.46 0.0141 0.3525 0.0033 3.76 1139.39 

 

Table 10.7(b) TIA Gain Characterization, Responsivity R = 0.9 (A/W), M = 10, PRF 750 kHz 

 

Pulse 

Width 

(ns) 

 

Power 

Meter 

Reading 

(dBm) 

 

Optical 

Power 

Input 

(mW) 

 

Peak 

Power 

(mW)  

 

Peak 

Current 

 Output 

(A) 

 

Max 

Voltage 

Output (V)  

 

 

TIA Gain 

Estimate 

 

 

5 -48.30 0.0015 0.40 0.0038 1.92 505.26 

10 -45.71 0.0027 0.36 0.0034 2.80 823.52 

20 -42.84 0.0051 0.34 0.0032 3.52 1100 

40 -39.97 0.0100 0.333 0.0032 3.84 1200 
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Figure 10.3 TIA Gain Characterization Experimental Setup 

Table.10.7(c) TIA Gain Characterization, Responsivity R = 0.9 (A/W), M = 10, PRF 250 kHz 

 

Pulse 

Width 

(ns) 

 

Power 

Meter 

Reading 

(dBm) 

 

Optical 

Power 

Input 

(mW) into 

Collimator 

 

Peak 

Power 

(mW)  

 

Peak 

Current 

 Output 

 

Max Voltage 

Output (V) 

(Oscilloscope 

200MHz) 

 

 

TIA 

Gain 

Estimate 

5 -52.46 5.6187e-04 0.4495 0.0043 1.92 446.511 

10 -50.06 9.7642e-04 0.3906 0.0037 2.80 756.75 

20 -47.40 0.0018 0.3600 0.0034 3.60 1058.82 

40 -44.48 0.0036 0.3600 0.0034 3.92 1152.94 

80 -41.55 0.0069 0.3450 0.0033 3.92 1187.87 

160 -38.45 0.0141 0.3525 0.0033 3.76 1139.39 
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The gain of the TIA was estimated for several different operating conditions. The 

estimated TIA gain closely aligns with the expectation. At very low power levels, 

specifically below the detector sensitivity levels the TIA gain is observed to deviate from 

the expected gain. Thus, it is validation that the APD-TIA (a single component) module 

gain is consistent with the gain from the datasheet. The overall bandwidth of the system is 

however restricted to the lower of the two-independent bandwidths i.e. bandwidth of the 

APD and the TIA. 

10.2.3 EXPERIMENT 3  

 A continuous wave laser source can be used to align the single pixel APR detector 

behind the receiver lens at its focal point. A continuous wave distributed feedback laser 

diode is used to generate optical signal at required power levels. A laser diode driver circuit 

supplies the necessary current to the DFB diode. The driver current can be controlled by 

the user by using the control knob on the front panel of the DFB laser source. As discussed 

previously the maximum optical input for the APR detector is 1mW. Thus, it is necessary 

to ensure that the output of the CW laser source is within the stipulated limit. Table 10.8 

lists the DFB CW laser source specifications.  
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Table 10.8 DFB CW Laser Source Specifications 

SPECIFICATION DESCRIPTION 

Wavelength 1550 nm 

Maximum Output Power 2mW 

 

 The CW laser source output is connected to the 99/1 Tap component. The 1% line 

of the tap is used to measure the output power using the 818-IR photodiode and the optical 

power meter. Using the 1% line output the 99 % tap line output is estimated.  

For the setup shown in Figure below (Figure. 10.4), the 99% tap line output should 

be less than 1mW (Critical Value), i.e. the 1% tap line should read a value less than 

10.101 𝜇𝑊. Thus, the CW laser source knob setting can be incrementally turned to 

increase the drive current and the optical signal power level. The output power levels 

should be monitored using the 1% tap line and made sure that the optical power output 

through the 99% line that guides the light through a collimator is within acceptable power 

levels. The output of the collimator is then aligned with the receiver plano-convex lens and 

focused onto the APD detector. For a CW laser source, the output of the APD will be a DC 

voltage signal when viewed on an o-scope. With a higher optical output, the DC voltage 

will increase correspondingly.  
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Figure 10.4 DFB CW Laser Source test setup. 

The above experiments can be used to safely align the APR detector behind the 

receiver lens (Figure 10.8). Figure below demonstrates the lab setup for the same (Figure 

10.5). The collimator produces laser beams (parallel optical rays) which when incident on 

the convex side of the plano-convex lens is focused on the focal point behind the lens. The 

detector is mounted on a PCB board that is setup on an X-Y-Z precision stage for precise 

positioning and fine adjustments (Figure 10.6). Adjusting the precision stage positions the 

detector for maximum overlap with the laser spot formed by the lens at its focal point. The 

output peak voltage measured using the oscilloscope can be used to identify the best 

operating point.  
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Figure 10.5 APR alignment test setup, RED LINE  Optical Beam Path 

For any given lens its focal point can be identified by using the same setup 

described above. An infra-red (IR) card is required to visually track the laser spot behind 

the lens. A simple setup is shown below in Figure 10.7. The IR card is moved back and 

forth to identify the tightest spot behind the plano-convex lens. Ideally the lens is expected 

to focus the incoming beam to a point at the focal point. However, the focal point has a 

laser spot with a definite size. Typical spot size is to the order of a few hundred micrometers 

in diameter. 
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Figure 10.6 APR PCB board on X-Y-Z precision stage 

 

Figure 10.7 Measuring Focal Length of the Receiver Plano Convex Lens 
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               Figure 10.8 Single Pixel APD behind the Plano-Convex Lens 

10.3 LIDAR TRANSMITTED (START) PULSE CHARACTERIZATION  

 For a time of flight (TOF) lidar, the timing device calculates the time difference 

between a start signal and a stop signal. In this section the focus is on the start signal. For 

the lidar prototype described in the last chapter, there are two sources for the system start 

signal, a) NPL trigger out port and b) EYDFA – Erbium-Yttrium-Doped-Fiber Amplifier 

(1%) tap port. The NPL source was discussed in the previous section. It uses a built-in 

photodiode that uses a fraction of the optical pulse power to produce an RF (Radio 

Frequency) analog signal as shown in the Figure below (Figure 10.9). The negative dip in 

the signal is an artifact introduced by the detector built in to the NPL device.   
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Figure 10.9 Transmitted Pulse/Start Pulse from NPL source 

 The EYDFA is a fiber amplifier that is used to step up the optical power of the 

transmitted pulse. The EYDFA is fine tuned to provide the required peak power and the 

average power values stipulated in the lidar specification sheet presented in the last chapter. 

The table below (Table 10.9) shows the peak and the average power values for different 

NPL settings. 
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Table 10.9 EYDFA Output Laser Peak and Average Power Measurements  

No.  Pulse Repetition 

Rate 

 

Pulse Width Peak Power  

(W) 

Average 

Power (dBm) 

1. 750 kHz 5 ns 391.71 31.67 

2. 750 kHz 7.5 ns 266.61 31.76 

3. 750 kHz  10 ns 201.34 31.79 

4. 1 MHz 5 ns 291.09 31.63 

5. 1 MHz 7.5 ns 194.51 31.64 

6. 1 MHz 10 ns 147.23 31.68 

 

The laser pulse from the NPL is input into the EYDFA through an optical fiber. 

The optical pulse is amplified by the EYDFA and the output signal is connected to the 

collimator to be transmitted into the atmosphere. The EYDFA has 1% tap port that uses 

1% of the amplified output to be used as our start signal. The optical output from the 1% 

port is still a very high power optical signal and needs to be attenuated before it is fed into 

a photodetector to be converted to an analog signal. A variable optical attenuator (VOA) is 

used to attenuate the signal. A PIN photodetector with a transimpedance amplifier (TIA) is 

used to convert the optical signal after the VOA into an analog voltage signal. The 

characteristics of the PIN photodetector are listed in the table below (Table 10.10).  
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Table 10.10 PIN Photodetector Characteristics 

SPECIFICATION DESCRIPTION 

Wavelength Range 1250 – 1650 nm 

Bandwidth 10 GHz 

Optical Input Level + 3dBm Maximum 

Responsivity 0.85 A/W @ 1550nm 

Transimpedance Gain 2000 Ohm 

 

10.3.1 Experiment 1 

 The attenuation of the VOA patch cord can be quantified using a simple 

experimental setup as shown below (Figure 10.10). The output from the EYDFA 1% tap 

is input into the VOA patch cord. The output of the VOA patch cord (after an unknown 

attenuation) is input into the tap component (as used in the previous sections). The 1% tap 

from the tap component is used as input to the 818-IR detector. The output of the 818-IR 

detector is read using the optical power meter calibrated exclusively for this detector. Give 

that the output from the EYDFA 99% port is known, optical power input to the VOA 

(position A in Figure 10.10) can be estimated. The optical power meter reading is used to 

estimate the optical power at the output of the VOA patch cord (position B in Figure 10.10). 

Thus, the amount by which the VOA attenuates the optical  
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Figure 10.10 VOA Patch Cord Characterization Experimental Setup 

signal can be calculated following these steps. The table below (Table 10.11) tabulates the 

estimates for different operating conditions, i.e. pulse width and pulse repetition rates. The 

VOA patch cord attenuation levels will remain the same for different operating conditions. 

This is evident from the calculations and the tabulated values in the table below (Table 

10.11). The peak and the average power corresponding to the set pulse width and the pulse 

repetition rate can be found in Table 10.10. 

Table 10.11 VOA Patch Cord Attenuation Levels 

Operating 

Condition 

Power Level 

@ B (mW) 

Power Level 

@ A (W) 

Attenuation 

(mW) 

VOA Level 

(dBm) 

5ns/750 kHz 0.0004841 0.04841 1467.95 31.67 

10ns/1 MHz 0.0005058 0.05058 1471.94 31.67 

 

 The output from the PR-10 detector is as shown in Figure 10.11. The major 

characteristics of the start pulse are its rise time, width and the peak voltage output as 
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measured using an oscilloscope (Table 10.12). We observe that the pulse is asymmetric 

and has a longer tail. The fall time of the pulse. i.e. the time it takes for the voltage to drop 

from 90% of its peak value to 10% of its peak value, depends on the characteristic time 

constant of the detector. The time constant of a detector is a function of the product of the 

detector junction capacitance and the shunt resistance across which the output voltage is 

read. A longer tail implies a longer time constant. Thus, it is an inherent characteristic of 

the detector that depends on the type of the detector i.e. avalanche photodiode or a PIN 

diode etc.  

 

Figure 10.11(a) EYDFA Start Signal Characteristics, Rise Time 
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Figure 10.11(b) EYDFA Start Signal Characteristics, Pulse Width 

 

Table 10.12 EYDFA Start Pulse Rise Time and Pulse Width (FWHM) 

 

SETUP 
Laser Pulse Width 5ns, 

 PRF – 500,000 Hz  

 

 

AMPLITUDE 

 

 

RISE TIME 

 
Experimental (O-scope) 0.304 V (Peak) 3.0208 ns (Theory ~ 3.5ns) 

 

10.4 LIDAR RETURN (STOP) PULSE CHARACTERIZATION  

 The transmitted signal through the collimator, propagates through free space and 

interacts with obstacles on its path. The incident optical power is scattered by the target. 

The receiver lens captures the scattered photons and focuses it onto a single pixel APD 

detector. The APD detector with a very high bandwidth is required to accurately capture 

the rise time of the return pulse. The output of the detector is further amplified and 

converted to a voltage signal using a transimpedance amplifier (TIA) (Figure 10.12). This 
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amplified return signal is the stop signal for the lidar prototype. In this section the 

characteristics of the return signal will be explored in detail. 

 

Figure 10.12 APR return signal @ 500 kHz PRF, 5ns Pulse Width, Target Range – 6 ft (1.83m) 

The strength of the return signal, as discussed in chapter 9, is a function of the target 

range, the orientation of the target, the reflectivity of the target and the efficiency 

parameters of the optics used in the lidar prototype. Using a Matlab model, the expected 

return signal power levels can be estimated and thereby the voltage output from the o-scope 

can be predicted. However, the target reflectance is unknown, and the orientation of the 

target is random which makes estimating the return power difficult. For a target at 6 feet 

from the laser collimator and the laser source setting at 5ns pulse width and 500 kHz pulse 

repetition rate the return signal captured using the oscilloscope is shown in the Figure10.13 

(previous page). 
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Figure 10.13 APR return signal flow path block diagram 

 

The ringing effect seen in the Figure 10.12 is because of an impedance mismatch 

in the signal flow path. The Figure below (Figure 10.13) describes the signal flow path 

with the known resistance along the flow path. The APR output is received through a 

50Ω  SMA port. A 3 Ft co-axial cable, with a 50Ω impedance, or a RF cable with 50Ω 

cable impedance, is used to read the signal from the APR board. The output from the cable 

is connected to an oscilloscope with a 1𝑀Ω input impedance. This results in an impedance 

mismatch that restricts the flow of electromagnetic energy (EM) and causes a portion of 

the EM energy to bounce back and forth at the oscilloscope input. The ringing effect is an 

indication of an impedance mismatch issue. To ensure smooth flow of the EM waves, a 

50Ω terminating resistor is used to connect the co-axial cable to an oscilloscope. The 

terminating resistor is in parallel with the input impedance of the oscilloscope and thus 

ensures an effective resistance of ~ 49 Ω. The return signal measured using the oscilloscope 

with the appropriate terminating resistance is as shown below (Figure 10.14).  
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Figure 10.14 APR Return Signal, NPL @ 500 kHz PRF, 5ns Pulse Width (with terminating    

               resistance) 

 

 

 

Figure 10.15(a) APR Return Signal, Rise Time  8.08ns 
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Table 10.13 APR Stop Pulse Rise Time and Pulse Width (FWHM) 

 

SETUP 

Laser Pulse Width 5ns, 

PRF – 500,000 Hz 

 

 

AMPLITUDE 

 

 

RISE TIME 

 

Experimental (O-scope) 1.5 V (Peak) 8.08 ns 

 

 The rise time, pulse width (FWHM) of the return signal from the APR (as shown 

in Figure 10.15(a) and 10.15(b) and the amplitude of the return signal are the key 

characteristics of the return signal. The rise time of the return signal and the peak amplitude 

of the return signal are tabulated in table10.13 above.  
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Figure 10.15(b) APR Return Signal, Pulse Width  26.04 ns 

 

10.4.1 LIDAR WEAK RETURN SIGNAL 

 For the same target range, the lidar prototype can register a weaker signal due to 

factors like target reflectivity, poor field of view alignment and/or most importantly target 

orientation. For example, a test target was placed at almost the same distance from the laser 

collimator. The test target was a black cardboard with an aluminum foil taped to the board. 

Aluminum foil unlike the previous target (a metal door) is not a perfect diffuse reflector. 

As discussed with the lidar equation derivation in the last chapter, an assumption in 

deriving the lidar equation was that the target was Lambertian i.e. a diffuse target. In 

addition to the target surface structure, the orientation of the board was no longer 

perpendicular to the incident laser beam. This drastically reduces the amount of returns. 

The APR return signal for the target at 6 ft. range is shown below (Figure 10.16).  
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Figure 10.16 APR return signal tilted aluminum board. 

 

 APR return signal data was collected using an oscilloscope for 30 minutes. During 

the data logging process, a spurious signal was observed at random time instances, 

sometime close to the return signal and sometimes manifesting as additional dominant peak 

in the 2500 samples per-frame that the oscilloscope captured (Figure 10.18(a)). These 

random events were captured in the data set for analysis and post processing in Matlab. 

The spurious peaks in the data sample is shown in the Figure below (Figure 10.18(b)). The 

peak of the return signal was measured to be consistently at 350mV.  

However, due to these random events, a similar peak was observed (Figure 

10.18(b)), or the spurious peak voltage was observed to be closer to the true return as the 

artifact aligned partially and occurred at the same time instant. These artifacts show up 
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when the return signal power is very low. To study these spurious noise source is the next 

step in characterizing the return signal for the lidar prototype.  

 

Figure 10.17 Lidar prototype aluminum foil test target 

 

 

Figure 10.18(a) APR return signal tilted aluminum board with spurious noise signal. 
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       Figure 10.18(b) APR return signal tilted aluminum board with spurious noise signal (partially    

       aligned). 

 

10.5 LIDAR PROTOTYPE NOISE SIGNAL ANALYSIS  

 As discussed in the previous chapter, there are many sources of noise that 

contaminate the return signal detected by the APD detector. The return signal is typically 

contaminated by the background photons and the random noise sources from within the 

receiver system. The lidar prototype designed to operate within a controlled laboratory 

environment, was susceptible to both these sources of noise. To measure noise from the 

environment, the laser collimator is closed, and no laser pulse is transmitted out into the 

free space. With the laser source ‘OFF’, the signal output from the APR is measured using 

the oscilloscope. The major source of external light were 4 halogen lamps in the lab. The 

APR output signal was measured with the light source ‘ON’ and ‘OFF’. No change was 

observed in the output signal. Thus, the noise from the background photons can be 
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neglected and their effect on the return signal is negligible. The major of noise as observed 

in the previous section is expected to be from the receiver i.e. detector-amplifier system.  

 The noise signal, in the absence of a transmitted laser pulse, was measured using 

the oscilloscope and the data collected for post processing. The noise signal is shown in 

the Figure below (Figure 10.19). The noise signal as observed from the measurement has 

a structure and is not random. The time of occurrence however, is random as observed with 

the true returns expected from a known target at a known distance. The power spectrum of 

this noise signal captured is shown in Figure 10.20. The bandwidth of the oscilloscope used 

to measure the return signal is 50 MHz. Thus, examining the power spectrum (one-sided) 

plot, the noise signal has a few dominant modes at frequencies less than 10 MHz and tapers 

off at higher frequencies.  

 

Figure 10.19 Averaged noise signal acquired by the oscilloscope from the APR. 
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       Figure 10.20 One-sided noise signal power spectrum. 

 

To track the time of occurrence, which was assumed to be random, the noise signal 

is collected over a coarser time resolution and over a longer time duration using the 

oscilloscope. Multiple events are recorded by the oscilloscope as shown in the Figure 

below (Figure 10.21). 

The temporal separation between multiple events are shown in the Figure 10.21. 

The noise events are separated by approximately ~ 0.015ms. This corresponds to a 

frequency of 60 Hz. Thus, by analyzing a longer duration of the noise signal floor, the 

lower frequency content can be extracted from the signal with a higher frequency 

resolution. The assumption that the events occur at random instances is incorrect and the 

specific pattern that produces this noise artifact (Figure 10.19) can be attributed to the 60 

Hz, 110 V power supply used to provide the necessary bias voltage for the APD detector 

(12V) and the rail voltages from amplifier (±5V).  
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Figure 10.21 Noise events captured over a longer time duration. Each event separated by 

~15ms  60 Hz 

 

   To better characterize the noise events and its statistical properties, the noise signal 

as shown in Figure 10.19 is collected over a duration of 30 minutes. The collected data is 

used to produce a histogram of the noise voltage values. The histogram of the data set is as 

shown below in Figure 10.22. The distribution has a clear peak near 0V and has a spread 

across the peak. To check for normality, the skewness and the kurtosis of the ensemble 

averaged noise signal (data collected over 30 minutes) is used to validate our gaussian 

assumption for the noise signal from the APR. From central limit theorem, given that each 

individual realization is independent and each sample in a given realization is produced by 

a physical process that ensures each sample to be independent of each other (the sample 

distribution is not important), the ensemble average of all the realizations (data collected 

over 30 minutes) is used to calculate the skewness and kurtosis, tabulated in table 10.14.  
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Table 10.14 Normality Tests 

Statistic 

 

Normality Expectation Estimate 

Skewness 0 0.7647 

Kurtosis 3 2.8694 

  

The skewness and kurtosis values expected for a normal distribution is typically 0 

and 3 respectively. From the tabulated values each noise realization can now be safely 

characterized as noise samples derived from a gaussian distribution with mean and variance 

tabulated in table 10.15. Thus, the noise variance of the output of the APR in the absence 

of a signal is computed and can be used to set the appropriate threshold for the timing 

device, a Time to Digital Converter, discussed in the next section.  

 

Figure 10.22(a) Noise Signal Histogram 
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Figure 10.22(b) Noise Signal PDF 

 

Table 10.15 Noise Signal probability density function parameters, 𝝁  Mean and 𝝈𝟐
Variance 

PARAMETER ESTIMATE 

Mean (𝜇) in Volts −5.115 × 10−4 

Variance (𝜎2) (Volts2) 1.916 × 10−4 

 

10.6 TIME TO DIGITAL CONVERTER (TDC – Texas Instruments TDC 7201)  

 In the previous sections, the start and the stop signal from the lidar prototype have 

been measured and characterized. The rise time, pulse width, peak voltage and the most 

importantly the noise characteristics of stop signal have been estimated for a known target 

distances. Now, the task is to accurately time the transmission of the start pulse and the 

arrival of the received pulse. In this section a timing solution from Texas Instruments (TI) 

will be discussed in detail. The TDC was integrated with the lidar prototype to start 
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measuring the time of flight. The time of flight estimates for a known distance will be 

compared with the estimates from the oscilloscope and the true range measured using a 

standard tape measure.  

10.6.1 TI TDC-7201 – Operational Features  

 The Texas instruments TDC-7201 is an off the shelf timing solution that can be 

controlled using a microcontroller, specifically (MSP 430). The TDC solution comes with 

a graphical user interface that is very straightforward to run on any standard windows 

operating system. This specific TDC solution has two independent TDC in the IC. Each 

TDCx (x = 1,2) has its separate start and stop channels. The start signal will be fed into the 

START port on the TDC-x and the return signal from the APR will be connected to the 

STOP port of the TDCx. Figure 10.23.  

 

 

Figure 10.23 TDC7201 EVM – Evaluation Board from Texas Instruments 
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 The TDC board is powered by the microcontroller board. The microcontroller 

settings and the TDC settings can be set by the user using the GUI. The performance of a 

TDC is gauged based on its timing resolution. The timing resolution for the TDC 7201 is 

rated at 55𝑝𝑠 i.e. the TDC can provide a range resolution to the order of few millimeters. 

The TDC unit uses a clock rated at 8MHz. Thus, a clock period is 125𝑛𝑠. Each TDC has 

a course counter and a fine counter that keeps track of how many clock periods have been 

completed and how many sub-division within a clock period have been counted for 

between a start and a stop signal arrival (Figure 10.24). A ring oscillator for each TDC is 

entrusted with this task. Thus, despite having a very course clock, the TDC is capable of 

measurements down to a fraction of a nano-second. The TDC undergoes an internal 

calibration after a user specified time duration (typically 10 measurements) to address the 

issue of clock drift over time, jitter and effect of temperature. 

Each TDC has two modes of operation a) Mode 1 (Short Range) and b) Mode 2 

(Long Range). Mode 1 setting is used to measure time of flight between 12ns to 2000ns. 

This translates to 1.8m to 300m in range. Mode 2 setting is used to measure time of flight 

between 250ns to 8ms,  

 

Figure 10.24 TDC Measurement Technique – Basics, STARTx and STOPx (x = 1,2) are the  

              start and stop signals for TDCx (x = 1,2). 
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i.e. 37.5m to 120 x 104m. Another additional mode that is available with this TDC uses 

both the TDC’s (x = 1,2) simultaneously to measure time between 0.25ns to 8ms. It is 

referred to as the combined mode of operation in the literature. 

The START and the STOP signal are input into the TDC through a standard 50Ω 

SMA female connector on the TDC board. These analog signals are connected to one of 

lead of a Schmitt comparator. The other lead of the comparator is connected to a reference 

voltage. The reference voltage is also referred to as the threshold voltage in lidar literature. 

The incoming signal (start or stop) voltage is compared with the threshold voltage to 

produce a mixed signal i.e. analog signal with digital like values a high value (i.e. bit  1) 

when greater than the threshold and a low value (i.e. bit  0) when lower than the 

threshold. At the exact moment when the signal voltage value is greater than the threshold 

the course counter value and the ring oscillator counts are captured and stored in the local 

memory registers. These values are retrieved for the TOF computation between the START 

and the STOP signals.  

A simple block diagram illustrating the major components inside the TDC is shown 

in the Figure below (Figure 10.25).  
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           Figure 10.25 TDC Basic Block Diagram 

 

The TDC also specifies requirements on the rise time and the pulse width for both 

the START and the STOP signals. The two input signals require their rise time to be within 

1ns – 100ns. The fall time of the two signals is also required to be within 1ns – 100ns range. 

Similarly, the pulse width requirements for both the START and STOP signals is set at 

10ns. The comparator reference voltage is preset at 1V. Thus, the START and STOP signal 

voltage peak values must be greater that the threshold to start making measurements. The 

maximum input signal voltage is restricted to 3.3V to ensure that the input signals do not 

damage the circuit. These requirements are necessary for the TDC to perform and meet the 

accuracy and uncertainty metrics as stipulated in the datasheet. Using a waveform 

generator, the two modes have been studied to estimate the accuracy and the uncertainty in 

the TOF estimate by the TDC.  
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10.6.1.1 Experiment 1 

Two signals, a START and STOP signal is generated using a waveform generator. 

The START signal is a pulse with a repetition rate of 40 kHz, the peak voltage is set at 

3.3V and the duty cycle is set at 20% (i.e. 5𝜇s pulse width). The START pulse in a typical 

lidar system is drawn from the laser source. Hence, it is safe to assume that the START 

signal voltage is a constant given that the laser source is robust and can produce these 

START pulses with very high repeatability. The STOP signal however can vary in voltage 

as it is a function of range. In this first experiment the performance of the TDC is evaluated 

for measurement mode 2, with a preset TOF at 300ns.   

   

  The accuracy and the uncertainty of the TOF estimate are the performance metrics 

evaluated. The STOP signal voltage is varied from the maximum rating allowed on this 

evaluation board, 3.3V, to the lowest possible voltage beyond which the accuracy of the 

TOF measurement is very low. This lower limit can be estimated by running multiple 

experiments at different peak voltage levels. The plots show the accuracy and precision for 

the TDC board operating in Mode 2. Both accuracy and precision improve with higher 

voltage returns. The measurement accuracy is a measure how close my TOF estimate is 

with the true TOF and the precision a measure of how repeatable the measurement is for 

the given mode of operation (Table 10.16). As the peak voltage varies the time instant at 

which the pulse amplitude crosses the comparator threshold changes. This is referred to as 

‘Walk Error’ (Figure 10.28). Thus, a table can be created to keep track of the error in the 
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measurements for different voltages (for a known TOF) and can be used to compensate for 

walk error. 

 

Figure 10.26(a) TDC Measurement mode 2 Accuracy, TOF  300ns 

 

 

Figure 10.26(b) TDC Measurement mode 2 Precision, TOF  300ns 
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Table 10.16 Measurement Mode 2 Accuracy and Precision 

 

TEST PARAMTERS 

(40 kHz, 20% Duty 

Cycle) 

 

ACCURACY 

 

PRECISION 

Peak Voltage  3.3 V 7.61 ns 0.31 ns 

Peak Voltage  3 V 15.58 ns 0.36 ns 

Peak Voltage  2.5 V 34.49 ns 0.42 ns 

Peak Voltage  2.0 V 78.95 ns 1.14 ns 

Peak Voltage  1.75 V 158.81 ns 0.93 ns 

 

10.6.1.2 Experiment 2 

 Two signals, a START and STOP signal is generated using a waveform 

generator. The START signal is a pulse with a repetition rate of 40 kHz, the peak voltage 

is set at 3.3V and the duty cycle is set at 20% (i.e. 5𝜇s pulse width). The START pulse in 

a typical lidar system is drawn from the laser source. Hence, it is safe to assume that the 

START signal voltage is a constant given that the laser source is robust and can produce 

these START pulses with very high repeatability.  
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Figure 10.27(a) TDC Measurement Mode 1 Accuracy, TOF  30ns 

 

The STOP signal however can vary in voltage as it is a function of range. In this 

first experiment the performance of the TDC is studied for measurement mode 1, with a 

preset TOF at 30ns. The accuracy and the uncertainty of the TOF estimate are the 

performance metrics (Table 10.17) evaluated. The STOP signal voltage is varied from the 

maximum rating allowed on this evaluation board, 3.3V, to 1.75 V beyond which the TDC 

is incapable of provides TOF estimates. 

 

Figure 10.27(b) TDC Measurement Mode 1 Precision, TOF  30ns 
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Table 10.17 Measurement Mode 1 Accuracy and Precision 

 

TEST PARAMTERS 

40 kHz, 20% Duty Cycle 

 

 

ACCURACY 

 

UNCERTAINTY/ 

PRECISION 

Peak Voltage  3.3 V 

 

2.79 ns 0.12 ns 

Peak Voltage  3 V 

 

14.64 ns 0.11 ns 

Peak Voltage  2.5 V 

 

41.61 ns 0.23 ns 

Peak Voltage  2.0 V 

 

82.53 ns 0.29 ns 

Peak Voltage  1.75 V 

 

181.35 ns 1.77 ns 

  

The stop signals generated using a waveform generator for different peak voltages 

are shown in the Figure below (Figure 10.28). The plot below reiterates the fact that for 

different peak amplitudes, the cross over time for each pulse with respect to the reference 

voltage for the comparator is different for different peak voltage signals. This introduces 

inaccuracies in our measurements. Since the strength of the return signal is unknown it is 

harder compensated for these effects using a standard TDC solution.  

 In general, the start signal timing depends on the waveform generators capability 

to produce a pulse consistently at the specified repetition rates. Any fluctuation in the 

amplitude of the signal produces will add to the error in timing the start pulses as well. 

These error sources in addition to the clocks jitter, drift over time and temperature adds to 

the timing inaccuracies. The return signal from the target can be very noisy due to the target 
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surface structure, atmospheric turbulence induced speckle effects etc. Fluctuations in the 

signal amplitude due environmental and system level noise sources will result in timing 

inaccuracies. 

 The above two experiments attempt to calculate the error and the precision of the 

TOF estimate using a standard waveform generator.  

 

Figure 10.28 TDC Walk Error – Effect of Pulse Peak Amplitude on TOF 

 

10.6.2 INTEGRATING TDC-7201 WITH THE LIDAR PROTOTYPE 

 The next step is to use the start and the stop signals from the lidar prototype as 

inputs for the TDC-7201 introduced in the previous section. The start and stop signal 

characteristics have been explored in detail in section 10.3 and 10.4 respectively. From the 

TDC analysis it is evident that the timing performance deteriorates as the return signal 

amplitude decreases. Using the lidar equation, it is expected that the return power from the 
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target decreases with target range i.e. (1/𝑅2) dependence. Hence, we restrict the use of the 

TDC to measure TOF for targets within a few meters from the lidar collimator. In the 

following experiment a target is place at a known fixed distance, i.e. known range, and the 

TOF is evaluated using both and oscilloscope and the TDC7201 module. The accuracy and 

precision of the TDC TOF estimate is used as a metric to evaluate the performance of the 

lidar prototype as a simple range finder.  

10.6.2.1 EXPERIMENT – LIDAR PROTOTYPE + TDC7201 INTEGRATION 

 The basic setup for the experiment with a known target at a fixed distance from the 

lidar prototype is as shown below in Figure 10.30. A waveform generator is used to control 

the laser source and synchronize its operation with the TDC7201 module. The TDC7201 

module is controlled through a microcontroller. The operational settings for the TDC is set 

by the user through the GUI provided.  

 

Figure 10.29 Integrating TDC7201 with Lidar Prototype – Experimental Setup 
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 The TDC module is preset to make measurements every second. This means that 

the TDC module with its microcontroller that powers it, provides a trigger signal every 

second. The trigger from the TDC board is fed into a waveform generator. The waveform 

generator produces a pulse train as soon as it receives the trigger from the TDC. The pulse 

train peak amplitude and the duty cycle are specified by the user through the waveform 

generator. The pulse train from the waveform generator is input into the laser source RF 

input channel to produce 20mW peak power pulses. The output of the laser source is 

amplified and transmitted using a collimator. The RF output channel from the laser source 

is used as the start signal for the TDC. The returns from the target, collected by the APR 

receiver module, is used as the stop signal for the TDC.  

The waveform generator can produce, pulse at 1MHz repetition rate with an 

adjustable duty cycle. For this experiment the settings of the waveform generator (Analog 

Digilent version 2.0) is described in table 10.18. A standard TTL signal can be used as 

input to the laser source to produce optical pulses. The input signal is provided by the 

waveform generator. Simultaneously, using the RF out channel generates an analog start 

signal for the TDC START port. When operating in this mode, the laser source pulse width 

is restricted to a minimum of 50ns and can be incremented in steps of 10ns (i.e. 60, 70, 80 

etc..). Thus, for this experimental setup, the pulse width was set at 50ns and the pulse 

repetition rate was set at 500 kHz. Thus, the duty cycle % setting for the waveform 

generator was set at 2.5%. The waveform generator triggers the laser source to produce 

500k pulses in a second. After completion, the waveform generator waits for the next 
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trigger to arrive from the TDC board to instruct the laser source and produce the next set 

of 500k pulses. 

Table 10.18 Waveform Generator Characteristics 

SPECIFICATION DESCRIPTION 

Square Pulse Peak Amplitude 

 

4V 

Pulse Repetition Rate 

 

500 kHz 

Duty Cycle % 

 

2.5% (50ns) 

Trigger Mode 

 

External (From the TDC7201 module) 

 

The optical amplifier has an internal delay that needs to be estimated. The time 

difference between the pulse output from the laser source and the tap output from the 

amplifier was measured using the o-scope. The time instant at which the two signals cross 

above a specified threshold (half the maximum voltage of the corresponding signal) is used 

to estimate the time lag between the two signals. The time delay was estimated to be 223.33 

ns (Figure 10.30) 
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Figure 10.30 Laser Source Pulse Signal (Top) and Amplifier Tap Signal (Bottom) 

 

The TDC parameters for this experiment are as follows. Measurement mode 2 was 

the ideal choice given that the internal lag in the amplifier is greater than 200 ns. The 

leading-edge detection technique is used to time the start and the stop pulses. The clock’s 

calibration frequency is set to 10 clock periods, i.e. the clock is calibrated after every 10 

clock cycles. The TDC module can make multiple stop measurements, however the number 

of stop measurements for this setup was restricted to one. The basic parameters for the 

TDC has been well documented in its user manual and other supporting documents.  

For the above experiment, the target was a metal door that was 2.73 meters away 

from the lidar prototype. The data collected using the TDC module was processed to 

estimate the range to the target. Data collected over 15 minutes was used to estimate the 

range, accuracy and precision of the prototype for short ranges. The results are tabulated 
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in the table below. Thus, the lidar prototype with a TDC can achieve an accuracy of ~ 49cm 

and a precision of ±12cm for close range measurements. (up to 3 meters). For longer range 

targets, the return signal strength decreases as a function of range, thus making it even more 

difficult for the TDC to accurately time the return signal.  

TOF measurements by the TDC includes the lag due to the fiber amplifier. The lag 

computed using the oscilloscope is a source of systematic bias for the system. The values 

in Table 10.19 have been computed after subtracting the known bias in the system. The 

data collected from the TDC (with bias) is shown in the Figure 10.31. The measurement 

from the oscilloscope is compared with the TDC measurements.  

Table 10.19 Lidar Prototype + TDC Integration Test Results 

SPECIFICATION DESCRIPTION 

True Range 

 

2.73 m  

Estimated TOF 

 

239.83 ns 

Estimate Range 

 

2.4746 m 

Range Error (absolute) 

 

0.4901 m 

Range Precision 

 
(±) 0.1248 m 
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Figure 10.31 TDC 7201 TOF measurements. Data collected over 15min, mean and the standard 

deviation of the signal collected is used to calculate the accuracy and uncertainty in the range 

measurement by the lidar prototype. 

 

10.7 LIDAR PROTOTYPE LONG RANGE TEST AND MEASUREMENTS 

 Testing the lidar prototype for longer range measurements is a good validation for 

its field of view alignment. The TDC integration experiment was limited by the return 

signal amplitude and rise time requirements set by the TDC board. Thus, the tests 

performed where restricted to distances less than three meters. The bistatic setup of the 

lidar prototype introduces a theoretical blind zone region that limits the visibility to 

distance greater than approximately three meters. The theoretical limit was estimated based 

on the fundamental assumption that the collimator and the receiver lens optical axes are 

parallel to each other. However, for the lidar prototype after manually aligning the 

collimator and the receiver lens, the blind zone distance was measured to be less than the 
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theoretical estimate. This can be attributed to the imperfections from the manual alignment 

procedure. 

 For long range measurements, weak return signals can be captured effectively by 

choosing the right detector, choosing the right receiver lens f-number and aligning the 

detector at the focal point of the receiver lens. The alignment technique was elaborated 

earlier in this chapter. To test the detector positioning, long range stationary targets at 

known ranges were used and the lidar prototype range estimates where compared with the 

true range measurements. The start signal was from the amplifier tap and the return signal 

from the avalanche photodiode (with TIA) were used as inputs to the two channels in the 

oscilloscope. The signals from the two channels were captured and data was logged for 

post processing.  

 When testing the prototype at long ranges, noise from the detector would dominate 

the return signal. Based on the prior discussion with regards to noise specific to this receiver 

module, the noise signal has a deterministic structure, that repeats randomly. Thus, 

sufficient averaging of the oscilloscope signal resulted in reducing the amplitude of the 

noise signal below the true signal peak. However, for ranges further than 30 meters, the 

noise artifact can contaminate the return signal. Below in Figure 10.32(a) and 10.32(b), 

two scenarios have been demonstrated.  
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Figure 10.32(a) Start (blue) and Stop (red) return signal from 32.11m (Averaged Signal) 

 

 

Figure 10.32(b) Start (blue) and Stop (red) return signal from 32.11m 

 

Figure 10.33(a) is the return signal after sufficient averaging, that suppresses the 

effects of the noise artifact and 10.33(b) shows the effect of the noise in the presence of a 

distinct return signal. The power source to the receiver module was replaced to test its 

effect on the noise generated. However, the power source seemed to be producing the 
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constant 12V DC required by the APD and the TIA. Thus, for the lidar prototype to be able 

to see further successfully, the noise artifact must be eliminated. Filtering the return signal 

to remove the noise modes was tested. However, since the noise in-band, removing the 

noise modes resulted in a weaker return signal. Filtering also alters the rise time of the 

return signal which as shown before can affect the timing of the returns.  

The range estimated and the peak voltage of the return signal along with the 

uncertainty in the estimate is tabulated in Table 10.20. Figure 10.33(a) plots the uncertainty 

in the range estimate. Figure 10.33(b) is the true range versus the range estimate plot. The 

difference between the true range and the estimate is the error or the measure of accuracy 

of the estimate. Finally, the peak voltage of the return as a function of range is shown in 

Figure 10.33(c). The peak voltage of the return signal decreases with range. As expected 

from the lidar model using the lidar equation, the return peak power and thus the return 

signal peak voltage decrease as a function of range squared. Several factors play a role in 

the amount of optical power collected by the receiver lens. The strength of the backscatter 

is directly indicated by the return signal peak voltage.  
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Figure 10.33(a) Range Estimate Error Plot. The difference between the range estimated and 

the true range of the target measured. 

 

Table 10.20 Lidar Prototype Long Range Measurements 

 

TARGET 

TRUE RANGE 

 

 

RANGE 

ESTIMATE 

 

PEAK 

VOLTAGE (mV) 

 

UNCERTAINTY 

(m) 

32.1147 

 

32.1090 20.8 ±0.0424 

 

24.8122 

 

25.0500 496 ±0.2875 

19.6814 

 

19.7200 392 (-)* 

15.3986 

 

15.8680 505 ±0.3405 

9.5 

 

10.0046 560 ±0.3991 

3.45 

 

2.8 1480 ±0.1697 

*Uncertainty is z as only one data point was take for this range distance. 
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Figure 10.33(b) Range Estimate Vs True Target Range. 

 

 

Figure 10.33(c) Range Estimate Error Plot. The difference between the range estimated and 

the true range of the target measured. 

 

The oscilloscope used in this experiment has a maximum time resolution of 1 

nanosecond (1GS/s). Thus, the spatial resolution achievable is ~ 15cm. For picosecond 
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level resolution, an accurate and precise timing solution is necessary.  With this 

experiment, the FOV alignment of the transmitter and the receiver optics have been tested 

up to 32 meters. Due to space indoor space limitations the prototype could not be tested 

beyond this limit. However, from the initial tests the capability of the lidar prototype for 

longer ranges is feasible.  

10.8 CONCLUSION  

The next critical step to improve the current design includes, the integration of the 

MEMS scanning device to map multiple points within the field of view at a user specified 

frame rate. Integrating the MEMS mirror requires proper synchronization with the laser 

source, amplifier and the timing circuitry to precisely target a specific point in space. The 

integration of the TDC-7201 discussed in this chapter is a step in this direction. Direct 

communication to the MEMS controller and a common reference clock to sync each 

component is the key to solving this challenge. The TDC solution used with this current 

prototype is on an evaluation board and hence not the ideal solution for the pulse rates at 

which the lidar sensor operates. An ADC solution is currently being integrated with the 

sensor prototype and has the capabilities to time the returns and capture the shape of the 

pulse. This additional shape information can now be used to detect the true pulse from a 

false signal. However, the dynamic range of the ADC restricts short range measurements. 

Hence a suitable RF attenuator is currently used to attenuate the start and stop pulse for 

short ranges. The noise in the detector described in this thesis is dominant and can trigger 

a false detection for returns from ranges greater that 10 meters when the return signal 

amplitude drops to the order of a few hundred millivolts. This restricts the use of the ADC 
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board effectively to capture start and stop pulses. The noise source was identified to be an 

artifact of the detector PCB board itself. Since the noise is in-band, filtering the noise 

frequency component, using an analog front end or a subsequent digital filter will attenuate 

and alter the signal. Hence a permanent solution is to replace the detector to eliminate the 

structured noise artifact observed with the current version of the prototype.  

In general, one way to deal with the noise observed in the return signal is to set up 

a trigger on the return channel for conditional sampling, i.e. the ADC would start 

acquisition once the signal amplitude crosses the trigger level. However, since the return 

signal amplitude decreases with range, to successfully capture all the returns within the 

system design range, the trigger level must be set accordingly. Two standard approaches 

used to detect a true pulse in the acquired return signal are 1) Bayesian Detection algorithm 

and 2) Neyman Pearson detection algorithm. Both the approaches require a model 

(expectation) for the return signal plus noise (𝐻1) probability density function (pdf) and a 

model that characterizes the noise pdf (𝐻0) in the channel in the absence of a return signal. 

A detailed analysis of the noise after replacing the current detector is necessary to 

understand the true nature of the noise and model the pdf appropriately. Also, by using an 

ADC the return pulse shape information is also available. Using the expectation of the 

known return signal shape, a more robust detection (matched filter) can be applied to 

improve our confidence on the measurement provided the noise is purely white gaussian 

noise. The first task is to characterize the noise signal and using a similar approach 

discussed in this chapter the normality of the noise signal should also be verified. To 

summarize, a 2D MEMS based lidar sensor was designed and currently tested in its range 
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finder mode (no scanning) to range targets as far as 32 meters. Moving ahead, the major 

challenges are a) Integrating the MEMS mirror with the lidar prototype and b) A robust 

detection algorithm to successfully detect returns based on a user specified false alarm rate. 
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